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Preface

Atherosclerosis and its complications are the major cause of morbidity and
mortality in both developed and developing nations. There is an urgent need
to understand the pathogenesis and progression of atherosclerosis, and to
develop a strategy to prevent an epidemic episode. Crucial advances in our
understanding of the pathogenesis of atherosclerosis and its complications
have been achieved in recent years. This text, “Biochemistry of Atherosclerosis”,
is a compilation of contributions from world-renowned scientists, who are at
the forefront of atherosclerosis research. This compendium will be highly
valuable for individuals in the healthcare field and in basic research as it cov-
ers a variety of research topics on the onset, progression, and management of
atherosclerosis. Each contribution deals in detail with the biochemical
processes involved and provides in-depth information in specific areas.

Atherosclerosis comes from the Greek words; “athero” meaning gruel or
paste and “sclerosis” meaning hardness. Atherosclerosis begins with damage to
the artery caused by elevated levels of cholesterol and triglycerides in the
blood, as well as high blood pressure. Several other factors are also associated
with the onset and progression of atherosclerosis, i.e. hyperglycemia, hyper-
homocysteinemia, disruption of the immune system, glycation end products,
and infectious agents. The first two sections of this book are dedicated to the
association of hyperlipidaemia, diabetes, and hypertension with atherosclero-
sis. Section I addresses recent advances in the regulation of lipid and choles-
terol metabolism, and how various biochemical pathways are involved in the
development and progression of atherosclerosis. Many of these chapters cover
recent research that employed transgenic and genetically altered mice. Section
II concentrates on diabetes and hypertension. Type 2 diabetes, associated with
insulin resistance and obesity, is on a rapid rise in the North American popu-
lation, not only in the adults but also in children. The risk of heart disease in
people with diabetes is two to four times higher than in the nondiabetic pop-
ulation. This section highlights recent advances in these areas.

Homocysteine is an amino acid that is found in the blood; elevated circu-
lating levels are related to a higher risk of heart disease. Section III deals with
the regulation of homocysteine metabolism and the factors that influence
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this regulation. Section IV is directed towards other factors that are associ-
ated with the onset and progression of atherosclerosis, i.e., immune function,
infection, and endothelial dysfunction. Immunological responses and infec-
tious agents also play an important role in transplant arteriopathy, which is a
major cause of death in long-term survivors after heart transplantation. This
additional information provides an excellent bridge between an understand-
ing of the regulation of metabolic pathways and the clinical implications. The
complications of atherosclerosis become acute when the plaque ruptures and
blocks blood flow (thrombosis). Stability of the plaque is maintained to a
large extent by the composition of the plaque. New insights are provided in
this section on the significance of inflammation to the vulnerability of plaque
to rupture. Lastly, with the rapid increase in the risk of atherosclerosis and
associated risk factors, emphasis needs to be placed on the prevention of ath-
erosclerosis. Thus, the last section addresses dietary and lifestyle interven-
tions as prevention and management strategies for atherosclerosis.

I sincerely appreciate the support from authors in helping to bring together
this book. This compendium provides a breadth of knowledge as well as new
insights into all aspects of atherosclerosis. These contributions from around
the world indicate that heart disease is a worldwide problem. It is clear from
these contributions that we need to further our understanding of the onset,
progression, and management of atherosclerosis.

Sukhinder Kaur Cheema
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Reverse Cholesterol Transport

JIM W. BURGESS, PHILIP A. SINCLAIR, CHRISTOPHE M. CHRETIEN,
JONATHON BOUCHER, AND DANIEL L. SPARKS

Abstract
Atherosclerosis, the accumulation of cholesterol in the arteries resulting in heart
attacks and strokes, is the leading cause of death in the USA and most other indus-
trialized countries in the world. Plasma levels of high-density lipoprotein (HDL) cho-
lesterol are invariably found to be inversely associated with the risk of atherosclerosis.
This protective effect has classically been ascribed to HDL-mediated reverse choles-
terol transport (RCT). In this process, nascent HDL in the circulation removes unes-
terified (free) cholesterol from peripheral cells, such as macrophages, through the
transfer of cholesterol across the cell membrane by the ATP-binding cassette
(ABCA1) transporter protein. The mature, spherical HDL particle, which contains
these cholesterol esters in its core, then transfers the cholesterol to the liver through
receptor-mediated processes. HDL cholesterol that is taken up by the liver is then
excreted in the form of bile acids and cholesterol, completing the process of RCT.
Because HDL-mediated RCT reduces serum cholesterol levels and is associated with
a reduction in the risk of cardiovascular disease, increasing HDL is now being real-
ized as a promising therapeutic end point.

Keywords: ABCA1; apolipoproteins; bile acids; cholesterol ester transfer protein;
high-density lipoprotein; lipase; scavenger receptor BI

Abbreviations: ABC, ATP-binding cassette proteins; ACAT, acyl coenzyme 
A-cholesterol acyltransferase; apoA-I, apolipoprotein A-I; apoB, apolipoprotein B;
AP1, transcription factor AP1; CE, cholesterol ester; CETP, cholesterol ester transfer
protein; CYP7A1, cytochrome P450, family 7, subfamily A, polypeptide 1; EL,
endothelial lipase; FXR, farnesoid X receptor; HDL, high-density lipoprotein; HNF-
4, hepatocyte nuclear factor-4; HL, hepatic lipase; HMGCoA, hydroxymethylglutaryl
coenzyme A; JAK2, Janus kinase 2; LCAT, lecithin cholesterol acyltransferase; LXR,
liver X receptor; LDL, low-density lipoprotein; LPL, lipoprotein lipase; LRP, LDL-
receptor related protein; nCEH, neutral cholesterol ester hydrolase; PPAR, peroxi-
some proliferator activated receptor; RCT, reverse cholesterol transport; RXR,
retinoid X receptor; SR-BI, scavenger receptor class B type I; Sp1, transcription factor
Sp1; SREBP, sterol regulatory element binding protein; TG, triglyceride; StAR, steroido-
genic acute regulatory protein; VLDL, very low-density lipoprotein
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Cholesterol that is synthesized in extrahepatic tissues or acquired from
lipoproteins returns to the liver for excretion in a process called reverse
cholesterol transport (RCT). RCT is a multistep process involving (i) cholesterol
efflux from peripheral cells, (ii) maturation of the pre-β-high-density lipopro-
tein (pre-β-HDL) particle to spherical HDL, (iii) transfer of HDL-associated
cholesterol to the liver, (iv) hepatic recycling or excretion of excess choles-
terol, and (v) regeneration of the cholesterol acceptor pre-β-HDL. These
individual steps are shown in Fig. 1.1 and will be reviewed separately in this
chapter.

Cholesterol Efflux

The first step in RCT involves the transfer of cholesterol from cell mem-
branes to acceptor lipoprotein particles in the extravascular fluids. Two
mechanisms control this transfer of cholesterol. In the aqueous diffusion
model, cholesterol molecules spontaneously disassociate from cell mem-
branes, traverse the intervening aqueous space by diffusion, and then incor-
porate into acceptor particles. This process is driven by the gradient of free
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FIGURE 1.1. Schematic of the reverse cholesterol transport pathway. Cholesterol efflux
to nascent HDL is regulated by ABCA1. Within the HDL pool, LCAT esterifies FC to
CE and then CETP transfers CE from HDL to the LDL pool. FC and CE are taken up
by the liver and recycled into the lipoprotein pool or secreted into the bile. ABCA1,
ATP-binding cassette protein A1; apoA-I, apolipoprotein A-I; CE, cholesterol ester;
CETP, cholesterol ester transfer protein; FC, free cholesterol; HDL, high-density
lipoprotein; LCAT, lecithin cholesterol acyltransferase; LDL-R, low-density lipoprotein
receptor; SR-BI, scavenger receptor class BI; TG, triglyceride.



cholesterol (FC) between cells and the aqueous medium and does not require
energy or interaction of the cholesterol acceptor with a cell surface receptor
[1]. The second mechanism requires interaction between lipid-poor HDL and
cell surface ABCA1. ABCA1, an ATP-binding cassette transporter mutated
in Tangier disease [2], promotes cellular phospholipid and cholesterol efflux
by loading free apolipoprotein A-I (apoA-I) with these lipids. This process
involves binding of apoA-I to the cell surface and the energy-dependent
transfer of phospholipid and cholesterol by ABCA1 to apoA-I [3]. Cross-
linking studies have suggested a very close association of apoA-I and ABCA1
at the cell surface [4, 5], however, there is also evidence that the mechanisms
by which apoA-I associates with the plasma membrane and ABCA1 vary
depending on cell type. Macrophages demonstrate a requirement for the 
C-terminal domain of apoA-I for optimal binding and efflux [6]. This may
result from a binding site for the C-terminal domain of apoA-I on the
macrophage extracellular matrix [7]. In contrast, apoA-I binding and efflux
to wild-type apoA-I and several deletion mutants including those lacking
residues 187–243 of the C-terminal tail [6] is equally efficient in human
fibroblasts. Coincidentally, fibroblasts lack the extracellular matrix binding
site [7]. By analogy with multidrug resistance proteins, also members of the
ATP-binding cassette transporter family, it has been suggested that ABCA1
forms a channel within the plasma membrane through which phospholipids
and cholesterol are transferred to lipid-poor particles [8].

In addition to stimulating lipid efflux from cells, the interaction of apoA-I
and cell surface ABCA1 also turns on signal transduction pathways and their
downstream effectors. A schematic model illustrating these processes is
shown in Fig. 1.2. In fibroblasts, HDL or apoA-I has been shown to activate
members of the Rho family of G-proteins [9] and downstream processes
including adenylate cyclase and phospholipases including phosphatidylinosi-
tol-specific phospholipase C and phosphatidylcholine-specific phospholipase
D [10, 11]. Downstream protein kinases including protein kinase A (PKA)
[12], protein kinase C (PKC) [13, 14], and Janus kinase 2 (JAK2) [15] are also
activated. ApoA-I binding to human fibroblasts and consequent PKC acti-
vation is reported to mobilize intracellular cholesterol for efflux from an acyl
coenzyme A-cholesterol acyltransferase (ACAT) accessible compartment
[16]. Direct modulation of ABCA1 activity has been reported as a result of
its phosphorylation. PKC directly phosphorylates ABCA1, which is reported
to protect the protein against proteolytic degradation [17]. PKA activation by
analogs of cAMP increase ABCA1 phosphorylation and cellular cholesterol
efflux [18, 19]. Conversely, apoA-I-mediated release of cellular lipids is sensi-
tive to inhibitors of PKA and impaired when PKA phosphorylation sites in
ABCA1 are mutated [19]. Naturally occurring mutations of ABCA1 from
Tangiers patients also demonstrated severely reduced apoA-I-mediated
cAMP production, ABCA1 phosphorylation, apoA-I binding, and lipid
efflux [18]. The protein-tyrosine kinase, JAK2, is required for optimum
ABCA1-dependent lipid loading of apolipoproteins and appears to modulate
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the apolipoprotein interactions with the ABCA1 transporter [15]. However,
the lack of detectable phosphotyrosines in ABCA1 implies that the target of
JAK2 is probably not ABCA1 [15].

The level of ABCA1 in cells is highly regulated. ApoA-I binding increases
ABCA1 protein levels in mouse primary hepatocytes and peritoneal
macrophages without affecting ABCA1 mRNA levels. This indicates that the
rates of catabolism exert some control over ABCA1 levels in cells [20]. At the
gene level the ABCA1 promoter contains binding motifs for several tran-
scription factors, including the sterol regulatory element binding protein
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FIGURE 1.2. Regulation of the cholesterol efflux pathway. Binding of lipid-poor
apoA-I to cell surface ABCA1 stimulates the efflux of FC and phospholipids and the
activation of several protein kinases including PKA, PKC, and JAK2. PKA-mediated
phosphorylation of ABCA1 optimizes the interaction between apoA-I and ABCA1
and increases the cholesterol translocase activity of ABCA1. Activation of JAK2 also
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(SREBP), the peroxisome proliferator activated receptor-α (PPAR-α), the
liver X receptor (LXR), retinoid X receptor (RXR), and transcription factors
Sp1 and AP1 binding sites [21]. These factors allow regulation through many
diverse metabolites, including cAMP [5], sterols [22], cis-retinoic acid [23],
PPAR agonists [24], and interferon-γ [25]. PPAR-α is a nuclear receptor acti-
vated by fatty acid derivatives and hypolipidemic drugs of the fibrate class.
PPAR-α is expressed in monocytes, macrophages, and foam cells, suggesting
a role for this receptor in macrophage lipid homeostasis, foam cell formation,
and the consequent development of atherosclerosis [26].

Maturation of Nascent Pre-β-HDL

The transport of cholesterol from peripheral tissues to the liver by HDL
(Fig. 1.1) is considered to be stimulated by the plasma enzymes lecithin
cholesterol acyltransferase (LCAT) and cholesterol ester transfer protein
(CETP). LCAT is synthesized in the liver and associates predominantly with
HDL in the bloodstream. LCAT is activated by apoA-I [27] and converts
HDL-associated cholesterol to cholesterol ester (CE). Nascent pre-β-HDL
particles eventually become mature spherical particles after accumulation of
sufficient CE. Spherical HDL is then acted on by CETP, which facilitates the
transport of CE to the storage lipoproteins, low-density lipoprotein (LDL)
and very low-density lipoprotein (VLDL), in exchange for TG [28]. LCAT
and CETP therefore regulate the plasma storage of cholesterol and may con-
tribute to RCT by channeling cholesterol from extrahepatic tissues to
apolipoproteins B (apoB) that are subsequently catabolized in the liver [29].
Conversely, there is also data to suggest that inhibition of cholesterol storage
pathways may stimulate RCT. Injection of phosphatidylinositol into the
bloodstream of rabbits has been shown to inhibit LCAT activity and to
directly stimulate RCT [30].

LCAT activity does not appear to be controlled at the gene level but is
more affected by the composition and electrostatic properties of the plasma
lipoproteins. In humans and some animal models on atherogenic diets, treat-
ment with cholesterol-reducing drugs does not have a significant impact on
LCAT expression [31]. In contrast, the human CETP promoter is under the
control of several regulatory elements including the orphan nuclear receptor
ARP1 [32], the CCAAT/enhancer-binding protein [33], trans-retinoic acid
[34], the SREBP [35] and the liver receptor homolog-1 [36]. This allows sev-
eral metabolic factors to modulate CETP levels including dietary cholesterol
[37], fatty acids [38], and corticosteroids [39]. Numerous studies have
reported that CETP modifies HDL cholesterol (HDL-C) and apoA-I levels,
which are decreased by overexpression of CETP [40]. Human genetic defi-
ciency of CETP results in significantly increased plasma HDL levels [41].
This has led to a considerable interest in CETP inhibitors as drugs to elevate
HDL-C levels.
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Lipase activity in plasma also appears to exert effects on RCT. Increased
hydrolysis of TG-rich lipoproteins by lipoprotein lipase (LPL) results in ele-
vated levels of HDL in the bloodstream and may positively impact RCT [42,
43]. In agreement with these findings, low levels of LPL activity, through
knockout or mutation in animal models or human LPL deficiency, are corre-
lated with reduced levels of HDL [44, 45]. LPL may indirectly impact RCT
through the generation of lipoprotein remnants that transport cholesterol
to the liver. The generation of remnants produces substrates for CETP-
mediated transfer of CE from HDL [42] thereby providing additional carriers
for the transport of cholesterol to the liver. Thus, LPL may stimulate RCT by
increasing HDL levels and enhancing CE transport to the liver.

Hepatic lipase (HL) may also play a role in the movement of cholesterol to
the liver. HL is expressed primarily in the liver and is found bound to the sinu-
soidal endothelium [46]. HL hydrolyzes HDL phospholipids and triglycerides
(TGs) as well as chylomicron and VLDL lipids [47]. A portion of nascent HDL
is derived from lipase-mediated hydrolysis of TG-rich lipoproteins and lipolysis
of chylomicron and VLDL lipids is correlated with an increase in circulating
HDL [42]. It is assumed that high-LPL/low-HL activity is related to high-HDL
levels and that enhanced TG-rich hydrolysis is associated with a stimulation of
cholesterol transport [42]. Studies have shown that hypertriglyceridemia is asso-
ciated with low-HDL levels and high-HL activity [48]. This appears to suggest
that a low LPL/high HL may be causative to high-TG and low-HDL levels. This
phenotype is also commonly associated with increased risk of atherosclerosis.
HL may also catalyze the actions of CETP to promote RCT. TG-enrichment of
HDL by CETP followed by HL-mediated hydrolysis has been shown to enhance
uptake of CE by scavenger receptor class B type I (SR-BI) [49].

Transfer of HDL-Associated Cholesterol to the Liver

Cholesterol is stored and transported in the bloodstream in HDL and the
apoB-containing lipoproteins almost exclusively as CE. More than half of
the apoB-associated cholesterol is internalized by hepatic LDL-receptors,
which are located in clathrin-coated pits on the hepatocyte cell surface. The
receptor–ligand complex is delivered to lysosomes by the endosomal pathway
[50]. The LDL-receptor is efficiently returned to the cell surface by recycling
endosomes and returned to coated pits for another round of binding and
internalization. ApoB-associated cholesterol can also be internalized by the
multifunctional LDL-receptor related protein (LRP) [51]. Holoparticle
uptake by this path is complex and involves interactions between LRP and
cell surface heparin sulfate proteoglycans [52]. These long unbranched highly
polyanionic molecules are required for LRP-mediated lipoprotein uptake and
act by forming a binding matrix with lipoproteins through associations with
apoE, HL, or LPL [53]. Regardless of the receptor and pathways involved,
internalized apoB-containing lipoproteins are delivered to lysosomes and
completely degraded to amino acids, FC, and free fatty acids (Fig. 1.3).
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HDL cholesterol can be taken into cells without parallel apolipoprotein
uptake and degradation. This process, termed selective uptake, is believed to
be an important step in RCT. SR-BI has been shown to mediate this process
in rodents. SR-BI drives selective uptake by a poorly understood two-step
process: binding of HDL via apoA-I followed by selective transfer of choles-
terol to cells. Wang et al. [54] suggested that the action of HL on apoA-I-
containing lipoproteins may facilitate the SRBI-mediated uptake of HDL
lipid. This was later confirmed by another group that demonstrated the
bridging properties of HL and proteoglycans with SR-BI [55]. Bridging of
cells and lipoproteins has also been recently suggested to induce the SR-BI-
independent selective uptake of CE [56]. CD36, an SR-BI-related protein and
best known for its ability to mediate uptake of oxidized LDL also mediates
selective uptake, although to a lesser extent than SR-BI [57].

Three models have been proposed to describe the process of selective
uptake. In the first model, SR-BI mediates the fusion between HDL and the
plasma membrane, allowing the lipid transfer to the plasma membrane down
a concentration gradient [58]. Rodrigueza et al. [59] have suggested that 
SR-BI forms a nonaqueous channel in the plasma membrane, through which
cholesterol can move down a concentration gradient into the cell. Finally, a
retroendocytic mechanism has been proposed in which SR-BI-associated
HDL is internalized in caveolae and cholesterol is removed intracellularly
followed by resecretion of cholesterol-poor HDL [60].

In rats, 60–70% of HDL-C is removed by SR-BI-mediated selective
uptake [61]. The human homolog of SR-BI, termed CLA-1, exhibits similar
tissue distribution [62], binding properties for a wide spectrum of plasma
lipoproteins, and identical cholesterol transfer capacities as those of murine
SR-BI [63]. Data from a human hepatic cell model demonstrate that CLA-1
is responsible for the selective uptake of cholesterol from HDL and LDL
particles [64]. Furthermore, recent epidemiological studies have identified
single-nucleotide polymorphisms in the CLA-1 gene that are associated with
abnormal plasma lipid levels and lipoprotein composition [65]. These stud-
ies indicate that SR-BI/CLA-1 play a pivotal role in RCT and the metabo-
lism of the cholesterol component of both HDL and apoB-lipoproteins in
humans.

Cholesterol homeostasis in the liver is tightly controlled at the receptor and
synthesis level. High-intracellular concentrations of cholesterol downregu-
lates the LDL receptor [66] and hydroxymethylglutaryl coenzyme A
(HMGCoA) reductase (the rate-limiting step in cholesterol synthesis) expres-
sion [67]. This process is regulated by SREBP [68]. The regulation of LRP
expression is poorly understood although it has been reported that certain
growth factors, for example insulin and nerve growth factors as well as
cytokines like interleukin-β and tumor necrosis factor-α, upregulate the syn-
thesis of LRP in HepG2 cells [69]. The expression of SR-BI gene is modu-
lated by the activation of multiple signaling pathways, mediated by the
involvement of SREBP, LXR, and PPAR-α [70].



Enterohepatic Metabolism of Cholesterol

Both the liver and the intestine are essential organs in the regulation of cho-
lesterol metabolism. Cholesterol that is transported to the liver via lipopro-
teins becomes a substrate for bile acid synthesis and can be secreted into the
bile in the form of bile acids and cholesterol. This cholesterol–bile acid pool
is released into the large intestine where it is recycled and reabsorbed via the
enterohepatic circulatory pathway. However, approximately 50% of choles-
terol that is secreted into the gastrointestinal tract is not absorbed and is
excreted [71]. Thus, the enterohepatic pathway (Fig. 1.3) provides the major
route for cholesterol removal from the body.

Cholesterol that is taken up by the liver is made available for storage, mem-
brane function, hormone and vitamin synthesis, and bile acid synthesis. FC
that is taken into the hepatocyte can be esterified by ACAT [72], which is an
intracellular enzyme that catalyzes the formation of cholesteryl esters from
cholesterol and fatty acyl coenzyme A. Cholesterol hydrolases such as
neutral cholesterol ester hydrolase (nCEH), also known as hormone-sensitive
lipase, catalyze the hydrolytic cleavage of CEs to form FC [73]. The process
by which cholesterol is mobilized from the lipid droplet is uncertain. It is
likely that transfer proteins such as caveolin [74] or the steroidogenic acute
regulatory protein (StAR) [75] stimulate CE hydrolysis and mobilization to
the endoplasmic reticulum for bile acid synthesis or to the mitochondria for
steroidogenesis.

Bile acids are end products of cholesterol metabolism and function to
emulsify exogenous and endogenous lipids. HDL has been implicated as the
preferential source of cholesterol for bile acid synthesis such that most of the
nonesterified cholesterol from HDL is converted to bile acids [76]. The con-
version of cholesterol into bile acids is initiated by the hepatic P450 enzyme,
cholesterol 7α-hydroxylase (CYP7A1) [77]. This is followed by multiple
hydroxylations of the cholesterol steroid ring structure and cleavage of the
side chain. Thus, the bile acids retain both lipophilic and hydrophilic proper-
ties and this amphipathic property allows for the formation of mixed micelles
with phospholipids and cholesterol in the bile.

In the hepatocyte, cholesterol transport into the bile involves multiple fac-
tors, all of which influence cholesterol homeostasis. The ability to transport
bile acids and cholesterol across the canalicular plasma membrane of the
hepatocyte is a controlling factor in biliary lipid secretion/excretion. A specific
membrane transporter belonging to the ABC-binding cassette family of pro-
teins, termed the bile salt export pump (ABCB11), is responsible for bile acid
transport across the canalicular membrane [78]. Changes in the expression of
hepatic ABCG5 and ABCG8 transporters has been shown to be correlated
with changes in biliary cholesterol secretion [79]. Thus, ABCG5 and ABCG8
may help to facilitate the excretion of FC into the bile. Once secreted into the
bile, the bile acids form very strong molecular attractions to phospholipids
and aid in solubilizing FC for transport into the intestine.
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The majority of bile acids in the intestinal tract are reabsorbed. This is
confirmed by the finding that relatively low levels (approximately 5%) of bile
acids are present in the feces [80]. Thus, up to 95% of bile acid is reabsorbed
by the small intestine into the portal vein and returned to the liver, where it
either functions to regulate bile acid synthesis or is recirculated into the bile.
This enterohepatic circulation recycles approximately ten times per day and
has a major influence on the level of bile acid synthesis and hence, choles-
terol homeostasis. Biliary cholesterol is also regulated by the enterohepatic
circulation. Approximately 50% of biliary cholesterol is reabsorbed; how-
ever, this value can range between 20 and 80% depending on differences
between individuals.

The regulation of the enterohepatic metabolism of cholesterol is of key
interest, as the cholesterol and bile acids that are not reabsorbed constitute
the major route for cholesterol excretion from the body. The enterohepatic
metabolism of cholesterol is a process that is largely regulated at the molecu-
lar level. Many nuclear hormone receptors have been identified that play sig-
nificant roles in the transcriptional control of the genes involved in bile acid
synthesis and cholesterol absorption. Two nuclear hormone receptors that
are involved in cholesterol homeostasis are the LXR and the farnesoid X
receptor (FXR) [81]. Upon ligand binding, these receptors form a het-
erodimer with RXR and interact with a response element within the proximal
promoter regions of genes involved in cholesterol metabolism. In the liver,
LXR regulates the 7α-hydroxylation of cholesterol by inducing the expres-
sion of CYP7A1, and thus enhances the catabolism/excretion of cholesterol
[82]. However, as a feedback control, FXR can bind to bile acids, followed by
interaction with a negative response element on the CYP7A1 gene, causing
an inhibition of bile acid synthesis [83]. In addition to FXR, the hepatocyte
nuclear factor-4α (HNF-4α) is also implicated in the downregulation of
CYP7A1 [84]. Thus, bile acids returning to the liver through the enterohep-
atic circulation downregulate the transcription of CYP7A1. These receptor
systems therefore work in tandem to control cholesterol homeostasis through
their ability to enhance or inhibit bile acid synthesis.

The LXR receptor is also involved in the regulation of cholesterol transport
proteins such as the ABC transporters at extrahepatic locations such as the
intestine. Upon binding cholesterol and/or its metabolites, LXR upregulates
the transcription of ABCA1, ABCG5, and ABCG8, leading to increased
efflux of intracellular cholesterol [85]. ABCA1 activity is also suggested to be
enhanced by LXR interacting with PPAR [86]. In the liver, PPAR-α has been
shown to decrease CYP7A1 expression [87] while increasing hepatic SR-BI
levels [88] leading to increased hepatic cholesterol uptake.

Nuclear receptors are highly involved in the regulation of RCT, bile acid
synthesis, and cholesterol excretion. Thus, alterations in receptor-dependent
mechanisms could lead to differences in the amount of mRNA that is tran-
scribed. Based on this concept, these nuclear receptors are likely targets for
therapeutic interventions for the treatment of atherosclerosis.
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Regeneration of the Cholesterol Acceptor Pre-β-HDL

The factors regulating the regeneration of cholesterol accepting pre-β-HDL
are shown in Fig. 1.1. HL plays a major role in HDL remodeling by hydrolyz-
ing phospholipid in the larger HDL2 subfractions to produce the smaller,
denser HDL3 and by generating pre-β-HDL from the hydrolysis of spherical
HDL [89]. Overexpression of HL in LCAT-transgenic mice results in signifi-
cant reductions in total cholesterol, HDL-C, and phospholipids [90]. In addi-
tion, overexpression of a catalytically inactive HL also results in a decrease
in HDL-C [91]. Thus, the HDL-lowering potential of HL may involve a com-
ponent that is not related to its enzymatic activity. In contrast, low-HL activ-
ity from gene mutations or in HL-deficient patients causes elevated HDL
levels [92].

The recently discovered endothelial lipase (EL) hydrolyzes almost exclu-
sively HDL phospholipid in vivo [93, 94] and appears to play a very important
and antagonistic role in the regulation of HDL levels. In EL overexpression
animal models, HDL-C levels were drastically reduced [93]. In contrast,
EL knockout animals showed elevated HDL-C [95]. Likewise, genetic
variation in the human EL gene has been correlated with HDL levels [96].
Characterization of human EL is less comprehensive than in animal models,
however, studies do show that SNPs in the EL gene (LIPG gene) are linked to
changes in HDL-C levels, suggesting that it is a potential antiatherogenic tar-
get [97]. By lowering HDL, EL may block the initiation of the RCT pathway.
Transgenic mice with the double apoE and EL knockout had much lower
HDL levels compared to wild type and apoE knockout and a 70% reduction
in atherosclerosis [96]. EL activity also appears to affect efflux of cholesterol
via SR-BI and ABCA1 in human apoA-I transgenic mice. Overexpression of
EL caused an approximately 91% reduction in HDL-C and total cholesterol.
It also caused a 90% decrease in efflux potential of the serum via SR-BI and
a 63% increase in the efflux potential of the serum via ABCA1 [98]. Yancey
et al. [98] suggest that the type of lipase acting on HDL in vivo will determine
whether HDL is effluxed via the SR-BI or ABCA1 pathway. Further, EL-
modified HDL displays a reduced ability to efflux cholesterol via the SR-BI
pathway, while not affecting ABCA1-mediated cholesterol efflux. Studies have
shown that EL-hydrolysis of HDL increases the negative charge of HDL,
rendering HDL less able to bind to SR-BI on the cell surface [99]. Thus, EL
lowers HDL levels, reduces the efflux potential of HDL particles, and
decreases SR-BI-mediated selective uptake of CE.

Drugs that Affect HDL Levels and RCT

The large number of drugs in development to increase HDL cholesterol lev-
els reflect a new focus for the pharmaceutical industry and the importance
of HDL as a therapeutic target [100]. Of the currently available drugs to
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raise HDL levels [101], niacin has shown considerable clinical benefits by ele-
vating HDL cholesterol by 15–30% [102]. Among the various mechanisms
characterized are inhibition of lipolysis in adipose tissue, inhibition of TG
synthesis, and inhibition of apoA-I catabolism [102]. Unfortunately the
adverse effects associated with this drug make compliance poor. Raising
HDL can also be achieved using fibrates or certain statins such as simvas-
tatin, however these effects are fairly modest (usually <10%). Fibrates, such
as gemfibrozil and fenofibrate, are best known for their TG-lowering effects.
Their mechanism of action is also complex. They belong to the class of
PPAR agonists [101, 102]. PPAR agonists are a family of nuclear hormone
receptors that are widespread throughout the body. Fibrates stimulate PPAR-
α in the liver and other tissues, leading to the expression of multiple genes
involved in lipoprotein metabolism. Fibrates stimulate apoA-I and ABCA1
synthesis and decrease the synthesis of TGs. Fibrates are also known to
enhance lipase synthesis and activity, suggesting that conventional drugs
therapies to treat dyslipidemia act, at least in part, by stimulating LPL, HL,
and EL. Fibrates also increase SR-BI levels in human monocytes and
macrophages, although an opposite effect is observed in murine liver at a
posttranscriptional level [103].

Some drugs under development have been designed to directly promote
RCT. Among the more novel approaches is administration of apoA-I or
related peptides (artificial HDL), either as long-term oral therapy or by infu-
sion for subacute treatment. In a recent study involving a naturally occurring
apoA-I variant (apoA-I Milano) administered intravenously [104], coronary
atheroma volume decreased by 1% after 5 weeks. This approach represents a
paradigm shift in thinking about lipid therapy, which is generally considered
to reduce risk gradually over months to years. Intravenous administration of
these compounds is thought to rapidly mobilize cholesterol from arteries for
disposal by the liver, thereby stabilizing vulnerable plaque.

Inhibition of CETP is another approach to raise HDL levels, although it is
unclear whether it will positively affect RCT. CETP inhibitors such as torce-
trapib and JTT-705 are currently in clinical trials and have shown promising
elevations in apoA-I and HDL [105, 106]. A vaccine against CETP antigen is
also being evaluated in clinical trials [100]. Phosphatidylinositol is being tested
as an HDL-elevating therapeutic in clinical trials and early efficacy results sug-
gest that the compound can significantly elevate both apoA-I and HDL cho-
lesterol levels [107]. Phosphatidylinositol also stimulates multiple steps in the
RCT pathway. This naturally occurring lipid was shown to increase cholesterol
efflux from cholesterol-loaded macrophages through the inositol-signaling
cascade and to increase cholesterol transport to the liver and feces [30]. Drugs
that inhibit HDL apoA-I catabolism or the remodeling of HDL particles [108]
(e.g., EL inhibitors) represent another promising approach.

The enterohepatic circulation plays an important role in the excretion of
cholesterol derived from RCT and a number of strategies have been designed
to pharmacologically inhibit cholesterol absorption (or reabsorption) in the

14 Jim W. Burgess et al.



gut. The micellar solubilization of cholesterol can be disrupted with the use
of agents such as orlistat (Xenical), a lipase inhibitor, which forms an oil
phase in the intestinal lumen which entraps cholesterol, allowing for its fecal
excretion [109]. In addition, bile acid resins have also been used to interfere
with cholesterol absorption. Bile acid resins, such as colesevelam, bind to
both cholesterol and bile acids in the intestinal tract, forming an insoluble
matrix, which allows for their subsequent elimination in the feces [110]. A dis-
advantage of bile acid resins is their potential ability to additionally block
fat-soluble vitamin absorption. More recently, a major focus has been
directed towards ezetimibe, a cholesterol absorption inhibitor that interrupts
the absorption of dietary cholesterol and biliary cholesterol without affect-
ing the absorption of fat-soluble vitamins. Ezetimibe is rapidly absorbed and
is recycled enterohepatically multiple times [111].
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The Role of LCAT in Atherosclerosis

DOMINIC S. NG

Abstract
Lecithin–cholesterol acyltransferase (LCAT) is one of the major modulators of
plasma high-density lipoprotein cholesterol (HDL-C) and plays a central role in the
reverse cholesterol transport (RCT) process. Clinically, partial LCAT deficiency is
common in a number of chronic disorders at risk for coronary heart diseases (CHD)
but the role of LCAT in atherosclerosis remains controversial. Patients with mono-
genic causes of complete LCAT deficiency appear not to be prone to premature CHD.
On the other hand, recent studies on patients with monogenic-based partial LCAT
deficiency suggest they may be at increased atherogenic risk. Animal models with
transgenic overexpression of the LCAT genes showed variable degrees of antiathero-
genic properties except in one transgenic mouse model. LCAT knockout mouse mod-
els from different laboratories showed conflicting findings in their predisposition to
aortic atherosclerosis. On the other hand, a number of studies using the LCAT knock-
out mice revealed significant impact of LCAT deficiency on not only lipoprotein
metabolism but also in systemic oxidative stress, intrahepatic lipid, and glucose
metabolism, each of which may individually modulate atherogenesis. Much remain to
be learned with respect to the impact of LCAT deficiency on various proatherogenic
pathways to better delineate its pathophysiologic link to atherosclerosis. This is of
particular significance in patients suffering from common atherosclerosis-prone dis-
orders that are known to be associated with partial LCAT deficiency, including dia-
betes and renal insufficiencies.

Keywords: atherosclerosis; high-density lipoprotein (HDL); glomerulopathy;
lecithin–cholesterol acyltransferase (LCAT); lipoprotein-X (LpX); triglycerides, glucose

Abbreviations: LCAT, lecithin–cholesterol acyltransferase; HDL, high-density lipopro-
tein; LDL, low-density lipoprotein; CETP, cholesteryl ester transfer protein; PLTP,
phospholipids transfer protein; ABCA1, ATP-binding cassette A1; PC, phosphatidyl-
choline; SR-BI, scavenger receptor class B type I
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Introduction

High-Density Lipoprotein and Atherosclerosis—
Epidemiologic Evidence
Numerous large-scale epidemiological studies persistently demonstrated an
inverse relationship between plasma high-density lipoprotein cholesterol
(HDL-C) level and the risk of coronary heart disease (CHD). An aggregate
analysis of four of the largest US studies, which include the Framingham
Heart Study [1], the Lipid Research Clinic Prevalence Mortality Follow-up
Study, Lipid Research Clinic Primary Prevention Trial, and Multiple Risk
Factor Intervention Trial [2], estimated that each 1 mg/dL (0.02 mmol/L) ele-
vation of HDL-C is associated with a 2–3% reduction in CHD risk, a mag-
nitude comparable to that for low-density lipoprotein (LDL) lowering. While
this quantitative relationship may be valid in an epidemiologic context, and
may also reflect some biological function of the circulating lipoprotein frac-
tion, the use of a single HDL-C level as a risk predictor require caution. The
heterogeneity in the HDL–CHD relationship is best exemplified by studying
kindreds with monogenic causes of low HDL-C, namely with mutations in
the apolipoprotein apoA-I, lecithin–cholesterol acyltransferase (LCAT), and
ATP-binding cassette A1 (ABCA1) genes. Individuals homozygous for muta-
tions in these genes uniformly develop severe HDL deficiency but the affected
are not equally at risk of premature CHD. This is particularly the case with
patients with complete LCAT deficiency.

The Role of LCAT in HDL Metabolism and Reverse
Cholesterol Transport
LCAT was first described as a plasma enzyme, which mediates the transfer of
fatty acids at the sn-2 position from phosphatidylcholine (PC) to free choles-
terol (FC), forming the neutral lipid cholesterol ester (CE) and lysophos-
phatidylcholine (LPC) [3]. It is a 416 amino acid glycoprotein synthesized
and secreted primarily by the liver. mRNA messages of the LCAT gene have
also been detected in testes and the brain [4] but their physiological signifi-
cance are not well understood.

Upon secretion by the liver, LCAT circulates in plasma bound primarily to
HDL but it is also found in apoB-containing lipoproteins, especially the LDL.
Kinetic studies in humans have provided an estimate that approximately 70%
of plasma CE are formed in the HDL and 30% in the apoB-containing parti-
cles [5]. Esterification of FC on apoB-containing particles and HDL by LCAT
are coined by the terms β- and α-activity, respectively, and each plays different
role in lipoprotein metabolism.

By way of its primary enzymatic action, LCAT plays a major role in HDL
metabolism, especially in the reverse cholesterol transport (RCT) pathway, a
multistep process by which cholesterol in the peripheral tissues is transferred
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back to the liver for eventual elimination from the body (Fig. 2.1). To date, the
RCT pathway continues to be considered as one of the major mechanisms by
which HDL confers its cardioprotective effects [6]. The first step of RCT
entails the efflux of cellular cholesterol, along with phospholipids, onto the
cholesterol acceptors, with the lipid-free apoA-I and the disc-shaped pre-
β-HDL being most avid [7]. Esterification of tissue-derived FC by LCAT
transfers the neutral CE into the lipoprotein core, hence sustaining a chemical
gradient to accept more FC from tissues. The accumulation of core CE con-
verts the disc-shaped HDL to spherical particles. The mature HDL can further
acquire other apoproteins from triglyceride-rich lipoprotein particles. The
mature HDL particles can deliver its CE content directly into the liver through
the selective uptake process mediated by scavenger receptor class B type I (SR-
BI). On the other hand, the tissue-derived CE in HDL can also be transferred
to the apoB-containing lipoproteins, in exchange for TG, through the action of
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FIGURE 2.1. Schematics of the reverse cholesterol transport (RCT) pathway and the
role of LCAT in HDL metabolism. Key steps in the RCT pathway include (1) choles-
terol efflux: the transport of free cholesterol from peripheral cells (e.g., arterial wall
macrophages) onto the circulating nascent HDL or lipid-free apoA-I (not shown)—
mediated by the ATP-binding cassette AI (ABCA1) transporter; (2) cholesterol ester-
ification: cell-derived cholesterol are esterified by lecithin–cholesterol acyltransferase
(LCAT), generating neutral esterified cholesterol (CE) which enters the core; (3) lipid
transfer: exchange of CE from HDL with triglyceride-rich lipoproteins for TG—
mediated by cholesteryl ester transfer protein (CETP). The CE of the mature HDL
can also be taken up directly into the liver—mediated by scavenger receptor class B
type I (SR-BI). LPL, lipoprotein lipase; LDL-R, low-density lipoprotein receptor.



cholesteryl ester transfer protein (CETP). When the apoB-containing lipopro-
teins are taken up by the liver, the tissue-derived cholesterol can be channeled
for elimination from the body through the biliary cholesterol pathway [8].

More recently, Nakamura et al. [9] examined the differential efficiency of
LCAT activity in the generation of CE in various HDL fractions. These
authors reported LCAT is associated with various size fractions of HDL and
the smallest HDL identified in this experimental regime is consistent with a
pre-β-HDL/LCAT complex. Among the various size fractions, the small pre-
β-HDL-associated LCAT was responsible for the majority of the LCAT-
mediated esterification of CE in HDL. Furthermore, these authors also
examined the role of HDL size on the activity of CETP and reported a pref-
erential transfer of CE from the small HDL fractions, including those derived
from the pre-β-HDL. Continued activity of LCAT leads to the “maturation”
and formation of the α-migrating HDL. Meanwhile, the larger HDL are sub-
ject to the modulatory action of phospholipids transfer protein (PLTP),
replenishing the pool of pre-β-HDL. In this paradigm, one could envision a
pool of HDL that would recycle between the smaller “metabolically active”
form and the more mature form, and the cycle will continue to fuel the net
movement of cell-derived cholesterol towards the liver for removal.

LCAT is one of the several major modulators of the plasma HDL-C levels,
the other being apoA-I, ABCA1, and CETP. In humans subjects with genetic
deficiency of LCAT, those who are homozygous a functional LCAT gene
mutation develop severe HDL deficiency and the ones heterozygous for a
defective LCAT gene develop intermediate levels of HDL deficiency [10, 11].
The marked reduction in HDL-C in the LCAT deficient subjects is attributed
primarily to an accelerated catabolism of the HDL particles, with those con-
taining apoA-I and apoA-II being more rapidly cleared than those containing
apoA-I alone [12]. The residual circulating lipoproteins in the HDL density
range include (a) the discoidal particles containing apoA-I, apoA-II, and
occasionally apoE which often form rouleaux and (b) the small apoA-I con-
taining particles that are rich in FC and PL. Interestingly, plasma from LCAT
deficient subjects have been demonstrated to be equally effective in mediated
cholesterol efflux in fibroblasts [13] but this finding was not shared by other
[14, 15]. It is tempting to postulate that the residual HDL in LCAT deficient
subjects are functionally sufficient for the majority of the esterification of the
cell-derived cholesterol [9] although confirmatory evidence is lacking.

LCAT and Atherosclerosis—Clinical Studies

Monogenic Disorders—Humans
The human LCAT gene is located in the q12–22 region of chromosome 16. Up
until recently, 40 mutations have been reported (HGMD; http://uwcmml1s.
uwcm.ac.uk/mg/search/119359.html). Calabresi et al. [11] reported an additional
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15 novel mutations more recently. In addition to a marked reduction in
HDL-C, other lipoprotein phenotypes in homozygotes and compound het-
erozygotes further distinguish the LCAT mutations into two distinct syndromes,
the complete LCAT deficiency (CLD) and the fish-eye disease (FED). The
CLD is characterized by a complete or near-complete deficiency of LCAT
activity in the plasma with the absence of cholesterol esterification in all
lipoprotein classes. Furthermore, marked increase in total plasma FC/CE
ratio and an accumulation of the phospholipid precursor are also hallmarks
of the CLD syndrome. Clinically, despite the disruption of the RCT pathway
and the severe low level of HDL-C, CLD subjects are paradoxically not par-
ticularly predisposed to premature CHD [10, 16–18]. Instead, there is a high
prevalence of glomerulopathy in these subjects [19]. Other phenotypes
include modest hypertriglyceridemia (HTG), presence of LpX vesicles and
mild anemia [20]. In FED, LCAT activity is absent selectively in the HDL
fractions. In these subjects, HDL-C is markedly reduced but cholesterol
esterification in the apoB-containing lipoprotein particles is relatively 
preserved. FED patients are not associated with renal complications. However,
a number of FED mutations had been found to be associated with prema-
ture coronary artery disease (CAD) [21, 22] but the underlying pathogenesis
remains obscure.

Although subjects with complete LCAT deficiency appear to be associ-
ated with a paradoxical absence of premature CAD in spite of severe HDL
deficiency, little is known about the predisposition of partial LCAT deficient
subjects based on earlier studies. More recently, Ayyobi et al. [23] reported a
25-year longitudinal follow-up of a large Canadian LCAT deficient kindred
concerning their vascular risk. Carotid ultrasound for intima-medial thick-
ness (IMT) and brachial artery flow-mediated dilatation (FMD) were used
as surrogate markers for cardiovascular endpoints. These authors reported
that, based on two homozygotes, nine heterozygotes, and four unaffected
family members, the heterozygotes are associated with pronounced IMT
abnormalities including detection of atherosclerotic plaques whereas for the
homozygotes, the IMT are only minimally increased. A similar vascular
evaluation by IMT in 68 carriers of various known FED mutations showed
significant increase in IMT progression in both heterozygotes and homozy-
gotes [24].

Putting it all together, data from families with genetic causes of LCAT
deficiency suggest that FED mutations may confer higher risk of CAD than
those with CLD. On the other hand, subjects homozygous for CLD muta-
tions are generally not at risk of accelerated CAD but the heterozygotes with
partial LCAT deficiency, appear to be more prone. In light of the clinical
observations that partial LCAT deficiency being detected in a variety of com-
mon diseases known to be at high risk of premature CAD, e.g., diabetes [25,
26], uremia [27], cigarette smoking [28] etc., the proatherogenic potential of
partial LCAT deficiency require confirmation as this would form the basis
for LCAT being a potential therapeutic target.

Chapter 2. The Role of LCAT in Atherosclerosis 27



The LCAT–Atherosclerosis Controversy

Transgenic Mouse Models

To investigate the role of LCAT in atherosclerosis, a number of animal mod-
els have been generated. LCAT transgenic mice have been created by a num-
ber of laboratories. As expected, a modest overexpression of the human
LCAT gene in mice resulted in a moderate elevation of total plasma HDL-C
levels and an increase in the HDL particle size. In case of the human LCAT
gene being coexpressed with the human apoA-I transgene, a mouse strain
showed a humanlike polymodal size distribution of HDL, modest particle
size increase was observed in each individual HDL subfractions attributable
to increased accumulation of CE [29]. Meanwhile, there was a modest reduc-
tion in fasting plasma TG. These data demonstrated that overexpression of
LCAT in vivo resu in vivo a “favorable” lipid profile. However, transgenic mice
with a modest overproduction of LCAT failed to impact on aortic athero-
sclerotic lesions [30, 31]. On the other hand, high-level overexpression (>100-
fold) of human LCAT resulted in not only a marked increase in plasma
HDL-C, but there was also appearance of a large-sized, HDL1-like subfrac-
tion [32]. Surprisingly, this strain of high-expressor mice showed a paradoxi-
cal increase in diet-induced aortic atherosclerosis [33]. On the other hand, the
same level of overexpression of human LCAT in rabbits was found associ-
ated with a significant reduction in aortic atherosclerosis. More detailed
analyses of the lipoprotein changes in the two animal models suggested that
the absence of CETP activity in mice may be responsible for the presence of
the large HDL fraction and the increased aortic lesions. To test this hypoth-
esis, Foger et al. [34] examined the effect of a concurrent overexpression of
CETP in the LCAT transgenic mice in atherosclerosis and found that CETP
expression partially attenuated the increase in atherosclerosis seen in the
LCAT transgenic mice.

The enzymatic action of LCAT is a critical determinant of the lipid com-
position of circulating lipoproteins. A tenfold overexpression of the human
LCAT gene in mice fed an atherogenic diet (15% of calories from palm oil,
1.0% cholesterol, and 0.5% cholic acid) resulted in a twofold increase in
the ratio of saturated+monounsaturated to polyunsaturated CE species in the
apoB-containing lipoproteins. However, there was no difference in aortic ath-
erosclerosis determined on the basis of aortic CE content despite a doubling
of the saturation index of the apoB-containing particles [31].

In a different experimental system, a short-term overexpression of the
LCAT genes appears beneficial when administered to the LDL receptor/lep-
tin double deficient mice. This double mutant serves as a model for combined
severe hyperlipidemia, insulin resistance, and leptin deficient-obesity.
Furthermore, the mice were also found to have reduced serum platelet-
activating factor acetylhydrolase (PAF-AH) activities and paraoxonase 1
(PON1) activities, two oxidative stress markers. Meanwhile, the plasma titre
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of oxidized LDL autoantibody, homing of the macrophages and aortic
atherosclerosis were increased. Adenovirus-mediated gene transfer of LCAT
resulted in a reduction of the titre for the autoantibody to the oxidized LDL
and the aortic plaque volume in only 6 weeks. Unlike previous transgenic
models, the short-term overexpression of the LCAT gene in this experiment,
despite a 64% raise in the LCAT activity, did not result in any significant
change in HDL-C, the plasma FC/CE ratio, or the ability of the plasma to
increase efflux of cholesterol from cells [35]. Therefore, the observed reduc-
tion in atherosclerosis as a result of LCAT-gene transfer was attributed to
LCAT playing a significant role in modulating the oxidative stress.

Collectively, hepatic overproduction of LCAT in mouse models have
resulted in mixed results in the context of its role in modulating atherogenicity.
In the specific situations where beneficial effects were observed, correction of
the elevated oxidative stress appeared to be the major mechanism. In the rab-
bit models, the observed cardioprotective effects of LCAT overproduction may
be attributable to the decrease in the proatherogenic apoB-containing lipopro-
tein particles and the increase in HDL-C. However, changes in oxidative stress
markers have not been reported in the rabbit models.

LCAT Knockout Mouse Models

In patients with complete LCAT deficiency, there is no significant increase in
the risk of atherosclerosis in spite of the disruption of the RCT pathway and
a marked reduction in plasma levels of HDL-C and apoA-I. Plasma very-low-
density lipoprotein (VLDL) and LDL fractions are both altered morphologi-
cally and compositionally. The apoB-containing lipoproteins are relatively
TG-enriched and CE-poor and there is a high prevalence of fasting HTG in
LCAT deficient subjects. However, how these dyslipidemic changes might
modulate atherogenicity of the lipoproteins remain to be fully elucidated.

A mouse model for LCAT deficiency has been generated by homologous
recombination of the murine LCAT gene [36, 37]. The lipoprotein abnor-
malities in these mice showed remarkable resemblance to those seen in LCAT
deficient humans, especially in the changes in HDL. In the homozygous
knockout mice (LCAT−/−), plasma CE was markedly reduced to 9.4% of
control and there was a 11.7-fold increase in the FC/CE ratio. Both HDL-C
and apoA-I levels were reduced in the LCAT deficient mice in a gene dose-
dependent manner but the reduction in CE content being dramatically more
so than the FC content. The HDL fraction (d = 1.063–1.21 g/mL) was char-
acterized by the presence of particles with a wide distribution in sizes but
dominated by a small, 7.6-nm peak. Electron microscopy revealed rouleaux
formation from the disc-shaped HDL particles, remarkably similar to those
seen in humans [38]. In the d < 1.063 g/mL fractions, vesicle-like particles
have also been detected [36, 37]. The presence of compositionally and mor-
phologically altered particles in the LDL and VLDL range is consistent with
a direct action of LCAT on these particles.
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LCAT knockout mice have been studied to explore the role of LCAT in
atherosclerosis as well as to elucidate the possible mechanism for the para-
doxical absence of accelerated atherosclerosis in LCAT deficient humans.
A recent study by Lambert et al. [39] reported significant reductions in aor-
tic atherosclerosis attributable to LCAT deficiency in a number of different
dyslipidemic backgrounds, including wild type, LDL receptor knockout
(LDLR−/−), and CETP transgenic mice, fed a cholate-containing, high choles-
terol/high fat diet, and in apoE−/− background fed a chow diet. In this study,
the authors observed a uniform reduction in the level of apoB-containing
lipoproteins in the LCAT-deficient mice across all dyslipidemic backgrounds
examined and proposed that the apoB-containing particle levels play a key
role in modulating atherosclerosis risk in LCAT deficiency.

A study by Furbee et al. [40] using apoE−/−xLCAT−/− and LDLR−/−
xLCAT−/− mice fed a cholate-free, atherogenic diet yielded opposite results
regarding the impact of LCAT deficiency on atherosclerosis. In this study,
LDLR−/−xLCAT−/− double knockout mice and their LDLR−/−xLCAT+/+
single knockout control have similar apoB-containing lipoprotein levels but
the LDL–CE in the former are more enriched in the saturated, and putatively
more proatherogenic, fatty acids. On the other hand, the apoE−/−xLCAT−/−
double knockout mice have not only more saturated LDL–CE, but also
higher levels of apoB-containing lipoproteins. The reason for the disparate
findings between these two studies are not apparent. However, the difference
in the composition of the diets used in the studies, and the methods of aortic
lesion quantification may play a key role.

More recently, Ng et al. [41] reported the effect of LCAT deficiency on ath-
erosclerosis using the hyperlipidemic apoE−/− as background. The apoE−/−

xLCAT−/− and apoE−/−xLCAT+/+ mice were fed a regular chow diet and the
aortic atherosclerosis lesions were compared at 8–9 months of age. The
lipoprotein profile by Fast Protein Liquid Chromatography (FPLC) revealed, in
the apoE−/−xLCAT−/− double knockout mice, a marked reduction in HDL-C
and a modest reduction in apoB-containing particles in all VLDL and
LDL/IDL (intermediate-density lipoprotein) fractions. These findings are in
agreement with those reported by Lambert et al. [39]. In their investigation of
the mechanism of the impact of LCAT on atherosclerosis, the authors first
observed a significant increase in two independently determined oxidative
stress markers, namely the plasma F2-isoprostane level and the aortic super-
oxide production rate, in both the LCAT−/− mice and the apoE−/− mice. The
marked increase in oxidative stress status in the LCAT−/− mice is consistent
with a previous study showing that, in this model, there is a significant reduc-
tion in plasma PON1 activity and PAF-AH activity, in part due to the marked
reduction in plasma HDL level [42]. Surprisingly, the oxidative stress markers
in the apoE−/−xLCAT−/− were completely normalized to the same level as the
wild-type mice despite persistent severe hyperlipidemia. This normalization of
the oxidative markers was found associated with a 50% reduction in aortic
atherosclerosis lesion size. Intriguingly, the complete normalization of the two
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oxidative markers was also found to be associated with a restoration of the
total plasma level of PON1 arylesterase activity to that of the wild-type mice,
despite a persistent severe HDL deficiency. Detailed FPLC fractionation
revealed that the PON1 arylesterase activity is no longer restricted to the HDL
fractions but is broadly redistributed to all the non-HDL fractions, the latter
accounting for nearly 50% of the total plasma PON1 activity.

The mechanism by which PON1 redistribute in the plasma of the LCAT
deficient mice remains unclear. A recent study by Sorenson et al. [43] demon-
strated that PON1 can bind to phospholipid vesicles via its hydrophobic 
N-terminal signal sequence peptide and remains active enzymatically without
apoA-I. The authors further demonstrated that HDL-associated PON1 can
be transferred to these PL vesicles. The physical characteristics of such syn-
thetic vesicles are not dissimilar to that of LpX, a FC- and PL-rich vesicles fre-
quently found in LCAT deficient humans as has been shown to be present in
modest quantity in the apoE−/−xLCAT−/− mice. However, the possibility of
an association of PON1 with other apoB-containing lipoproteins cannot be
ruled out. Similarly, the role of the retained PON1 in the observed dramatic
reversal of oxidative markers is also unknown. In light of the previous reports
on the impact of PON1 on oxidative stress, especially the in vivo murine mod-
els [44–46], it is conceivable that the paradoxical normalization of the oxida-
tive markers in the apoE−/−xLCAT−/− double knockout mice may, at least in
part, be attributed to the redistribution and retention of serum PON1. Similar
PON1 arylesterase activity redistribution profile by FPLC is also detected in
the LDLR−/−xLCAT−/− double knockout mice (Ng, unpublished data).
More importantly, PON1 activity has been detected in the non-HDL fractions
from a subject homozygous for an LCAT mutation but is absent from his
unaffected siblings (Ng, Connelly, and Frohlich, unpublished data).

Collectively, data to date based on murine models of the impact of LCAT
deficiency in atherosclerosis are also mixed but are suggestive of strong
gene–gene and possibly gene–diet interactions. They also suggest that oxida-
tive modifications of lipids may play an important role in mediating the effect
of LCAT on atherogenesis. In addition to the observed significant alterations
in PON1 abundance and distribution as a result of changes in the dyslipi-
demic background and LCAT gene dose, it is conceivable that other enzymes
pertinent to oxidation and perhaps inflammation may also be altered.

The Role of LCAT in the Metabolism of
apoB-Containing Lipoproteins

Several lines of experimental evidence suggest that LCAT is active not only on
HDL particles, but a small fraction of the total plasma LCAT activity is
detected in the LDL particles. In humans, several mutations in the LCAT gene
led to a selective loss of transesterification activity in the HDL particles,
resulting in clinically a marked reduction in HDL-C levels but relative normal
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LDL levels, compositions, and the FC/CE ratio. These subjects with selective
LCAT deficiency do not develop renal disease but tend to have more severe
clouding of the cornea, hence the term FED [10]. To further address the role
of LCAT in the CE content of apoB-containing particles, Furbee et al. [47]
examined the lipoprotein compositions of two strains of double knockout
mice, namely the apoE−/−xLCAT−/− and LDLR−/−xLCAT−/− mice. The
removal of functional LCAT in these two strains of hyperlipidemic mice
revealed a differential impact on the fatty acid composition of CE in the
apoB-containing particles. In the case of LCAT deficiency in the LDLR−/−
background, there was a significant loss of linoleate and a complete loss of
polyunsaturated fatty acids (PUFA) in the LDL–CE. On the other hand, in
the apoE−/− background, LCAT deficiency resulted in only a modest alter-
ation in the LDL–CE fatty acid content. These authors concluded that
LCAT contributes to the CE fatty acid pool of apoB-containing lipoproteins
and is the only source of plasma long-chain polyunsaturated CE in these
mice. In a follow-up study, Zhao et al. [48] found that, in apoE−/−xapoA-I−/−
mice, the dramatic reduction in plasma cholesterol esterificaton rate (CER) is
disproportionate to the more modest reduction in the LCAT mass. However,
incubation of the VLDL from these double knockout mice with apoE
resulted in a threefold increase in CER whereas a similar incubation with
apoA-I only resulted in a modest 80% increase. The authors concluded that
apoE is a more significant physiologic activator of LCAT than apoA-I-con-
taining lipoproteins.

The Role of LCAT in Triglyceride and Glucose
Metabolism

HTG is a risk marker for CHD based on epidemiologic studies but the patho-
genesis of how TG-rich lipoproteins contribute to the atherosclerosis is fre-
quently confounded by other associated risk factors. HTG is a common
feature in a number of highly proatherogenic conditions, namely type 2 dia-
betes mellitus, metabolic syndrome, and familial combined hyperlipidemia
[49], in which low HDL-C, insulin resistance, central obesity are frequently
present. The dyslipidemia in these conditions share the cardinal feature of a
hepatic overproduction of VLDL/apoB as contributor to the HTG, which in
turn promotes the generation of small dense LDL and lowering of HDL-C
through CETP. HTG has also been documented in LCAT deficient subjects,
both in homozygotes and heterozygotes but due to the small number of sub-
jects in this rare syndrome [11, 50, 51], the pathophysiologic relevance and
pathogenesis of HTG remain poorly understood. In animal models of either
LCAT overexpression or deficiency, an inverse association between the LCAT
gene dose and fasting TG levels has begun to emerge. Transgenic mice [29] and
rabbits [52] overexpressing the human LCAT gene have been reported to have
a modest reduction in fasting TG levels. Gene-targeted mice deficient in
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LCAT activities are associated with elevated TG in a gene dose-dependent
manner [36, 37]. Collectively, these data are in support of a mechanistic link
between LCAT deficiency and HTG. In humans, a partial reduction in pos-
theparin lipase activity has been observed in association with a fasting HTG
[53], other possible contributions have not been explored.

The possible mechanism of HTG in complete LCAT deficient mice was
recently reported by Ng et al. [54] using the LDLR−/−xLCAT−/− double knock-
out mice, which showed modest fasting HTG when compared with the LDLR−
/−xLCAT+/+ single knockout control. FPLC lipid profile showed accumulation
of VLDL particles in the double knockout mice and the apoB-containing
lipoproteins (VLDL/IDL/LDL fractions) are all relatively TG-enriched.
Ultracentrifuge-isolated VLDL fractions are, at least semiquantitatively, better
substrate for the exogenous (bovine) lipoprotein lipase. On the other hand, pos-
theparin lipase activity assay revealed a significant isolated reduction in the
LPL activity, consistent with those seen in human subjects. More intrigu-
ingly, the double knockout mice were found to have a marked increase in
hepatic TG production rate, a metabolic alteration not seen in other models
of primary severe low HDL syndromes. This was further found to be associ-
ated with an upregulation of the hepatic SREBP1 gene, which was further
linked to a coordinated upregulation of a number of target genes encoding
for enzymes in lipogenesis on the one hand, and a downregulation of
PEPCK1, a gene for the rate-limiting enzyme for gluconeogenesis on the
other. The change in the fasting PEPCK mRNA level was further found to
be associated with a reduction in fasting glucose and fasting insulin levels in
the double knockout mice, consistent with the notion of an improvement in
hepatic insulin sensitivity and reduced gluconeogenesis. Although both
srebp1 and pepck1 gene are known as target genes for the transcription factor
liver X receptor α (LXRα) [55, 56], survey of the expression levels of a num-
ber of other specific LXRα target genes suggests that the SREBP1 upregula-
tion in this LCAT deficiency mouse model is unlikely to be driven by LXR.
On the other hand, the LDLR−/−xlcat−/− mouse LDL were recently shown
to be markedly depleted of linoleic acid moiety and are virtually completely
devoid of other PUFA [47]. In light of the suppressive effect of PUFA on
srebp1 mRNA level shown by many laboratories [57, 58], the authors postu-
lated that the lack of PUFA in LDL in the double knockout mice might have
resulted in a reduction in the abundance of PUFA in the liver, leading to less
suppression of the SREBP1 gene expression. In short, the findings presented
here suggest that LCAT deficiency may constitute a unique metabolic milieu
in which an increase in hepatic TG production, possibly through an induction
of hepatic SREBP1 expression and the downstream lipogenesis, acts in con-
cert with the reduction in postheparin lipase activity to cause HTG. This
pathway represents first to link a primary HDL deficiency state to HTG
through hepatic TG overproduction and, putatively through increased lipo-
genesis, may extend our mechanistic view of the yin/yang relationship
between HTG and low HDL-C seen in many proatherogenic states.
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Conclusion

LCAT plays a central role in RCT and is a major modulator of plasma HDL-
C levels as well as compositions and levels of apoB-containing lipoproteins.
However, its role in atherosclerosis continues to be controversial. Studies in
LCAT deficient humans with monogenic LCAT gene defects continue to be
consistent with the notion of a lack of accelerated atherosclerosis in those with
complete LCAT deficiency. On the other hand, based on recent studies
with larger cohorts of subjects who are either heterozygotes for CLD muta-
tions or both heterozygotes and homozygotes for FED mutations, suggest that
partial LCAT deficiency may be proatherogenic. Data from animal models are
also conflicting. LCAT knockout mice have been shown to be proatherogenic
and antiatherogenic. Although these studies were carried out by different lab-
oratories using slightly different experimental protocols, the contradictions
are not easily reconciled. On the other hand, the significant impact of LCAT
deficiency on oxidative status seen in the LCAT knockout mice underscores
the complex functional impact of LCAT on not only lipoprotein metabolism
but also in oxidative stress, the latter likely plays important roles in atheroge-
nesis. Likewise, the recent discoveries of how LCAT deficiency in the murine
model significantly impact on intrahepatic TG, fatty acid, and glucose metab-
olism further exemplifies the multiplicity in the phenotypic changes in
response to a reduction in the enzymatic activity. In light of the common
occurrence of partial LCAT deficiency in a number of common proathero-
genic disorders like diabetes, renal insufficiency etc., a better understanding of
the pathophysiologic impact of this metabolic disorder at the molecular level
would enable improved and targeted therapeutic strategies.
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Howdy Partner: Apolipoprotein 
A-I–ABCA1 Interactions Mediating
HDL Particle Formation

SEREYRATH NGETH* AND GORDON A. FRANCIS

Abstract
High-density lipoproteins (HDL) are the fraction of cholesterol-containing particles
in plasma that mediate the removal of excess cholesterol from tissues, thereby pro-
tecting against atherosclerosis. The interaction between the main protein of HDL,
apolipoprotein A-I (apoA-I), and the membrane transporter ATP-binding cassette
transporter A1 (ABCA1) is the rate-limiting step in HDL particle formation.
Evidence exists for both indirect and direct interactions between apoA-I and ABCA1
at the cell surface that mediate phospholipid and cholesterol removal to generate nas-
cent HDL particles. In addition, apoA-I alters the phosphorylation status and stabil-
ity of ABCA1, further enhancing lipid removal and HDL particle formation by cells.
This chapter reviews the current literature concerning the critical partnership between
apoA-I and ABCA1 in mediating this key step in HDL metabolism.

Keywords: ABCA1; apolipoprotein A-I; atherosclerosis; cholesterol efflux; HDL;
reverse cholesterol transport

Abbreviations: apo, apolipoprotein; ABCA1, ATP-binding cassette transporter A1;
HDL, high-density lipoproteins; LXR, liver X receptor; PM, plasma membrane; PS,
phosphatidylserine

Introduction

Atherosclerosis in the form of coronary artery and cerebrovascular disease is
the leading cause of death in the world in adults [1, 2]. A major risk factor in
the development of atherosclerosis is a low level of the protective class of
cholesterol-containing particles in plasma, high-density lipoproteins (HDL)
[3]. Protection by HDL is believed to result largely from the ability of these
particles to remove cholesterol from cells and to deliver it back to the liver to
be excreted into bile, referred to as reverse cholesterol transport (RCT) [4].
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The active interaction of HDL proteins, particularly apolipoprotein A-I
(apoA-I), with cells to remove cellular lipids is the critical step in the initial
production of HDL, without which no HDL is available for further passive
removal of cell cholesterol or subsequent steps of the RCT pathway.

Studies of a rare genetic cause of extremely low HDL levels, Tangier dis-
ease, indicated phospholipid [5] and cholesterol [5, 6] efflux to apoA-I and
other HDL apoproteins [7] was impaired from Tangier disease cells. The
defect in Tangier disease was subsequently identified as mutations in the ATP-
binding cassette transporter AI (ABCA1) [8–12]. ABCA1 is a member of the
large superfamily of ABC membrane transporters [13], and is present on the
surface of most cells to stimulate the delivery of cell phospholipids and
cholesterol to apoA-I and other HDL apolipoproteins including apoA-II and
apoE [14]. The critical importance of functional ABCA1 in determining
plasma HDL cholesterol (HDL-C) levels is suggested by the near-absence of
HDL particles in individuals with mutations in both ABCA1 alleles (Tangier
disease), and approximately 1/2 normal plasma HDL-C levels in individuals
with one functional ABCA1 allele [15, 16]. It therefore appears that subse-
quent steps in the RCT pathway cannot compensate for an initial decrease in
ABCA1 activity to normalize HDL-C levels. Tangier disease homozygotes
and heterozygotes are consequently at increased risk of developing
atherosclerosis [17, 18].

ABCA1 is a full ABC transporter containing two transmembrane domains
and two ATP-binding domains [13]. ABCA1 expression is regulated at mul-
tiple levels (reviewed in Ref. [14]). Cellular cholesterol accumulation leads to
increased ABCA1 expression [11, 19] through oxysterol-dependent activation
of liver X receptor (LXR), a nuclear receptor that binds to the promoter
region of the ABCA1 gene to activate its expression [20–22]. ABCA1 expres-
sion is therefore an additional way by which cells attempt to maintain cho-
lesterol balance. Increased ABCA1 expression correlates with increased
cholesterol efflux to HDL apoproteins [23, 24], as well as cell surface binding
of apoA-I [25, 26].

ApoA-I is an amphipathic protein containing ten α-helical domains [27].
Lipid-free/lipid-poor apoA-I as well as other amphipathic HDL apolipopro-
teins including apoA-II, apoA-IV, apoC, and apoE have been shown to sim-
ulate ABCA1-mediated lipid efflux to generate nascent HDL particles [24].
However, the nature of this critical interaction between HDL apoproteins
and ABCA1, and whether this definitely requires a direct apoA-I–ABCA1
interaction, remains unclear. Here we summarize recent literature regarding
the nature of the apoA-I–ABCA1 interaction, and the regulation of ABCA1
activity by apoA-I-dependent and -independent phosphorylation mecha-
nisms. Although apoA-I is the most abundant HDL apoprotein, and the
protein used in most in vitro studies of apoprotein–ABCA1 interactions, the
results of these studies in many cases have also been found to apply to
the interactions of ABCA1 with other lipid-poor HDL apoproteins.
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ApoA-I–ABCA1 Interactions

Currently, there are two schools of thought concerning the mechanism by
which apoA-I interacts with ABCA1 to mediate lipid efflux. The first model
suggests apoA-I interacts with plasma membrane (PM) lipid domains created
by ABCA1, but not with ABCA1 directly [28]. The second proposes that
apoA-I directly and physically binds ABCA1 in a receptor–ligand type inter-
action to promote phospholipid and cholesterol efflux.

Indirect Association/Lipid Domain Model
In the first model (Fig. 3.1A), functional ABCA1 is thought to generate an
unstable lipid domain by translocating phospholipids, primarily phos-
phatidylserine (PS), to the exofacial leaflet of the PM [29]. It has been
observed that ABCA1-expressing cells have membrane structure perturba-
tions, which may be enriched in phospholipids and cholesterol in the outer
leaflet of the PM [30, 31]. Such an unstable microenvironment on the cell
surface is proposed to allow the amphipathic apoA-I to interact more read-
ily with the PM and thereby solubilize membrane lipids, leading to cellular
lipid removal upon dissociation of the lipidated protein from the membrane
[32, 33]. Indeed, there is a strong correlation between the lipid binding affinity
of apoA-I peptide variants and their ability to remove cellular phospholipids
and cholesterol [34]. Another study using a fluorescence photobleaching
technique demonstrated that membrane-associated apoA-I has diffusional
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properties suggestive of an interaction with membrane lipids, rather than a
membrane protein receptor [35].

Studies with ABCA1 mutants have also shone light on the nature of the
molecular interaction between apoA-I and ABCA1. Chambenoit et al. [35]
have shown that increased ABCA1 expression does not linearly correlate to
increased apoA-I binding and that apoA-I cell surface binding is dependent
on a fully functional ABCA1 protein because cells expressing an ATPase-
defective ABCA1 fail to bind apoA-I. The conclusion was that cells lacking
functional ABCA1 would not be able to flip PS to the outer leaflet of the
PM, thereby inhibiting the generation of a suitable lipid environment
required for apoA-I docking. In support of this is the observation that the
expression of ABCA1 correlates with the amount of exofacial PS exposed on
the cell surface [35] and the requirement for PS flipping to release cellular
phospholipids to apoA-I [36]. Another study, however, showed that apoptosis-
induced exofacial PS flipping was not sufficient to promote lipid efflux to
apoA-I, and that annexin V, a PS-binding protein, did not compete for apoA-I
cell surface binding [37]. A more recent study showed treatment of ABCA1-
expressing human fibroblasts with phosphatidylcholine-specific phospholipase
C or sphingomyelinase had no effect on the ability of apoA-I to associate with
ABCA1, suggesting alterations in PM phospholipid content by ABCA1 do not
predict apoA-I binding to cells [38].

Direct Association/Receptor–Ligand Model
Studies using chemical cross-linkers have suggested that apoA-I binds
directly to cell surface ABCA1 to form a high affinity complex that is
required for ABCA1-mediated lipid efflux [25, 31, 39] (Fig. 3.1B). ApoA-I
has been shown to cross-link to ABCA1 in an aqueous environment [40] and
at a distance as little as 3 Å away, indicating a very close association between
the two proteins [41]. One ABCA1 transporter seems to bind to one molecule
of apoA-I; however, ABCA1 has been proposed to oligomerize into a
homotetrameric complex binding four molecules of apoA-I [42]. In support
of the direct association model, inhibition of ABCA1 by glibenclamide has
been shown to inhibit phospholipid and cholesterol efflux as well as cross-
linking of apoA-I to ABCA1, suggesting a close relationship between apoA-I
cross-linking and lipid efflux [26].

Studies with ABCA1 mutants have also provided mounting evidence for
the direct binding of apoA-I to ABCA1. Fitzgerald et al. [40] have shown that
four naturally occurring ABCA1 mutants harboring missense mutations in
the two extracellular loops of ABCA1 fail to promote cholesterol efflux and
had diminished ability to cross-link to apoA-I, even though the ABCA1
mutant proteins were properly targeted to the PM [40]. This would imply that
a direct interaction between apoA-I and ABCA1 is required for efflux.
Interestingly, one other ABCA1 mutant (W590S) that failed to promote lipid
efflux retained full cross-linking ability with apoA-I, suggesting that apoA-I
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binding is necessary but not sufficient to stimulate cholesterol efflux [40].
Further studies with the W590S mutant revealed that apoA-I binds and dis-
sociates from the defective ABCA1 transporter at a similar rate to wild-type
ABCA1, but the dissociated apoA-I was without lipids, implying that disso-
ciation is not dependent on lipid transfer [39]. An explanation for the inabil-
ity of the W590S mutant to efflux lipids may be its’ inability to drive the
flipping of PS to the exofacial side of the PM, proposed to be a requirement
for lipid efflux in the indirect association model [36]. Hence, the apoA-I–
ABCA1 interaction is complex and may involve the association of apoA-I
with lipid domains and ABCA1.

Panagotopulos and colleagues observed that helix 10 of apoA-I is crucial
for apolipoprotein-mediated cholesterol efflux, and that two apoA-I mutants
containing intact helix 10 exhibited markedly reduced lipid-binding affinity,
but promoted cholesterol efflux much like wild-type apoA-I [43]. To explain
this observation, the authors propose a hybrid model integrating the pro-
tein–protein and lipid domain interaction hypotheses. They speculate that
helix 10 functions to tether apoA-I to the ABCA1-generated lipid domain
such that apoA-I can diffuse laterally until it comes into contact with ABCA1
to form a productive complex, leading to the lipidation of apoA-I [43]. This
hybrid model (Fig. 3.1C) would explain why apoA-I does not readily cross-
link to ABCA1 at lower temperatures, as the lack of membrane fluidity
would prevent the initial insertion and lateral diffusion of apoA-I [40].

The actual mechanism of ABCA1 in flipping lipids to the cell surface
remains unknown. It may act primarily as a phospholipid flippase between
the inner and outer PM leaflets, with cholesterol moving secondarily to main-
tain a constant phospholipid:cholesterol ratio in the outer leaflet, or ABCA1
might facilitate the simultaneous movement of both phospholipids and cho-
lesterol. Further studies are required to resolve this question.

ApoA-I–ABCA1 Interaction Domains

ABCA1 is primarily found on the cell surface, consistent with its function as
a cell surface lipid transporter, but it has also been found to localize to the
Golgi and endolysosomal compartments [31, 44, 45]. Due to its presence in
intracellular compartments as well as at the cell surface, it has been proposed
that ABCA1-mediated lipid efflux may include ABCA1 internalization, pos-
sibly along with apoA-I, to intracellular sites and back to the PM for release
of nascent HDL. Consistent with this idea was the report that ABCA1 pref-
erentially mediates the removal of cholesterol from late endosomes–lyso-
somes [46] that would otherwise be esterified by acyl CoA:cholesterol
acyltransferase [47]. As well, Golgi to PM vesicular transport is increased
during apoA-I-mediated cholesterol efflux [48] and cellular lipid export from
the Golgi to the PM is defective in ABCA1-deficient cells [45]. Alternatively,
intracellular ABCA1 recycling may be mainly a mechanism to regulate
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ABCA1 degradation [14, 44]. ApoA-I has been shown to be internalized and
resecreted by phagocytic cells [49], consistent with a possible role in late endo-
cytic vesicular trafficking and mobilization of intracellular lipid pools [50].

Regardless of the mechanism of ABCA1–apoA-I-dependent lipid efflux,
the initial interaction of apoA-I with ABCA1 likely occurs at the PM. Since
ABCA1 is localized mainly to the PM, it is thought that it functions prima-
rily at the cell surface to efflux lipids, consistent with a direct role in the bind-
ing of apoA-I to ABCA1 at the cell surface. For this interaction to occur,
ABCA1 must be properly trafficked to the PM in order to bind and facilitate
lipid efflux to apoA-I. ABCA1 mutants (R587W, Q597R, L1379F, V1704D)
that are retained in the endoplasmic reticulum and fail to localize to the PM
do not efflux lipids or bind apoA-I [36, 51, 52]. Studies with ABCA1 mutants
have revealed that amino acid residues in the two large extracellular loops of
ABCA1 may form critical apoA-I-binding domains. Indeed, many of the
Tangier disease-causing ABCA1 missense mutations have been mapped to
these two domains [8–10, 18, 53]. Fitzgerald et al. [40] observed that four of
five mutants carrying a mutation in either of the extracellular loops were
properly translocated to the PM, but lacked the ability to cross-link with
apoA-I, implying that these extracellular loops play an important role in
mediating apoA-I binding. Another ABCA1-dependent requirement for
apoA-I binding is functional ATPase domains. Engineered ATPase-deficient
mutants that are correctly folded and targeted to the PM do not elicit apoA-I
cell surface binding as assessed by fluorescence photobleaching [35]. This
lack of apoA-I binding may be due to the inability of the ABCA1 mutant to 
create a PM lipid domain required for apoA-I docking [35]. Alternatively,
ATP binding/hydrolysis may be required to induce a conformational change
of ABCA1 that enables the direct binding of apoA-I to ABCA1, as suggested
by lack of cross-linking of apoA-I to an ATPase-deficient ABCA1 mutant
[26]. In agreement with this idea is the observation that the W590S ABCA1
mutant that fails to promote lipid efflux but is properly targeted to the PM
and had a functional ATPase domain exhibited enhanced cross-linking
activity to apoA-I [40, 51].

ABCA1 has been shown to promote lipid efflux to other exchangeable
apolipoproteins associated with HDL particles, namely apoA-II, apoA-IV,
apoC-I, apoC-II, apoC-III, and apoE [24]. This is seemingly implausible if
apolipoproteins interact with ABCA1 in a classical receptor–ligand type
complex, considering that the apolipoproteins do not share a similar primary
amino acid sequence. Several of these proteins, however, have been shown to
compete effectively with apoA-I for cross-linking and are themselves cross-
linked to ABCA1 [39, 54]. The common feature between these apolipopro-
teins is that they contain multiple amphipathic helical domains, suggesting
that the secondary structure rather than the primary amino acid sequence is
the structural element that allows an apolipoprotein to interact with ABCA1.
In support of this theory, Fitzgerald and colleagues showed that synthetic
amphipathic apolipoproteins were able to block the cross-linking of apoA-I
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to ABCA1, whereas nonamphipathic lipid binding proteins did not [39].
Similar to this theory, the scavenger receptor class B type I has been shown to
bind various apolipoproteins and the major motif found to mediate the inter-
action was amphipathic helices [55]. Hence, it is proposed that apolipoproteins
may interact with ABCA1 by way of a hydrophobic groove within the ABCA1
transporter, an interaction that is seen between protein kinase A (PKA) and
its amphipathic helical anchoring proteins [39]. ApoA-I likely interacts with a
hydrophobic domain of ABCA1; however, some of the contact points
between apoA-I and ABCA1 may occur in an aqueous environment because
cross-linking was achievable with a water-soluble agent [40].

Interestingly, ABCA1 contains a cytoplasmic domain that is critical for pro-
moting cholesterol efflux and apoA-I binding. Alterations in the highly con-
served C-terminal VFVNFA motif resulted in defective lipid efflux as well as
impaired apoA-I cross-linking [56]. Since the VFVNFA domain faces the
cytosol, the authors speculate that this domain may be involved in
protein–protein interactions that are responsible for recruiting additional fac-
tors to form an efflux complex [56]. ABCA1-expressing cells treated with a
peptide mimetic of the VFVNFA motif inhibited ABCA1-mediated choles-
terol efflux [56]. Clearly, less is known about the apoA-I–ABCA1 interaction
domain than the molecular association of apoA-I to ABCA1. Additional
studies designed to map and identify the critical amino acid residues on
apolipoproteins and ABCA1 that interact will be necessary to fully understand
the role of apolipoprotein binding to the ABCA1 transporter in lipid efflux.
Perhaps obtaining the crystal structure of ABCA1 could best answer the ques-
tion of what are the interaction domains between apoA-I and ABCA1.

Phosphorylation Events Modifying ABCA1 Activity 
and the Role of HDL Apolipoproteins

Constitutive and ApoA-I-Dependent Phosphorylation 
of ABCA1
In addition to the indirect or direct interactions between ABCA1 and apoA-I
mediating cellular lipid efflux at the PM, numerous phosphorylation and
dephosphorylation events affect ABCA1 activity, several of which are depend-
ent on apoA-I binding to cells. See et al. [57] reported that PKA-dependent
phosphorylation of serines 1042 and 2054 in the nucleotide binding domains
of ABCA1 occurs constitutively (i.e., independent of apoA-I binding), and
that decreased phosphorylation of ABCA1 through mutation of serine 2054
reduces apoA-I-mediated phospholipid efflux but not apoA-I binding or
ABCA1 protein stability. Lawn et al. [11] showed that cyclic AMP (cAMP)
could increase ABCA1 expression and cell surface levels of ABCA1 protein.
Haidar et al. [58] subsequently showed that treatment of human fibroblasts
with 8-bromo cAMP increased ABCA1 phosphorylation, and concluded that
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abnormal folding of ABCA1 caused by mutations might prevent phosphory-
lation of critical serine–threonine residues [58]. Further studies from this
group suggested apoA-I also activates ABCA1 phosphorylation through a
cAMP/PKA-dependent pathway under conditions where ABCA1 is present
in high levels (following treatment with an LXR agonist), an effect that was
reduced in Tangier disease fibroblasts [59]. These results suggested binding of
apoA-I to ABCA1 may also activate cAMP signaling through a G protein-
coupled ABCA1 transporter [59].

Earlier results showed that apoA-I-dependent lipid release is dependent on
activation of protein kinase C (PKC) [60–62]. Yamauchi et al. [63] have
recently provided evidence that PKC inhibitors suppress the stabilization of
ABCA1 and cellular lipid release mediated by apoA-I. They showed that
digestion of sphingomyelin increased ABCA1 protein levels, and that inhibi-
tion of phosphatidylcholine phospholipase C (PC-PLC) inhibits this effect.
They also proposed PKC-dependent phosphorylation of ABCA1 by apoA-I,
as suggested by inhibition of this effect by PKC-specific inhibitors [63]. They
conclude that apoA-I activates PKC following depletion of the PM of sphin-
gomyelin, thereby activating PC-PLC and generating diacylglycerol that acti-
vates PKC, leading to the phosphorylation and stabilization of ABCA1.

Yet another phosphorylation mechanism activated by the apoA-I interac-
tion with cells is an increase in the tyrosine kinase Janus kinase 2 (JAK2)
activity [64]. JAK2 activity was required for apoA-I binding and apoA-I-
dependent efflux of cellular lipids, but did not directly affect ABCA1 phos-
phorylation or cholesterol translocase activity of ABCA1 [64]. These results
suggest JAK2 is activated by apoA-I, and that JAK2 promotes the produc-
tive interaction between apoA-I and ABCA1 to mobilize cellular lipids, pos-
sibly by enhancing the activity of another partner protein that facilitates the
binding of apoA-I to ABCA1.

Lastly, phosphorylation sites in conserved regions of a cytoplasmic domain
of ABCA1 downstream of the first nucleotide domain have been identified that
are phosphorylated by protein kinase 2, leading to decreased apoA-I and
apoA-II binding, ABCA1 flippase activity, and phospholipid plus cholesterol
efflux [65]. These results demonstrate an inhibitory mechanism of ABCA1
phosphorylation independent of, but subsequently inhibiting, apoA-I binding.

Protection by apoA-I against Calpain-Dependent
Proteolysis of ABCA1
Another remarkable facet of the apoA-I–ABCA1 interaction is the demon-
stration that HDL apoproteins serve to protect ABCA1 against proteolysis,
thereby increasing ABCA1 activity and further facilitating apoprotein-
mediated lipid efflux [66–68]. Arakawa and Yokoyama [66] demonstrated that
incubation of apoA-I with cultured THP-1 cells increased ABCA1 protein
levels without increasing ABCA1 message, and that free apoA-II did the same
thing, however intact HDL particles did not [66]. Thiol protease inhibitors
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could also prevent ABCA1 degradation and enhanced cholesterol efflux, sug-
gesting a possible mechanism by which the apoproteins could be stabilizing
ABCA1. Wang and colleagues subsequently reported that calpain-dependent
proteolysis is involved in the degradation of ABCA1 through a proline, gluta-
mate, serine, and threonine (PEST)-rich cytoplasmic sequence of the trans-
porter, and that deletion of this PEST sequence or treatment of cells with
apoA-I could inhibit this proteolysis and increase cell surface ABCA1 [67].
They also demonstrated that infusion of apoA-I increased ABCA1 protein
levels in the liver and peritoneal macrophages of C57BL/6J mice [67]. This
group subsequently reported that phosphorylation of threonine residues
within this PEST sequence is required for calpain-dependent proteolysis of
ABCA1, and that phosphorylation of this sequence is reduced by apoA-I. In
this way, apoA-I modulates yet another mechanism of ABCA1 phosphoryla-
tion, by somehow decreasing phosphorylation of the PEST sequence, to
increase ABCA1 activity. Further studies suggest the PEST sequence of
ABCA1 is required for the internalization of the transporter, to mediate efflux
of the portion of total cholesterol efflux derived from intracellular pools [69].

Conclusions

The interactions of apoA-I with ABCA1 that mediate nascent HDL particle
formation are the rate-limiting step in the RCT pathway. Evidence is presented
for both an indirect and direct interaction of apoA-I with the cell surface,
mediated by ABCA1, which facilitates the delivery of cellular phospholipids
and cholesterol to apoA-I to generate HDL particles. The complexity of this
partnership is demonstrated by the numerous phosphorylation events mediated
in part by apoA-I interactions with cells that enhance or reduce ABCA1 activ-
ity. Further research into this critical interaction will enhance our understand-
ing of HDL particle formation and our ability to utilize this pathway for the
treatment and prevention of atherosclerosis.
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Role of the Scavenger Receptor 
Class B Type I in Lipoprotein
Metabolism and Atherosclerosis:
Insights from Genetically 
Altered Mice

BERNARDO TRIGATTI

Abstract
The scavenger receptor class B type I (SR-BI) is a cell surface multiligand receptor
that can bind high-density lipoproteins and mediate exchange of lipids with cells. It is
expressed abundantly in liver and in cells of the vascular wall. Analyses of genetically
manipulated mice with altered levels of SR-BI expression in different tissues have
yielded important insight into its roles in HDL metabolism and atherosclerosis.

Keywords: atherosclerosis; eNOS; HDL; knockout; liver; macrophage; PDZK1; SR-BI;
transgenic

Abbreviations: ABC, ATP-binding cassette transporter; AGE-BSA, advance glycation
end-product modified bovine serum albumin; CETP, cholesteryl ester transfer pro-
tein; eNOS, endothelial nitric oxide synthase; HDL, high-density lipoprotein; KO,
knockout; LCAT, lecithin cholesterol acyltransferase; LDL, low-density lipoprotein;
MDCK, Madin–Darby canine kidney; PAF-AH, platelet activating factor acylhydro-
lase; PDZ, Postsynaptic density protein-95/Drosophila discs-large/ZO1; PKA, protein
kinase A; PL, phospholipid; PON, paraoxonase; SPAP, small PDZK1-associated pro-
tein; SAA, serum amyloid alpha; SR-BI, scavenger receptor class B type I; VLDL,
very low-density lipoprotein

Introduction

Clinical, epidemiological, and basic research points to a role for high-density
lipoproteins (HDL) in protection against atherosclerosis and heart disease
[1–3]. Because of this relationship, treatments aimed at increasing HDL func-
tion have garnered great interest [3]. Efforts over the past several years have
been aimed at attempting to understand the molecular and physiological
mechanisms by which HDL protects against atherosclerosis. A variety of
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pathways appear to be involved. For example, HDL is a carrier of antioxidant
vitamins (such as α-tocopherol—vitamin E), which help protect cells from
harmful effects of reactive oxygen species [4, 5]. HDL is also associated with
enzymes such as paraoxonase (PON) and platelet activating factor acylhydro-
lase (PAF-AH) that may play important roles in the removal of oxidized lipids
from other lipoproteins such as low-density lipoprotein (LDL) [6–8]. HDLs
also trigger signaling events within cells leading to diverse consequences,
including the activation of endothelial nitric oxide synthase (eNOS) and pro-
tection of cells in the vascular wall against apoptosis, processes which have
been associated with protection against atherosclerosis [9–18].

HDL also plays a key role in reverse cholesterol transport. This is the
removal of cholesterol from cells in peripheral tissues (e.g., macrophages and
foam cells in the artery wall), and its delivery to the liver. HDL-associated
cholesterol is converted to cholesteryl ester by lecithin cholesterol acyltrans-
ferase (LCAT) [19, 20]. HDL-associated cholesteryl ester can be transferred
to very low-density lipoprotein (VLDL) in exchange for triglycerides by cho-
lesteryl ester transfer protein (CETP) [21]. Alternatively, cholesteryl ester that
remains associated with HDL can be taken up by liver hepatocytes via a
pathway called selective lipid uptake. This involves the net internalization of
only the lipid portion of the HDL particle, without the net internalization
and degradation of the HDL particle itself (reviewed in [22]). Internalized
cholesterol can be secreted into bile either as cholesterol or after conversion
to bile acids or be repackaged into nascent VLDL and secreted from the
hepatocyte into the circulation (reviewed in [22]). HDL has also been impli-
cated in the reverse transport of oxidized lipids, derived from cells or from
other lipoproteins, to the liver for clearance [23]. Therefore, the “reverse cho-
lesterol transport” pathway may play important roles in the clearance of
diverse lipids in addition to cholesterol, highlighting the importance of this
pathway to protection against atherosclerosis.

The Scavenger Receptor Class B Type I

Almost a decade ago, Krieger and coworkers [24] identified the scavenger
receptor class B type I (SR-BI) as an HDL receptor that could mediate the
selective uptake of HDL lipids. SR-BI is a member of the CD36 family of
proteins (see Chapter 5) and contains two transmembrane domains, short 
N-terminal and C-terminal cytoplasmic regions, and a large extracellular
region that is heavily glycosylated (reviewed in [22], see Fig. 4.1). SR-BI is
also palmitoylated on two Cys residues near the junction between the 
C-terminal cytoplasmic and transmembrane regions [25, 26]. It is expressed
most abundantly in cells with a high capacity for selective HDL lipid
uptake—steroidogenic cells and hepatocytes (reviewed in [22]). This sug-
gested that SR-BI may play an important role in the later stages of reverse
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cholesterol transport and transport of HDL cholesterol to steroidogenic tis-
sues. SR-BI is also expressed in a variety of other cell types (reviewed in [22,
27, 28]) including macrophages and endothelial cells [29–32] and could there-
fore influence atherosclerosis locally at the vessel wall (explained later).

When overexpressed in transfected cells, SR-BI can mediate both increased
selective uptake of HDL lipids and increased efflux of free cholesterol tracer
to HDL acceptors [24, 33, 34]. This has led to the notion that SR-BI can
mediate the bidirectional flux of lipids between cells and bound lipoproteins
and the suggestion that the direction of net flux is dependent on the concen-
tration gradient of the lipid [35]. For example, in Chinese hamster ovary-
derived cells, which have relatively low levels of intracellular cholesterol, the
net flux appears to be in the direction of the cell [24]. The observation that
SR-BI can mediate the efflux of unesterified cholesterol tracer from cells has
led to the suggestion that it may play an important role in HDL-dependent
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FIGURE 4.1. SR-BI and known ligands. SR-BI is represented with two transmembrane
regions residing in the membrane (gray bar), cytoplasmic C-terminus and N-terminus,
and a large extracellular region. Approximate locations of N-linked glycosylation
sites are shown in gray, as are the locations of two cysteine residues that are sites of
palmitoylation. Known SR-BI ligands are listed at the top and include lipoproteins,
chemically modified proteins, and lipoproteins including advance glycation end-
product modified BSA (AGE-BSA), liposomes containing anionic phospholipids (PL),
apoptotic cells, bacterial lipopolysaccharide, and the acute phase protein serum amyloid
alpha (SAA) (either free or associated with lipoproteins) (reviewed in [27] and [86]).



cholesterol efflux from macrophages (see [33, 34]). Consequently, SR-BI has
been implicated in both early steps (i.e., cholesterol efflux from macrophages)
and late steps (hepatic selective HDL cholesterol uptake) in reverse choles-
terol transport.

SR-BI has also been implicated in mediating HDL-dependent signaling
events in endothelial cells (see Chapter 5). For example, the HDL-dependent
stimulation of eNOS appears to be dependent on SR-BI [9, 11, 12, 14]. This
may occur via the transfer of bioactive lipids (estradiol, ceramide, and/or
sphingosine-1-phosphate) with signaling activity and/or through the genera-
tion of intracellular signaling events including the activation PKB/Akt path-
ways [9, 11, 12, 14, 17]. The ability of SR-BI to mediate HDL-dependent
eNOS activation may also be related to SR-BI-mediated cholesterol efflux to
HDL [36]. The role of SR-BI in cholesterol efflux from cells appears to be
controversial, however. Overexpression of SR-BI in transfected cells has been
shown quite clearly to increase the efflux of cholesterol tracer to HDL [33,
34, 37]. In contrast, several studies have indicated that SR-BI is not required
for cholesterol efflux to HDL in different cells including endothelial cells [38]
and macrophages [39–41].

Certain tissues, including the liver, contain an alternatively spliced tran-
script giving rise to an isoform called SR-BII, which differs from SR-BI in its
C-terminal cytoplasmic region [42, 43]. SR-BI appears to be considerably
more active than SR-BII in mediating lipid transfer between cells and
lipoproteins [44]. This may be the result of a different subcellular distribution
of the two isoforms, with SR-BI demonstrating a greater distribution on the
plasma membrane than does SR-BII [44].

Recently, Smart and coworkers [18] have reported that SR-BI expression
induces apoptosis in cells in the absence of ligand stimulation. Both HDL inter-
action with SR-BI and eNOS activation were able to inhibit SR-BI-triggered
apoptosis. This suggests the possibility that SR-BI could contribute to apopto-
sis of endothelial cells or other cells in an HDL- and eNOS-regulated manner.
This process could contribute to endothelial dysfunction and initiation or devel-
opment of atherosclerosis, and HDL and eNOS might act, at least in part, by
halting this process [18].

In addition to mediating the binding of HDL and HDL-dependent lipid
exchange with cells, SR-BI also binds a variety of other ligands (Fig. 4.1).
These include other lipoproteins (LDL, VLDL, and chylomicrons), modified
proteins/lipoproteins (e.g., advance glycation end-product modified bovine
serum albumin (AGE-BSA), oxidized or acetylated LDL), the acute phase
protein serum amyloid alpha (SAA—either free or bound to HDL), phos-
pholipid (PL) vesicles containing anionic PL, apoptotic cells, and bacterial
cell surface components (e.g., lipopolysaccharide) (see [27] for recent review).
Therefore in addition to playing a role in HDL metabolism, SR-BI may play
roles in a variety of other physiological processes, many of which may affect
the development or progression of atherosclerosis.
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SR-BI and Atherosclerosis: Studies of Gene-Targeted
Mice

Studies of genetically manipulated mice have provided substantial insight into
SR-BI’s physiological role in HDL metabolism and atherosclerosis. SR-BI
knockout (KO) mice, in which the gene encoding SR-BI (Scarb1) has been
inactivated by targeted mutagenesis, exhibit no detectable SR-BI expression in
tissues examined [45]. These mice have increased cholesterol levels associated
with enlarged HDL particles with altered compositions [45–48]. The enlarged
HDL particles contain increased apoE and nonesterified/esterified cholesterol
ratios accompanied by decreased levels of LCAT activity [45, 47–49]. These
alterations in plasma HDL composition and structure are accompanied by
reduced lipid storage in steroidogenic tissues and reduced biliary cholesterol
secretion [45, 46, 50]. Mice that are heterozygous for the targeted mutation
express half of normal SR-BI levels in tissues that have been analyzed, includ-
ing liver and adrenal glands [45]. These mice have slightly increased HDL cho-
lesterol, and ~50% reductions in adrenal cholesterol levels [45]. SR-BI KO
mice do not, however, exhibit altered hepatic cholesterol levels or cholesterol
biosynthesis [49, 50]. SR-BI KO mice have been reported to exhibit increased
levels of hepatic expression of ABCG1, an ATP-binding cassette transporter
(ABC) implicated in cholesterol efflux to HDL, and mice carrying one or two
copies of the inactivating mutation exhibit reduced hepatic ABCG5 and
ABCG8, other ABC family members which have been implicated in regulat-
ing hepatic cholesterol secretion into bile [49, 51, 52].

SR-BI KO mice have reduced hepatic and adrenal uptake of HDL choles-
terol and exhibit reduced selective clearance of HDL and LDL cholesterol
from plasma [53–55]. These studies suggest that SR-BI is required for selec-
tive uptake of cholesterol from HDL and LDL by liver and steroidogenic
cells in vivo [45, 46, 50, 53–56]. SR-BI KO mice have also been reported to
exhibit a greater increase in plasma triglycerides after an intragastric fat load
whereas adenovirus-infected mice with hepatic overexpression of SR-BI
show a reduced response, relative to controls [57, 58]. This combined with
in vitro studies, demonstrating reduced binding of chylomicron-like particles
to hepatocytes from SR-BI KO mice relative to controls, suggest that SR-BI
may also be involved in chylomicron metabolism in vivo [57, 58].

SR-BI KO mice develop increased atherosclerosis either when challenged
with high-fat/atherogenic diets or when SR-BI deficiency is combined with
deficiency in genes encoding either LDL receptor or apoE [39, 46, 49]. Mice
deficient in SR-BI alone develop increased diet-induced atherosclerosis com-
pared to either heterozygous or homozygous SR-BI-expressing mice [49].
Examination of gene expression in aortas from these mice has revealed
increased expression of genes involved in monocyte adhesion to endothelial
cells, including P- and E-selectins and vascular cell adhesion molecule
(VCAM)-1; similar increases were seen in CD68, apoE, ABCA1, and ABCG1,
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most likely reflecting increased macrophage content [49]. These results suggest
increased inflammation in SR-BI KO mice at least when fed a high fat, athero-
genic diet.

Elimination of SR-BI expression in the context of inactivating mutations in
the genes encoding either LDL receptor or apoE has more profound effects on
atherosclerosis [39, 46, 59]. Elimination of SR-BI in LDL receptor-deficient
mice resulted in substantially increased Western diet-induced atherosclerosis
relative to LDL receptor KO controls [39]. Elimination of SR-BI in normal
chow-fed apoE KO mice resulted in increased aortic sinus atherosclerosis at an
age (5–7 weeks) when apoE KO mice show no signs of atherosclerotic plaque
[46]. Both Western diet fed SR-BI/LDL receptor and normal chow-fed 
SR-BI/apoE double KO mice exhibited decreased levels of plasma apoB con-
taining lipoproteins relative to corresponding SR-BI-expressing controls.
Cholesterol associated with HDL-like particles (increased in size relative to
normal HDL) was increased relative to that in SR-BI-expressing mice. Thus
the increased atherosclerosis in these mice appeared to be accompanied by
impaired hepatic HDL cholesterol clearance [46].

In addition to increased aortic atherosclerosis, SR-BI/apoE double KO mice
also exhibited occlusive coronary artery disease, myocardial infarction, and
death between 5 and 8 weeks of age [46, 60]. These mice exhibit impaired heart
functional and conductance properties [47, 60] and represent a unique mouse
model of coronary heart disease. The antioxidant drug, probucol, has been
shown to be effective in overcoming the effects of a lack of SR-BI expression
on both plasma lipoprotein structure and composition and delays the onset of
coronary heart disease in SR-BI/apoE double KO mice [47]. Exactly how
probucol works is still not clear. Whether probucol enhances selective HDL
cholesteryl ester clearance in an SR-BI-independent manner in SR-BI-
deficient mice remains to be determined [61, 62]. A low level of apoE expres-
sion is sufficient to prevent the development of coronary heart disease, at least
in chow-fed mice, since elimination of SR-BI in mice homozygous for a
hypomorphic apoE allele (express very low levels of apoE) did not induce ath-
erosclerosis or coronary heart disease [63]. When these mice were switched to
a high-fat diet, however, atherosclerosis and occlusive coronary artery disease
were induced [63]. These lead to myocardial infarction, reduced heart function
and conductance abnormalities, and death with similar kinetics to those
seen in SR-BI/apoE double KO mice [63]. These studies suggest that SR-BI
and apoE may be involved in parallel lipoprotein metabolic pathways that
normally prevent occlusive coronary artery atherosclerosis.

Role of Hepatic SR-BI in Protection against
Atherosclerosis

As discussed above, in vitro studies in cells and analyses of SR-BI KO mice
suggest that SR-BI plays an important role in hepatic selective HDL choles-
terol uptake and reverse cholesterol transport. Confirmation of this has come
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from studies in which hepatic SR-BI levels have been either overexpressed or
suppressed in a tissue-specific manner. Hepatic overexpression of SR-BI in
either transgenic mice or using adenovirus-mediated gene transfer reduced
plasma HDL cholesterol levels, increased biliary cholesterol levels, and
reduced atherosclerosis in susceptible strains ([64–67] and references cited
therein). Decreased atherosclerosis was associated with decreased HDL
cholesterol levels in LDL receptor-deficient mice overexpressing adenovirus-
delivered SR-BI in a liver-specific manner, suggesting that decreased athero-
sclerosis resulted from increased clearance of HDL cholesterol and increased
HDL-dependent reverse cholesterol transport [64, 66]. Alternatively, in
another study, liver-specific transgenic SR-BI overexpression in LDL recep-
tor +/− mice reduced atherosclerosis in a manner that was correlated with
decreased plasma LDL cholesterol, suggesting that overexpression of SR-BI
increased LDL cholesterol clearance [65]. In vitro studies suggest that 
SR-BI mediates selective uptake of LDL cholesterol by hepatocytes and
in vivo studies in SR-BI KO mice indicate that SR-BI participates in LDL
cholesterol clearance from plasma [54, 68, 69], supporting this possibility. In
another study of different lines of SR-BI transgenic mice (driven by an
apoA1 promoter), only moderate (twofold) increased levels of hepatic SR-BI
overexpression reduced diet-induced atherosclerosis in apoB transgenic mice
[67, 70]. In contrast, high levels (tenfold) of SR-BI overexpression did not
reduce diet-induced atherosclerosis in apoB transgenic mice relative to con-
trols even though the level of reduction of HDL cholesterol was dependent
on the level of SR-BI overexpression [67]. In this case, the increased athero-
sclerosis in high-SR-BI-expressing relative to low-SR-BI-expressing trans-
genic mice may have been related to reduced levels of plasma HDL and
altered HDL particle composition [67].

Mice with liver-restricted reduction in SR-BI gene expression have been
generated by the insertion of a neomycin gene cassette into the promoter
region of the mouse Scarb1 gene [71]. Mice with both alleles containing the
insertion (called SR-BI attenuated or SR-BIatt mice) express ~50% of nor-
mal levels of SR-BI in liver and normal levels of SR-BI in other tissues
examined (e.g., adrenal gland) [71]. SR-BIatt mice exhibit slightly increased
levels of plasma HDL cholesterol, reduced clearance of HDL cholesterol
from blood, and reduced hepatic selective uptake of HDL cholesterol [71].
These studies, together with those of SR-BI KO mice discussed above, sug-
gest that hepatic SR-BI is solely responsible for hepatic selective HDL cho-
lesteryl ester uptake in mice, and plays a major role in hepatic reverse
cholesterol transport. LDL receptor KO mice that carry two copies of the
SR-BIatt insertion (SR-BIatt/LDL receptor KO mice) have also been gener-
ated and exhibit increased levels of LDL cholesterol, supporting the idea
that normal levels of hepatic SR-BI expression are required for normal
clearance of LDL cholesterol [59]. SR-BIatt/LDL receptor KO mice also
develop increased diet-induced atherosclerosis relative to LDL receptor KO
mice with normal Scarb1 alleles, consistent with hepatic SR-BI protecting
against atherosclerosis [59].
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Regulation of Hepatic SR-BI Protein Expression

A distinct mouse model of tissue-restricted SR-BI suppression has been gen-
erated. These mice contain a targeted mutation in the gene encoding an adap-
tor protein called PDZK1, which contains multiple postsynaptic density
protein-95/Drosophila discs-large/ZO1 (PDZ) protein–protein interaction
domains (reviewed in [72, 73]). PDZK1 (also called CLAMP) was identified
as a protein that interacted with the C-terminal three amino acids (AKL) of
SR-BI via one of its four PDZ protein–protein interaction domains. SR-BI
homologs from all mammalian species identified to date contain a potential
PDZ target sequence (see Fig. 4.2 and [93]) though PDZK1 interaction has
been verified only for mouse SR-BI [74–77]. An intact PDZK1 interaction
domain has been demonstrated to be essential for the proper trafficking of
SR-BI to the cell surface in hepatocytes but not in other cells examined (such
as Chinese hamster ovary cells) [72, 74, 75]. Similarly, expression of PDZK1
is required for trafficking of SR-BI to the cell surface in hepatocytes [77, 78].
In the absence of PDZK1, SR-BI in hepatocytes is degraded resulting in a
substantial decrease in SR-BI expression at the protein level [77, 78]. SR-BI
is also moderately reduced in the small intestine but not in steroidogenic tis-
sues including the adrenal gland, testes, and ovary [77]. PDZK1 KO mice
exhibit altered plasma HDL cholesterol levels and enlarged HDL particles of
altered composition, similar to those found in SR-BI KO mice ([77], reviewed
in [73]). Treatment of mice with fibrates has also been shown to result in
decreased expression of both SR-BI and PDZK1 protein, although the
mechanisms involved remain uncertain [78, 79]. Mice fed diets supplemented
with fibrates exhibit alterations in plasma HDL cholesterol levels and HDL
structure similar to those seen in SR-BI KO mice [79].

A PDZK1-interacting protein, called small PDZK1-associated protein
(SPAP) [76] has been identified by virtue of coimmunoprecipitation with
PDZK1 from mouse liver and kidney extracts. Transgenic mice overexpress-
ing SPAP in a liver-specific manner exhibit drastically reduced levels of
hepatic PDZK1 and SR-BI protein [76]. These mice also exhibit increased
levels of plasma cholesterol associated with large HDL particles reminiscent
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C-terminal sequences from different
species. Shown are the sequences of
the last ten amino acids of SR-BI
from different species. The PDZ
recognition sequence identified in
mouse SR-BI is indicated with a box.
CHO is Chinese hamster ovary.
Amino acid sequences are based on
cDNA sequences [24, 87–92].



of those seen in SR-BI KO mice [76]. Overexpression of SPAP in cultured
hepatocytes increases PDZK1 protein-degradation via an as yet uncharac-
terized proteasome-independent pathway [76]. It is not yet clear if SPAP at
physiological levels of expression are involved in the regulation of PDZK1
and SR-BI.

Hepatocytes are polarized cells, with distinct basolateral and apical mem-
branes. PDZK1 appears to be required for regulation of SR-BI cell surface
expression only in polarized hepatocytes [75]. When hepatocytes are cultured
under conditions in which they are not polarized, SR-BI expression is no
longer dependent on the presence of PDZK1 [75]. SR-BI is expressed baso-
laterally and continuously internalized and recycled in polarized hepatocytes
and other polarized cells, such as Madin–Darby canine kidney (MDCK) cells
[75, 80]. It is not known whether SR-BI stability and trafficking to the cell
surface are dependent on PDZK1 in other polarized cells. SR-BI’s polarized
distribution in MDCK cells is disrupted by overexpression, depletion of cel-
lular cholesterol, or activation of protein kinase A (PKA) [80]. It is not
known if the distribution of SR-BI in polarized hepatocytes is also subjected
to similar regulation, or if PDZK1 is involved in these processes.

Role of SR-BI in Cells in the Vascular Wall

SR-BI is expressed in both macrophages and vascular endothelial cells
[29–32], and therefore can have local effects on the development of athero-
sclerosis. As discussed above, SR-BI in endothelial cells can mediate the
HDL-stimulated activation of eNOS. This appears to be important physio-
logically since HDL is able to stimulate the relaxation of arteries from SR-
BI-expressing mice, whereas HDL-stimulated relaxation was impaired if
arteries were from SR-BI KO mice [14]. Normal levels of eNOS activity have
been proposed to protect against the development of atherosclerosis [81–85].
Alterations in eNOS expression clearly affect atherogenesis in mouse models,
however, contrary to expectation, inactivation of eNOS reduced atheroscle-
rosis and overexpression of eNOS increased atherosclerosis in apoE KO mice
[81, 84, 85]. This may have been due to an imbalance between eNOS activity
and the amount of tetrahydrobiopterin, an eNOS cofactor required for its
proper function (NO production) and without which, eNOS is dysfunctional
leading to the production of superoxide radical [81]. In fact increased
endothelial tetrahydrobiopterin production in transgenic mice overexpress-
ing GTP-cyclohydrolase I, an enzyme required for its synthesis, results in
reduced atherosclerosis in apoE KO mice [82]. This suggests that increased
functional eNOS may protect against atherosclerosis. Therefore, a lack of
SR-BI-dependent HDL stimulation of eNOS in SR-BI KO mice could con-
tribute to the development of atherosclerosis through reduced functional
eNOS. Confirmation of this awaits the generation of mice with endothelial 
cell-specific alterations in SR-BI expression.
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In atherosclerotic plaques, SR-BI appears most abundant in macrophages
[31, 32]. As indicated above, SR-BI overexpression in transfected cells has been
shown to confer increased cholesterol efflux to HDL and other cholesterol
acceptors [33, 34, 37]. In contrast, cholesterol efflux to HDL and other accep-
tors does not appear to be substantially affected in macrophages from SR-BI
KO mice compared to those from SR-BI-expressing controls [39–41]. This sug-
gests that SR-BI may not be required for cholesterol efflux from macrophages
in atherosclerotic plaque. To test whether SR-BI in macrophages and other
leukocytes affect the development of atherosclerosis, bone marrow trans-
plantation has been used to generate chimeric mice with impaired SR-BI
expression in bone marrow-derived cells (including monocyte-derived
macrophages and other leukocytes) but normal SR-BI expression in non-
hematopoietic cells [39–41]. These mice developed increased atherosclerosis
relative to controls receiving bone marrow from SR-BI-expressing mice
[39–41]. These studies demonstrated that leukocyte SR-BI is normally
required for protection against atherosclerosis at least in advanced stages.
Curiously, the sizes of small lesions at early stages of atherosclerosis appeared
to be decreased in mice with leukocyte-specific SR-BI gene inactivation, sug-
gesting that leukocyte SR-BI might promote early steps in plaque formation
but prevent later steps [41].

Conclusion

SR-BI plays an important role in HDL metabolism, HDL cholesterol trans-
port, and noncholesterol transport properties of HDL. Its activity in both
liver and cells in the vascular wall affects the development and progression of
atherosclerosis in mouse models. Several studies have identified sequence
variations and single nucleotide polymorphisms in the human gene encoding
SR-BI. Associations of these sequence variants with a variety of parameters
including HDL and LDL cholesterol, postprandial triglyceride, body mass
index, and incidence of coronary artery disease (reviewed in [86]) suggests
that variations in SR-BI function/levels may contribute to variations in
lipoprotein metabolism and heart disease in the general population. Research
in mouse models of atherosclerosis will continue to provide insights into the
role of SR-BI in this disease process and will complement our understanding
of its involvement in human disease.
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The Role of Scavenger Receptors 
in Signaling, Inflammation, and
Atherosclerosis

DAISY SAHOO AND VICTOR A. DROVER

Abstract
The scavenger receptor (SR) family of cell surface, integral membrane proteins has
been extensively characterized as mediators of modified lipoprotein binding and inter-
nalization. The role of these receptors in atherogenesis is highlighted by their ability to
regulate the uptake of cholesterol both from modified low-density lipoproteins in
peripheral tissues and cells such as macrophages, as well as from high density lipopro-
tein in tissues such as the liver and adrenal. However, it is becoming increasingly
apparent that like other cell surface receptors, SRs appear to be associated with a
plethora of ligand-induced intracellular signaling events that may modulate their
impact on atherosclerosis, independent of their effects on cholesterol homeostasis. This
chapter will describe the current understanding of these processes for the following
SRs: macrophage scavenger receptor-1 (SR-A), CD36, scavenger receptor class B type I
(SR-BI), and lectin-like oxLDL receptor-1 (LOX-1).

Keywords: atherosclerosis; CD36; LOX-1; scavenger receptor; signaling; SR-A; SR-BI

Abbreviations: acLDL, acetylated LDL; BAEC, bovine arterial endothelial cells;
eNOS, endothelial NO synthase; FH, familial hypercholesterolemia; HCAEC,
human coronary artery endothelial cells; HDL, high-density lipoprotein; IL, inter-
leukin; LDL, low-density lipoprotein; LDL-R, LDL receptor; LOX-1, lectin-like
oxLDL receptor-1; LPS, lipopolysaccharide; MAPK, mitogen-activated protein
kinase; mLDL, modified LDL; NF-κB, nuclear factor-κB; NO, nitric oxide; oxLDL,
oxidized LDL; PKC, protein kinase C; PTK, protein tyrosine kinase; ROS, reactive
oxygen species; SAA, serum amyloid A; SMC, smooth muscle cell; SR, scavenger
receptor; SR-A, macrophage scavenger receptor-1; SR-BI, scavenger receptor class B
type I; TLR, toll-like receptor; TNF, tumor necrosis factor; uPA, urokinase-type
plasminogen activator; WT, wild type

Introduction

Atherosclerosis is a chronic inflammatory state characterized by the forma-
tion of arterial plaques—lesions resulting from the accumulation of choles-
terol-rich macrophages in the intimal space of the vessel wall. Left untreated,
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atherosclerosis can lead to hypertension, myocardial infarction, stroke, and
death. Scavenger receptors (SRs) are membrane-bound proteins and play a
critical role in the pathology of atherosclerosis via their ability to bind
lipoproteins and internalize their lipid cargo. In addition to cholesterol trans-
port, SRs can also mediate intracellular signaling and inflammatory
responses. Given the increasingly important role of these processes in the
development and progression of atherosclerosis, characterizing the specific
signaling functions of SRs is crucial to a thorough understanding of disease
progression. We begin with a brief description of the pathology of athero-
sclerosis. We will then describe the potential roles of SRs in regulating intra-
cellular signaling pathways involved in atherogenesis.

Atherosclerosis: A Chronic Inflammatory State

A hallmark feature of atherosclerosis is the presence of white, lipid-laden
“fatty streaks” in the arterial wall. Fatty streaks or plaques are thickenings of
the intima, the innermost layer of the artery wall, and consist primarily of
neutral lipids (such as cholesteryl esters), apoptotic cellular debris, connective
tissue, and inflammatory/immune cells including macrophages and T cells.
These lesions are commonly found in young persons and, with age, may dis-
appear or develop into advanced plaques. A developing lesion can grow large
enough to protrude into the arterial lumen, reduce blood flow, and thus cause
hypertension. If the plaque ruptures, the resultant thrombosis can completely
block the artery leading to myocardial infarction, stroke, and/or death.

Once thought to be a simple disorder of lipid metabolism, we now recog-
nize that atherosclerosis is a complex process whereby lipoproteins interact
with inflammatory cells in the intima to produce foam cells rich in cholesteryl
esters. The following sections will describe these interactions in four stages:
lesion initiation, monocyte infiltration and differentiation, lesion progres-
sion, and plaque rupture.

Lesion Initiation
Lesion formation in the intimal space is thought to occur at sites of endothe-
lial perturbation such as vessel injury, turbulent blood flow, and lipoprotein
infiltration [1]. While controversy exists as to the whether arterial inflamma-
tion precedes the lipid accumulation or vice versa [2]—a matter which is fur-
ther complicated by the fact that hypercholesterolemia is itself associated
with inflammation [3]—it is clear that a close relationship exists between
these two processes during lesion formation.

Since lipoprotein penetration is directly related to the low-density lipopro-
tein (LDL)-associated cholesterol concentration in the plasma, LDL levels are
a major indicator for the development of atherosclerosis [4]. When LDL
penetration occurs at sites of hemodynamic strain (such as vessel bifurcation),
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the inflammatory process begins and LDL can be oxidatively or enzymati-
cally modified (reviewed in [5]). LDL modification results in the release of
oxidized phospholipids and lysophospholipids in the intimal space. These
bioactive lipids activate the endothelial cells lining the arterial wall, result-
ing in the expression of adhesion molecules, chemotactic proteins, and
cytokines (reviewed in [6]).

Monocyte Infiltration and Differentiation
Monocytes adhere to the endothelium via receptors for adhesion molecules
and chemotactic proteins and readily enter the intima [7]. Cytokines present
in the intimal space promote (i) monocyte differentiation into macrophages,
(ii) SR expression, and (iii) the internalization of modified LDL (mLDL)
[8, 9]. Like the uptake of native LDL through the classical LDL receptor
(LDL-R) pathway [10], the cholesterol derived via the SR pathway exerts
feedback repression on additional cholesterol synthesis and uptake via the
LDL-R. However, the expression of SRs is not downregulated by excess cel-
lular cholesterol. Rather, SR expression is increased by oxidized LDL
(oxLDL) [11] and macrophages in the intimal space accumulate massive
amounts of cholesterol/cholesteryl esters as a result. These cholesterol-
loaded macrophages are called foam cells and are the main constituents of
fatty streaks.

Lesion Progression
The inflammatory environment of the fatty streak/early plaque activates
T cells to produce a host of pro- and anti-inflammatory cytokines, which
potentiate atherosclerosis [12, 13]. The transition from a fatty streak to a
complex plaque depends upon a vicious inflammatory cycle of T cell and
macrophage activation. This in turn causes smooth muscle cell (SMC) migra-
tion, additional foam cell formation, and the production of extracellular
matrix proteins which form a fibrous cap over the plaque protruding into the
lumen of the artery. Cellular lipid accumulation in the increasingly inflam-
matory environment of the intimal space triggers apoptosis and necrosis
of macrophage- and SMC-derived foam cells, producing a core of acellular
debris. As a result, advanced lesions contain a number of cell types not abun-
dant in early fatty steaks including SMCs, mast cells, and T cells. In addition,
a late-stage plaque has a core of insoluble lipid and apoptotic cellular debris
covered by a fibrous cap.

Plaque Rupture
Although arterial narrowing may cause some symptoms of atherosclerosis
(such as hypertension), myocardial infarction and stroke likely result from
plaque rupture (reviewed in [14]). Once the thrombotic material below the
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fibrous cap (i.e., plaque lipids and tissue factor) come into contact with the
blood, the coagulation cascade begins. Subsequent platelet adhesion and
thrombus formation eventually occludes blood flow. Advanced plaques
may also develop through a number of smaller plaque ruptures and throm-
botic events, which successively narrow the artery prior to a major ischemic
rupture.

The stability of an atherosclerotic lesion is very much dependent on the
integrity of the fibrous cap [14]. Thus, lesions with thin fibrous caps or large
necrotic cores are particularly susceptible to rupture. The “shoulder region”
where the edges of the fibrous cap meet the arterial wall is a frequent site of
plaque rupture and a relative accumulation of foam cells in this area is com-
monly observed. The secretion of matrix metalloproteinases by foam cells
close to the shoulder region may result in local degradation of the fibrous
cap, thus leading to plaque rupture.

Scavenger Receptor Classification, Functions, and
Regulation of Inflammation/Signaling

The identification of SRs has its roots in the characterization of the LDL-R
pathway by Goldstein and Brown (reviewed in [10]). LDL, the most abundant
source of plasma cholesterol in humans, is internalized and degraded via the
cell surface LDL-R. Cholesterol acquired by this pathway exerts feedback
repression on de novo cholesterol synthesis as well as additional LDL-
R-mediated cholesterol uptake. Mutations in the LDL-R result in familial
hypercholesterolemia (FH), a disease that presents with abnormally high
levels of cholesterol in the plasma [15]. Additional symptoms include delayed
clearance of LDL from the plasma and heart attacks in early childhood.
Importantly, cholesterol still accumulates in macrophages, kidney, skin, and
other tissues in FH patients, suggesting an alternate “scavenging” cholesterol
transport pathway.

One hypothesis put forth from the work described above was that the
delayed clearance of LDL in FH patients might result in a chemical modifi-
cation of the lipoprotein, thus making it available to the scavenger pathway
in vivo. Based on this premise, acetylated LDL (acLDL) was used to identify
a high-affinity binding site in liver and macrophages that did not recognize
native LDL [16]. The uptake of acLDL via this alternate pathway caused
massive cellular cholesterol deposition due to a lack of feedback regulation.
AcLDL binding was then used to isolate the first SR [17] and the partial pro-
tein sequence was used to clone the cDNA [17, 18].

After more than a decade of research, mLDL binding remains the unify-
ing trait of the SR family, which is now composed of a diverse group of inte-
gral membrane proteins divided into at least eight classes (reviewed in [19]).
In addition to binding mLDL and/or other lipoproteins, a wide range of
additional ligands exists for this protein family such as fatty acids, oxidized
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phospholipids, apoptotic cells, and bacterial lipopolysaccharides (LPS; see
Table 5.1). Together, the SRs exert significant effects on cholesterol and fat
metabolism as well as innate immune function. While these proteins have
been studied primarily in regard to their ability to mediate ligand clearance,
it is now becoming clear that intracellular signaling pathways initiated by
these ligands extend the functionality of SRs into many metabolic
processes. However, due to their recent classification or identification, little
or no information is available for some receptors in regard to signaling,
inflammation, or atherosclerosis. Thus, this chapter will focus on some of
the most well-described SRs—macrophage scavenger receptor-1 (SR-A),
CD36, scavenger receptor class B type I (SR-BI), and lectin-like oxLDL
receptor-1 (LOX-1)—which may be involved in the development and pro-
gression of atherosclerosis. The impact of intracellular signaling on the
expression of SRs will not be discussed so that we can examine the con-
verse: how SR expression regulates inflammation and related signaling
pathways. In addition, much of the early characterization of the SR family
utilized “specific” ligands to make conclusions about a particular SR. We
now recognize that many SR ligands (e.g., oxLDL) can engage multiple
receptors. Therefore, we will restrict our discussion to experimental tech-
niques, such as targeted gene disruption or mutagenesis, which clearly iden-
tify the appropriate receptor.
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TABLE 5.1. Properties of the scavenger receptor family.
Ligands

Primary Modified Apoptotic Bacterial/ Oxidized
Class Members Topology membrane LDLa cells LPS lipids

A SR-AI/II, Type II PM + + + NR
MARCO,
SRCL

B CD36, SR-B, Type III PM + + + +
LIMP-II

C dSR-CI Type I PM + NR + NR
D CD68, LAMP-1, Type I Lysosome + NR NR NR

-2, -3
E LOX-1 Type II PM + + + NR
F SREC-I, Type I PM + + NR NR

SREC-II
G SR-PSOX/ Type I PM + NR + NR

CXCL16
H FEEL-1, Type I PM/ + NR + NR

FEEL-2 endosome

+, ligand binding reported.
NR, ligand binding not reported.
aIncludes oxidized or acetylated LDL.



Macrophage Scavenger Receptor-1 (SR-A)
SR-A was the first scavenger receptor to be identified and cloned [17, 18]. It
is a homotrimeric, type II integral membrane protein (single transmembrane
domain with a cytoplasmic N-terminus) expressed in macrophages, endothe-
lial cells, and smooth muscle tissue. It can bind mLDL/oxLDL and may
account for as much as 30% of oxLDL uptake by macrophages [20]. SR-A
also binds bacterial components and is an important factor in controlling
endotoxemia [21].

The contribution of SR-A to the development of atherosclerosis is cur-
rently a controversial subject despite the in vitro evidence that mLDL can
engage and be internalized by SR-A [20, 22]. Babaev et al. [23] demon-
strated that SR-A−/− C57BL/6 mice on a butterfat diet had smaller lesions
in the proximal aorta without a significant change in plasma cholesterol
levels [23]. In addition, lethally irradiated C57BL/6 or LDL-R−/− mice
reconstituted with SR-A−/− fetal liver cells were protected from lesion for-
mation compared to mice reconstituted with SR-A+/+ control cells. These
data corroborate an earlier finding in apoE−/− mice [17] and suggest that
SR-A expression is atherogenic due to its ability to mediate the uptake of
mLDL. In contrast, Herijgers et al. [24] found that SR-A had no effect on
lesion area in LDL-R−/− mice fed a “Western-type” diet and transplanted
with bone marrow from mice overexpressing SR-A [24]. The observation
that macrophage-specific overexpression of SR-A decreases atherosclerosis
in LDL-R−/− mice fed a diet enriched in fat and cholesterol also contradicts
the notion that SR-A is atherogenic [25], as does a recent report using
apoE−/− SR-A−/− double-null mice [22]. Thus, it seems likely that SR-A can
mediate both pro- and antiatherogenic processes in vivo and the overall sus-
ceptibility to lesion formation depends on diet and genetic background of
the animal model.

Although the mechanisms which underlie the ability of SR-A to pro-
mote or inhibit lesion formation require further study, a small body of
work suggests that SR-A may achieve some of its functions via intracellu-
lar signaling processes. Sequence analysis of SR-A revealed the presence of
three conserved phosphorylation sites in the cytoplasmic domains [26],
giving the first indication that SR-A was part of a signaling pathway. In
addition, phosphorylation at serine 21 or 49 of mouse SR-A appears to
modulate the efficiency of mLDL internalization and metabolism in COS-
7 cells [27]. Mice, which lack c-Jun N-terminal kinase 2, display reduced
foam cell formation, reduced uptake of mLDL by macrophages, and
reduced SR-A phosphorylation [28]. However, SR-A is not only a target of
intracellular signaling. In rat peritoneal macrophages, acLDL (a signature
SR-A ligand) stimulated tumor necrosis factor (TNF)-α secretion and
increased intracellular calcium levels [29]. The authors showed that TNF-α
production could be blocked by inhibitors to heterotrimeric G-proteins,
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protein kinase C (PKC), and protein tyrosine kinases (PTK). Inhibiting
heterotrimeric G-proteins with pertussis toxin also appears to reduce acLDL
uptake, thus indicating a positive feedback pathway between G-proteins
and SR-A [30]. Such a pathway may partially explain the continued
uptake of mLDL via the SR pathway despite high levels of intracellular
cholesterol.

Perhaps the best evidence for a direct link between SR-A and intracellu-
lar signaling pathways comes from the plasminogen activator field.
Urokinase-type plasminogen activator (uPA) is a protease expressed by
macrophages in the arterial wall; in human arterial lesions, uPA levels are
elevated and correlate directly with the severity of atherosclerotic lesion
formation [31]. In THP-1 macrophages, acLDL increases the steady-state
levels of uPA in a PTK- and PKC-dependent fashion [32]. AcLDL also
stimulates a dramatic increase in cellular protein tyrosine phosphorylation
in these cells as well as in Bowes human melanoma cells transfected with
SR-A. In contrast, the parental Bowes cells, which do not express SR-A,
showed limited protein tyrosine phosphorylation upon acLDL incubation
[32]. The requirement of SR-A expression for protein tyrosine phosphory-
lation and elevated uPA levels strongly implicate SR-A in intracellular sig-
naling pathways. Interestingly, the exact role of uPA in lesion formation is
not clear due to discrepancies between various studies similar to the dis-
crepancies reported for SR-A (discussed earlier). One might speculate that
the atherogenic potential of SR-A is related to its ability to induce or
repress uPA levels. However, prospective studies are required to confirm
this notion.

SR-A also appears to mediate the activation of the Src-family of PTKs.
Miki et al. [33] have reported that acLDL rapidly induces the phosphoryla-
tion and activation of Lyn in THP-1 macrophages. Under identical condi-
tions, Lyn was coimmunoprecipitated with an α-SR-A antibody. The same
group more recently reported that Lyn−/− mice have reduced atherosclerosis
despite elevated plasma cholesterol [34], but did not test SR-A function
directly. It is imperative to determine whether the atheroprotection observed
in this strain is due to SR-A dysfunction, and whether Lyn-mediated signal-
ing pathways are altered in SR-A−/− mice.

Finally, SR-A plays an important but apparently indirect role in mediating
inflammation induced by bacterial glycolipids such as endotoxin or LPS.
SR-A−/− mice are more susceptible to LPS-induced death compared to wild-
type (WT) mice [21]. This phenotype appears to be due to an elevated inflam-
matory response as serum TNF-α and interleukin (IL)-6 levels are higher in
the absence of SR-A and survivability of SR-A−/− mice injected with LPS is
restored when pretreated with a TNF-α blocking antibody. The mechanism
for the sensitivity to endotoxic shock is unclear due to conflicting reports on
the half-life of serum LPS in WT and SR-A−/− mice [35, 36]. Thus, it is not
known what role SR-A has, if any, on modulating the downstream signaling
events following LPS activation.
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CD36
CD36, also known as FAT, GPIV, and SCARB3, is a type III (multiple trans-
membrane domains) membrane glycoprotein expressed in numerous tissues
(adipose, heart, muscle, intestine) and cell types (monocytes/macrophages,
microvascular endothelium, dendritic cells, retinal epithelia, SMCs). It is pre-
dicted to have a “hairpin” topology (a large extracellular loop and two trans-
membrane domains with both the C- and N-termini projecting into the
cytoplasm) and has been implicated in numerous cellular functions including
atherosclerosis (reviewed in [37]). This broad range of functions is reflected
by the numerous ligands for this receptor, which include thrombospondin,
anionic phospholipids, β-amyloid, long-chain fatty acids, native lipoproteins,
and oxLDL.

In an atherogenic background, CD36−/− mice appear to be protected from
plaque formation and atherosclerosis [38] despite only subtle changes in plasma
cholesterol [39]. Bone marrow transplantation studies have also shown that the
proatherogenic effects of CD36 are dependent upon bone marrow-derived cells
(i.e., monocytes/macrophages) [40]. In vitro experiments demonstrating that
CD36 is the major oxLDL receptor in macrophages are consistent with an
atherogenic role of CD36 [20, 41, 42]. However, a recent report has called into
question the relevance of CD36 in atherogenesis [22] and will likely spark
renewed interest in this area to resolve the controversy.

Although the mechanism of atheroprotection in CD36−/− mice likely
involves reduced oxLDL/cholesterol uptake by macrophages, a growing body
of evidence suggests that CD36 may also play a role in regulating inflamma-
tory responses via the transcription factor nuclear factor-κB (NF-κB; see
Fig. 5.1 for a description of the NF-κB pathway). Indirect evidence for this
link comes from the observation that oxLDL can modulate NF-κB activity
(reviewed in [43]). The first direct evidence was reported by Lipsky et al. [44]
using Chinese hamster ovary cells transfected with an expression vector
encoding CD36. Preincubating the cells with oxLDL increased the amount of
activated NF-κB following exposure to TNF-α. However, this was not
observed when cells were transfected with a vector encoding a mutant CD36
lacking the last (3′) six codons. Janabi et al. [45] further showed that oxLDL
induction of NF-κB activation was defective in monocyte-derived
macrophages from CD36-deficient human patients. Thus, it is reasonable to
conclude that an intracellular protein interacting with the C-terminal cyto-
plasmic tail of CD36 mediates the effects of oxLDL on NF-κB. In line with
this, Bull et al. [46] reported a physical interaction between CD36 and Src-
related PTKs Fyn, Lyn, and Yes in human dermal microvascular endothelial
cells. Moore et al. [47] independently verified these coimmunoprecipitation
studies between CD36 and Lyn in elicited murine peritoneal macrophages
treated with a nonlipid CD36 ligand and further showed that this interaction
was required for subsequent, ligand-induced mitogen-activated protein
kinase (MAPK) activation [47]. In COS-7 cells, an interaction between CD36
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FIGURE 5.1. Hypothetical model of CD36–TLR4 interactions and NF-κB activation.
NF-κB is an evolutionarily conserved transcription factor required for many aspects of
the immune and inflammatory response. In atherosclerosis, NF-κB coordinates the
expression of a wide array of inflammatory genes (reviewed in [100]) and is thus central
to the pathology of this disease. The activity of NF-κB is tightly regulated by I-κB
inhibitory proteins, which bind to NF-κB, sequestering it in the cytoplasm. When the
NF-κB pathway is activated, I-κBs are phosphorylated by kinases (IKKs) leading to the
dissociation of the NF-κB:I-κB complex and NF-κB translocation to the nucleus. In the
nucleus, NF-κB binds to the promoter of target genes and stimulates gene expression.
An important regulator of the NF-κB pathway is the toll-like receptor (TLR) family of
pattern recognition receptors. TLRs are crucial to the innate host response to infectious
agents such as bacteria due to their ability to bind endotoxin/LPS. The growing body of
data linking such pathogens with atherosclerosis has cast a new light on the role of
TLRs in lesion development and progression. In particular, the TLR4 pathway has gar-
nered much attention (reviewed in [101]). Ligand engagement of TLR4 triggers the
recruitment of intracellular adapter proteins such as MyD88, which results in the acti-
vation of numerous kinases, phosphorylation of I-κB and thus elevated NF-κB activity.
We hypothesize that CD36–TLR4 aggregation results in the recruitment of CD36-
associated protein tyrosine kinases (PTKs), which further enhance IKK and NF-κB
activity. Potential sites of PTK activity are indicated by dashed arrows as are some of
the genes which may be affected by CD36 expression levels [45].



and c-Src, has also been suggested [48]. Together, the data strongly argue for
a functional effect of CD36 on NF-κB activation, perhaps via intracellular
kinases associated with the C-terminal cytoplasmic tail of CD36.

Physical interactions between CD36 and a major regulatory protein in the
NF-κB pathway have also been detected. As noted in Fig. 5.1, the toll-like
receptor (TLR)-4 is an important mediator of NF-κB and has been well
characterized as a major receptor for LPS, a glycolipid found on the outer
membrane of gram-negative bacteria [49–51]. Similar to other immunore-
ceptors, the first step in TLR4 signaling is ligand-dependent receptor aggre-
gation, which initiates signaling cascades and thus leads to the appropriate
inflammatory response. CD36 appears to participate in this receptor aggre-
gation. In human monocytes, stimulation with LPS induced the aggregation
of TLR4 and CD36 with CD14 [52] (another cell surface LPS receptor which
facilitates interactions between LPS and TLR4). Receptor aggregation/colo-
calization between CD36 and TLR4 was also detected in retinal pigment
epithelial cells [53, 54], the cells that lie between the retina and the choroids
(the vascular bed which oxygenates the retina), and are adjacent to the reti-
nal photoreceptors. These examples of CD36–TLR4 interactions provide one
possible mechanism whereby CD36 may regulate the NF-κB pathway.

The data above can be summarized as follows: (i) CD36 physically inter-
acts with Src-related PTKs, (ii) CD36 expression modulates the magnitude of
oxLDL-mediated NF-κB activation, and (iii) ligand engagement of TLR4
(which mediates NF-κB activation by LPS) induces aggregation with CD36.
In addition, we have observed that CD36−/− mice display a muted inflamma-
tory response following LPS injection (V.A. Drover and N.A. Abumrad,
unpublished results). Thus, we propose a model (Fig. 5.1) whereby CD36 and
its associated PTKs aggregate with TLR4 upon ligand binding. The PTKs
may modulate TLR4 signaling to NF-κB via phosphorylation of down-
stream effector molecules or even the regulatory kinases directly as has been
demonstrated previously [55, 56]. The report that CD36 is a signaling bridge
for microbial diacylglyceride-stimulated TLR2 [57] supports this model.
Further studies in lesions and macrophages from WT and CD36−/− mice are
required to test the validity of this model and the potential role of CD36 in
mediating atherosclerosis and inflammation.

Scavenger Receptor BI
Like CD36, SR-BI is a class B receptor and a type III transmembrane pro-
tein. SR-BI appears to have a hairpin topology, is heavily glycosylated, and
binds numerous ligands (reviewed in [58]). SR-BI has a broad expression pat-
tern including intestine, macrophages, endothelial cells, and SMCs but is
most highly expressed in the liver and steroidogenic tissues where it plays a
major role in cholesterol catabolism and hormone synthesis, respectively.

SR-BI is best known as the most physiologically relevant receptor for high-
density lipoprotein (HDL) particles [59]. SR-BI-mediated cholesterol uptake
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from HDL occurs by a process called selective uptake; the cholesteryl ester in
the core of the HDL particle is selectively extracted and delivered to the cell
for subsequent hydrolysis and/or storage. Mice lacking SR-BI have elevated
plasma cholesterol, increased HDL particle size, and reduced cholesterol dis-
posal in the liver [60–62]. In vitro, SR-BI also facilitates cholesterol efflux to
lipid acceptors such as small unilamellar vesicles and small HDL particles
[17, 63]. Together, the biochemical data would predict that SR-BI plays an
atheroprotective role by promoting cholesterol efflux into the plasma as HDL
and then facilitating hepatic HDL cholesterol disposal. Indeed, numerous
studies in atherogenic strains of mice show that SR-BI deficiency promotes
atherosclerosis [64–66] while hepatic overexpression is protective [67]
(reviewed in [68]; see also Chapter 4).

While structure–function relationships in SR-BI have been extensively
characterized, the role of SR-BI in cell signaling and inflammation remains
poorly described. However, a few reports use various techniques to directly
implicate SR-BI in cell signaling and inflammatory pathways, which may be
relevant to atherosclerosis. For instance, Vishnyakova et al. [69] demon-
strated that SR-BI is also a receptor for LPS in murine RAW and HeLa cells.
Like SR-A, SR-BI may be involved in the clearance of LPS and attenuating
the inflammatory response, thus protecting against atherosclerosis.

Serum amyloid A (SAA), a major acute-phase reactant typically trans-
ported on HDL, appears to be a ligand for SR-BI. SAA engagement of SR-
BI in transfected HeLa cells results in enhanced secretion of IL-8 [70], a
proinflammatory and atherogenic chemokine (reviewed in [71]). This SR-
BI-dependent, SAA-induced increase in IL-8 secretion requires the activation
of ERK1/2 and p38 MAPK [70] and suggests a role for SR-BI in these
signaling pathways. The observation that ERK1/2 activation by HDL is
reduced by SR-BI neutralizing antibodies [72] further support this notion.
One scenario whereby this pathway may be physiologically relevant is the
ability of dietary cholesterol to raise serum SAA levels [73], which in turn can
increase inflammation/IL-8 secretion and thus contribute to lesion forma-
tion. However, it is difficult to reconcile the concept that SR-BI mediates an
inflammatory role in SAA/MAPK signaling with the observations from
genetically modified mice illustrating an atheroprotective role for SR-BI
in vivo (discussed earlier). One possibility is that SR-BI is atherogenic in the
early stages of lesion development where inflammation may play a more
prominent role in disease pathology. This is in agreement with a recent bone
marrow transplantation study showing that SR-BI increased lesion develop-
ment in LDL-R-deficient mice fed a Western diet for only 4 weeks [74].

The best evidence for SR-BI-dependent cell signaling in atherogenesis comes
from the nitric oxide (NO) field. NO is critical for arterial tonicity and is an
important mediator of atherosclerosis since chronic inhibition of NO produc-
tion enhances lesion development in hypercholesterolemic rabbits [75]. NO is
produced by endothelial NO synthase (eNOS) and several groups have
reported that HDL stimulates eNOS activity in both epithelial and CHO cells
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in an SR-BI-dependent fashion [76, 77]. As a physiologic measure of NO pro-
duction, Yuhanna et al. [77] measured arterial relaxation in aortic rings ex vivo
and found that HDL-mediated relaxation was highly attenuated in aortic rings
from SR-BI−/− mice. Although the mechanism of action is unclear, intracellular
ceramide levels covary with eNOS activation [76], suggesting that SR-BI may
be mediating eNOS activity by regulating levels of this sphingolipid.

Cross talk between SR-BI-mediated eNOS activation and apoptotic cell
death adds another layer of complexity to the role of SR-BI in cellular signal-
ing mechanisms. Li et al. [78] recently reported that in the absence of ligand,
SR-BI expression activates caspase-8-mediated apoptosis in CHO cells, mouse
embryonic fibroblasts, and endothelial cells. Cotransfection with eNOS or
incubation with HDL reversed this SR-BI-dependent cell death. The authors
suggest that in healthy cells, HDL-SR-BI ligation inhibits inappropriate apop-
tosis via NO production. Cells in stressful, inflammatory environments have
reduced eNOS activity and apoptosis occurs in an attempt to reduce further
inflammation and damage to neighboring cells. Elevated mRNA levels of
inflammatory markers in the artery in SR-BI−/− mice [79] are consistent with
uncontrolled inflammation and support the authors’ hypothesis.

The Lectin-Like oxLDL Receptor-1 (LOX-1)
Also known as OLR1, this SR displays a type II membrane topology and is
expressed on endothelial cells, macrophages, SMCs, and platelets. In addition
to mLDL, bacteria, and apoptotic cells, LOX-1 can also bind advanced gly-
cation end products and fibronectin, thus suggesting a role in cell adhesion
(discussed later). Ligand engagement to LOX-1 appears to be linked to a host
of intracellular signaling processes (discussed later) that may affect athero-
sclerotic progression but prospective studies in genetically modified mice have
not been reported. However, the observations that (i) humans and rabbits
exhibit LOX-1 accumulation in atherosclerotic lesions [17, 80] and (ii) LOX-
1 mutations in humans are associated with increased cardiovascular disease
[55] suggest that LOX-1 is an important mediator of atherosclerosis. As mice
lacking LOX-1 are not currently available, most of the definitive studies on
the role of LOX-1 in inflammation/signaling utilize a mixed approach of het-
erologous gene expression, antisense knockdown technology, and specific α-
LOX-1 antibodies which block oxLDL binding to the receptor.

One mechanism whereby LOX-1 may mediate atherosclerotic lesion
development is through its ability to stimulate leukocyte adhesion following
exposure to inflammatory stimuli. In human coronary artery endothelial
cells (HCAEC), oxLDL-induced LOX-1 expression caused elevated mono-
cyte chemoattractant protein-1 expression and monocyte adhesion. These
effects were attenuated by transfection of the cells with antisense LOX-1,
which abrogated LOX-1 expression [81]. Similarly, CHO-K1 cells transfected
with a plasmid encoding LOX-1 exhibited increased leukocyte and THP-1 cell
adhesion which could be blocked by oxLDL or an α-LOX-1 antibody [82]. In
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rats, leukocytes accumulated at sites of inflammation/damage in a LOX-1-
dependent fashion with concomitant increases in adhesion molecule expression
[83–85]. Although the mechanism(s) responsible for these LOX-1-mediated
effects are not known, both MAPK (p38 and p42/p44) and PKC-β pathways
appear to be involved in modulating changes in the expression of adhesion
molecules [81, 84, 86].

The ability of oxLDL to stimulate other signaling pathways may also be
involved in the activation of endothelial cells. Most notable is the ability of
oxLDL to elevate levels of reactive oxygen species (ROS). Cominacini et al.
[87] documented an oxLDL and LOX-1-dependent increase in intracellular
ROS in bovine arterial endothelial cells (BAEC). Levels of NF-κB in the
nucleus were also elevated by oxLDL exposure as determined by a qualitative
mobility shift assay. Although a causal relationship between ROS production
and nuclear NF-κB translocation was not shown in this study, the concept
that ROS are upstream signals for NF-κB activation is well documented in
the literature [88–92]. The additional observation that ROS levels following
oxLDL stimulation rise well before NF-κB activation is detected [87] forms a
strong circumstantial case for a LOX-1/ROS-mediated link between oxLDL
and the NF-κB pathway in endothelial cells and other cell types such as
articular chondrocytes [93].

The LOX-1-dependent rise of ROS in oxLDL-treated BAECs also results in
a concomitant reduction of intracellular NO [94]. The authors speculate that
oxLDL ligation of LOX-1 in atherosclerotic lesions may explain the impaired
endothelium-dependent vasodilation commonly observed in this type of vas-
cular disease. Since ROS are thought to increase oxLDL production in vivo, we
see the potential for a vicious loop of LDL oxidation, ROS formation, NO
inactivation, and NF-κB-dependent inflammation—all dependent on endothe-
lial LOX-1. Perhaps not surprisingly, the situation may be further exacerbated
by the feed-forward upregulation of LOX-1 expression by oxLDL [95, 96].

In addition to ROS signaling, LOX-1 appears to play some role in a myriad
of signaling pathways that may be relevant to atherosclerosis. In addition to the
role of p38 MAPK in adhesion molecule expression (discussed earlier), oxLDL
induces apoptosis in neonatal rat cardiac myocytes in a LOX-1- and p38
MAPK-dependent fashion [97]. In cultured rat chondrocytes and HCAECs,
oxLDL induces cell death via PI3 kinase/Akt [98] and NF-κB pathways [99],
respectively; in each instance, cell death could be blocked by α-LOX-1 anti-
bodies or abrogating LOX-1 expression. Given the complexity of the signaling
pathways stimulated by oxLDL via LOX-1, significant cross talk appears likely.

Since LOX-1 is thought to be a major SR on endothelial cells, much of the
work described herein has used primary or cultured endothelial cells. However,
it is important to note that many of the pathways implicated in LOX-1 signal-
ing are present in macrophages. LOX-1 is expressed on macrophages and
oxLDL ligation may affect inflammation/apoptosis in this cell type in addition
to endothelial cell activation. It is also likely that some of these signaling path-
ways terminate at the genes encoding adhesion molecules and other cell type-
specific genes in the inflammatory/atherosclerotic expression profile (Fig. 5.2).
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FIGURE 5.2. Intracellular signaling pathways following LOX-1 engagement by oxLDL
in endothelial cells. LOX-1 is a type II integral membrane protein and contains a 
C-type lectin-like domain (CLD). Oxidized LDL engagement of LOX-1 causes the
increased expression of numerous genes whose protein products are involved in
inflammation, monocyte adhesion, and plaque rupture. These changes in gene expres-
sion occur as a result of the activation of numerous intracellular signaling pathways
including mitogen-activated protein kinase (MAPK), protein kinase C (PKC), and
PI3 kinase (PI3-K), as well as through the production of reactive oxygen species
(ROS). It is likely that many of these signaling pathways act directly or indirectly via
the NF-κB pathway. In addition, increased ROS production inactivates intracellular
nitric oxide (NO), which may result in impaired vasodilation commonly observed in
patients with atherosclerosis.
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A major hurdle in the elucidation of these pathways is the lack of mice with a
disrupted LOX-1 gene. Tissue/cell type-specific gene ablation may be necessary
to disentangle the plethora of intracellular signals initiated by LOX-1 ligand
engagement.



Concluding Remarks

As the field of SR biology expands, our understanding of the functions of
these proteins moves beyond the clearance and utilization of a particular lig-
and. As should now be evident, SRs are as promiscuous in their use of intra-
cellular signaling pathways as they are in their cell surface ligands. Our
understanding of these pathways and their role in the pathology of atheroscle-
rosis is still a developing area of research, especially as many SRs have only
recently been classified in this protein family. In addition, determining the net
effect of engaging multiple SRs with a common ligand such as mLDL/oxLDL
will be a challenging task. This will be further complicated by the fact that mul-
tiple SRs can affect the same signaling pathways. For instance, LOX-1 shares a
functional link to NF-κB and NO with CD36 and SR-BI, respectively.
Similarly, CD36 and SR-A both interact with Src-family PTKs.

While examining the effects of multilocus gene disruption may provide an
overall measure of the relative contribution of the SRs to atherogenesis,
determining the relevant mechanisms will require careful experimental
design and attention to the effective cell type. In addition to the relative dis-
tribution of the SRs in critical cell types such as endothelial cells and mono-
cytes/macrophages, the ability of a ligand or nutritional regimen to regulate
SR levels and concomitant signaling pathways must be considered. The con-
tinued use of genetically modified mice and tissue-specific gene ablation are
thus likely to play important roles in answering the remaining questions in
this field.
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ABC Transporters and
Apolipoprotein E: Critical Players in
Macrophage Cholesterol Efflux and
Atherosclerosis

KATHRYN E. NAUS AND CHERYL L. WELLINGTON

Abstract
Macrophages are key mediators of atherosclerosis. Circulating monocytes adhere to
activated endothelial cells at lesion-prone sites within large arteries, and migrate into the
subendothelial space where they differentiate into macrophages. Within the arterial
intima, macrophages mobilize the uptake of oxidized lipoproteins through scavenger
receptors, and also ingest cell debris found within the forming fatty streak. Lipids
derived from internalized lipoproteins or the membranes of phagocytosed cells are
transferred from the endosome to the lysosome where acid lipase hydrolyses the inter-
nalized cholesterol esters (CE). The free cholesterol (FC) thus generated is released into
the cytoplasm and is rapidly delivered to the plasma membrane. From there, cholesterol
is either effluxed from the cell, or it is re-esterified by acyl-coenzyme A:cholesterol acyl-
transferase (ACAT) and stored as CE lipid droplets that give macrophages their char-
acteristic foamy appearance in the fatty streak. The appearance of foam cells is a visual
cue that the ability of the macrophage to remove excess lipid and maintain cholesterol
homeostasis has been exceeded. Furthermore, foam cells play a major role in the evolu-
tion of fatty streaks into more complex atherosclerotic lesions. Therefore, improving the
ability of macrophages to promote cholesterol efflux may lead to substantial therapeu-
tic promise for the prevention and treatment of atherosclerosis.

This review will focus on the pathways by which macrophages can efflux lipids, with
a particular emphasis on the role of ABC transporters and apolipoprotein E (apoE)
in cholesterol efflux. We will begin with an overview of lipid metabolism and athero-
sclerosis, followed by a brief summary of the major pathways that macrophages use
to maintain cholesterol homeostasis. We will then focus our attention on recent stud-
ies of two of the ABC transporters that play critical roles in macrophage cholesterol
efflux, ABCA1 and ABCG1. Finally, we will attempt to integrate these observations
and end with some new questions to ponder.

Keywords: ABCA1; ABCG1; apoAI; apoE; atherosclerosis; cholesterol; efflux; HDL;
macrophage

Abbreviations: CE, cholesterol ester; FC, free cholesterol; ACAT, acyl-coenzyme
A:cholesterol acyltransferase; LDL, low-density lipoprotein; HDL, high-density
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lipoprotein; RCT, reverse cholesterol transport; LCAT, lecithin:cholesterol acyltrans-
ferase; CETP, cholesterol ester transfer protein; EL, endothelial lipase; SRBI, scav-
enger receptor BI; PPAR, peroxisome proliferator activated receptor; RXR, retinoid
X receptor; LXR, liver X receptor; GGPP, geranylgeranyl pyrophosphate; PKC, pro-
tein kinase C; PKA, protein kinase A; SCD, stearoyl CoA-desaturase; BMT, bone
marrow transplantation; LTR, long terminal repeat; WT, wild-type

Lipid Metabolism and Atherosclerosis

Nearly half of the deaths of persons in the Western world are caused by ath-
erosclerotic processes, the most common of which manifest as coronary
artery disease and stroke [1–4]. Aberrant regulation of lipid and lipoprotein
homeostasis can lead to atherosclerosis [5–19]. Well-established risk factors
include elevated plasma low-density lipoprotein (LDL) and depressed high-
density lipoprotein (HDL) levels [4, 15, 20–27]. Conversely, high levels of
HDL protect from atherosclerosis even in the presence of high LDL levels
[2, 26, 27]. Statins, drugs that lower LDL levels by inhibiting the rate-limiting
step in cholesterol biosynthesis, are widely used to control LDL levels and to
reduce the risk of cardiovascular disease [19]. However, the clinical event rate in
patients on statins is approximately 70% of the rate in subjects treated with a
placebo, suggesting that additional therapeutic strategies are still needed to
reduce the burden of cardiovascular disease [19]. Therapeutic approaches
that increase the levels of HDL, augment its antiatherogenic properties, and
promote reverse cholesterol transport (RCT) are considered particularly
desirable [19, 21].

RCT is the process by which excess cholesterol is extracted from peripheral
cells and transported to the liver in the form of HDL particles for elimina-
tion as bile acids [21, 28, 29]. HDL itself exhibits several antiatherogenic
properties including stimulating nitric oxide production, inhibiting endothe-
lial cell adhesion molecule expression, inhibiting the oxidation of LDL, pre-
venting endothelial cell apoptosis, and inhibiting platelet aggregation [19, 21,
27]. HDL is the smallest and densest circulating lipoprotein whose major
function is to transfer excess lipids from extrahepatic tissues to the liver. HDL
is a heterogenous lipoprotein consisting mainly of phospholipid, cholesterol,
and protein. Biogenesis of HDL occurs predominately in the liver and intes-
tine, and requires the action of the ATP-binding cassette transporter ABCA1
to transfer cholesterol and phospholipids onto lipid-free apoAI to form
discoidal pre-β-HDL, which then matures into α-migrating spherical HDL
particles upon acquisition of additional lipids and esterification of choles-
terol into cholesterol esters (CE) by lecithin:cholesterol acyltransferase
(LCAT) [4, 26].

Currently used agents that can raise HDL levels include nicotinic acid,
fibrates, statins, thiazolidinediones, estrogen, and ethanol, but these typically
result in relatively modest increases of HDL [19]. Strategies that target specific
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genes involved in HDL metabolism, including apoAI, cholesterol ester trans-
fer protein (CETP), and endothelial lipase (EL), show promise as potential
therapies. Weekly intravenous injections of recombinant apoAI-Milano, a sin-
gle base-pair variant of apoAI, resulted in significant regression of coronary
atherosclerosis over a 6-week treatment period [30]. Additionally, inhibition of
CETP-mediated movement of cholesterol from HDL to LDL in rabbits
increases plasma HDL and reduces atherosclerosis, and CETP inhibition also
increases HDL levels in humans [31–33]. Recently, overexpression of EL in
mice was shown to reduce HDL levels by approximately 19%, whereas inacti-
vation of EL increases HDL levels by approximately 50% [34–36].

Although absolute levels of circulating HDL are important determinants
of atherosclerotic risk, the ability of the macrophage to efflux accumulated
cholesterol within the arterial wall plays a crucial role in the development
and progression of atherosclerotic lesions. Strategies to augment the process
of macrophage cholesterol efflux, and thus retard foam cell formation and
the initiation of inflammatory pathways that exacerbate lesion progression,
may also yield novel therapeutic agents that slow the development of
advanced atherosclerotic lesions and reduce the incidence of plaque rupture
and infarction.

Pathways for Cholesterol Efflux from Macrophages

Although mammalian cells can synthesize cholesterol, they do not have the
capacity to degrade the sterol ring. In order to remove excess cholesterol,
macrophages and other cell types must export cholesterol to extracellular
acceptors that transport excess cholesterol to the liver for eventual excretion
in bile. It is generally accepted that there are several pathways by which
macrophages are thought to efflux excess cholesterol (reviewed in Refs. [37,
38]). For the purposes of this review, we will classify these into two major
subdivisions: passive/facilitated aqueous diffusion and transporter-mediated
active efflux.

Passive/Facilitated Aqueous Diffusion
Passive diffusion involves the desorption of membrane cholesterol down a
concentration gradient into the aqueous environment followed by absorption
onto a phospholipid-containing acceptor [39, 40]. Cholesterol efflux by pas-
sive diffusion does not consume metabolic energy and is independent of the
cellular growth state and cholesterol content. Rather, the rate of cholesterol
transfer is influenced both by the structure and lipid composition of the
plasma membrane on the donor cell and properties of the acceptor molecule
including concentration, size, and lipid composition. Because the aqueous
layer between donor and acceptor represents a significant diffusion barrier,
cholesterol efflux by passive diffusion is inefficient and slow.
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However, passive diffusion can be facilitated by expression of the scavenger
receptor BI (SRBI), which is the first membrane protein shown to function in
the bidirectional flux of free cholesterol (FC). SRBI is expressed in many tis-
sues including macrophages, and the highest levels of SRBI are found in the
liver and steroidogenic tissues such as adrenals, testis, and ovary. A major func-
tion of SRBI is to promote the selective uptake of esterified cholesterol from
HDL, a unidirectional process that occurs without endocytosis of the entire
HDL particle [41–43]. Expression of SRBI also stimulates the bidirectional
flux of FC, with the net direction of transfer dictated by the concentration gra-
dient between donor and acceptor [44, 45]. In a number of cell types, the rate
of FC efflux to acceptors correlates well with expression levels of SRBI [46].
Although many acceptors bind to SRBI, including HDL, LDL, oxidized and
acetylated LDL, small unilamellar vesicles, and lipid-free apoAI [47, 48], only
those acceptors that contain phospholipids will accept cholesterol via SRBI.
Furthermore, both phospholipid content and species influence SRBI-medi-
ated efflux. For example, it is well established that enrichment of HDL or
serum with phosphotidylcholine increases SRBI-mediated efflux, whereas
depletion of phosphotidylcholine decreases SRBI-mediated efflux [45, 49].
Enrichment of HDL with sphingomyelin also results in a net increase in
SRBI–cholesterol efflux, but this occurs by inhibiting SRBI-mediated FC
influx rather than by enhancing FC efflux [45].

SRBI is thought to facilitate passive diffusion by reorganizing membrane
microdomains into cholesterol-rich lipid rafts that supply the majority of
cholesterol during passive diffusion [48, 50–52]. This mechanism may be par-
ticularly important at high HDL concentrations when SRBI receptors are
saturated, and increased efflux is independent of HDL binding. However,
under conditions of low HDL concentrations, binding of HDL to SRBI
influences cholesterol efflux. In this case, it appears that SRBI and the accep-
tor molecule must be precisely aligned into a productive complex in order to
promote efficient FC efflux [53]. For example, SRBI-mediated FC efflux to
HDL was found to be severely decreased in the presence of two apoAI muta-
tions even though binding of the mutant HDL particle to SRBI was not
affected. Intriguingly, efficient FC efflux to HDL containing the mutated
apoAI was rescued in the presence of mutations within SRBI, presumably by
restoring the alignment between donor and acceptor [53].

Transporter-Mediated Active Efflux
Several members of the ATP-binding cassette transporter superfamily are
key regulators of cholesterol efflux, RCT, and HDL metabolism. There are
48 known human ABC transporters that are grouped into seven classes [54].
Members of the ABCA and ABCG classes are believed to form a functional
network of lipid transporters that are critical gatekeepers of cell and sterol
homeostasis [54–56]. Two of these transporters, ABCA1 and ABCG1, are
highly induced in cholesterol-loaded macrophages and mediate lipid efflux to
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apoAI and HDL, respectively. These observations suggest a prominent role
for ABCA1 and ABCG1 in the coordinated regulation of macrophage lipid
homeostasis.

ABCA1

ABCA1 is the prototype of the full-sized ABCA class of transporters and
contains two membrane spanning regions interspersed with two ATP-bind-
ing domains [55, 56]. Deficiency of ABCA1 results in Tangier disease, which
is characterized by extremely low plasma HDL levels, tissue deposition of
CE, and an increased risk of atherosclerosis [57–60]. ABCA1 catalyses the
ATP-dependent transport of cholesterol and phospholipids from the plasma
membrane to lipid-free apoAI to form immature, pre-β-HDL, which is con-
sidered to be a key step in RCT [57, 59, 61, 62]. Mature, α-HDL is formed by
further accumulation of lipids on pre-β-HDL followed by esterification of
cholesterol by LCAT [29, 63–65]. Cholesterol from α-HDL is taken up by the
liver through a number of pathways including SRBI-mediated selective
uptake, holoprotein uptake by apoE receptors, or indirect pathways involving
CETP, hepatic lipase, and EL. Within hepatocytes, cholesterol is converted to
bile acids and excreted from the body in bile [41, 42, 66]. Because ABCA1 has
a singular role in the biogenesis of HDL and the initiation of RCT, it is there-
fore an attractive candidate molecule on which to base atheroprotective ther-
apeutic strategies. Additional support for ABCA1 as a potential therapeutic
target has come from studies demonstrating that overexpression of ABCA1
in mice increases plasma HDL levels [67, 68] and dramatically reduces the
progression of atherosclerotic lesions on an apoE-deficient background [69].

Transcription of ABCA1 is subject to several layers of control (recently
reviewed in Refs. [70–74]). In many cell types including macrophages, the most
effective direct transcriptional modulators of ABCA1 include members of the
retinoid X receptor (RXR) and liver X receptor (LXR) nuclear orphan recep-
tors, which act as obligate heterodimers upon binding their respective agonists
[75–78]. Ligands for RXRs include 9-cis-retinoic acid, and ligands for
LXRs are oxysterols such as 22-hydroxycholesterol, 20-hydroxycholesterol,
24-hydroxycholesterol, 24,25-epoxycholesterol, and 27-hydroxycholesterol.
Although LXR and RXR agonists can each induce ABCA1 expression inde-
pendently, the most potent increase in ABCA1 mRNA levels occurs when
LXR–RXR agonists act synergistically. It is generally believed that the induc-
tion of ABCA1 expression in lipid-loaded macrophages occurs primarily
through the LXR–RXR pathway, which is activated upon conversion of accu-
mulated sterols to endogenous oxysterols such as 27-hydroxycholesterol. In
J774 and primary murine macrophages, ABCA1 mRNA is also induced by
cAMP treatment [79]. Peroxisome proliferator-activated receptors (PPARs)
are nuclear receptors that are activated by fatty acid derivatives and het-
erodimerize with RXRs to regulate lipid and glucose metabolism [80]. PPARs
(PPARα, PPARBβ/δ, and PPARγ) have been shown to upregulate ABCA1 as
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well as ABCG1 expression in macrophages [81, 82]. Although this has been
thought to employ an indirect mechanism via induction of LXRα expression
by PPAR–RXR heterodimers [81], recent studies have shown that ABCA1
expression and apoAI-dependent cholesterol efflux can be induced by the
selective PPARδ agonist GW50516 in an LXRα-independent manner in THP-
1 cells, intestinal cells, and fibroblasts [83]. Furthermore, conditional inactiva-
tion of PPARγ impaired expression of ABCA1, ABCG1, and apoE in
macrophages and led to reduced cholesterol efflux [84]. Recently, PPARα and
PPARγ agonists were found to strongly inhibit atherosclerosis in the LDLR−
/− model, which was mediated through ABCG1 rather than ABCA1 expres-
sion [85]. These observations further support a role for PPARs in macrophage
lipid homeostasis and regulation of ABC transporter expression.

ABCA1 mRNA synthesis can be repressed by geranylgeranyl pyrophos-
phate (GGPP), an intermediate in the mevalonate pathway that reduces the
transactivation potential of LXRs [86]. In addition, lipopolysaccharide has
recently been shown to downregulate ABCA1 expression in an NFκB-
dependent manner [87, 88], and the proinflammatory cytokines IL-1, INFγ,
and TNFα each suppress ABCA1 mRNA levels in macrophages [89–91].
These observations suggest that the ability of inflammatory mediators to
promote atherosclerosis lesion formation may in part be mediated by sup-
pressing ABCA1 expression and thereby reducing cholesterol efflux. Thyroid
hormone (T3) can also inhibit ABCA1 transcription, which occurs when thy-
roid hormone–RXR complexes compete for LXR–RXR heterodimers at the
ABCA1 promoter [92].

ABCA1 protein levels are also subject to regulation through posttran-
scriptional mechanisms. ABCA1 contains a PEST sequence from amino
acids 1283–1306 that modulates protein degradation by calpain [93].
Residues T1286 and T1305 within the PEST sequence are normally constitu-
tively phosphorylated, which results in a rapid turnover (half-life of 1–2 h) of
ABCA1 in the absence of apoAI [93, 94]. However, these residues become
dephosphorylated in the presence of apoAI, which inhibits calpain-mediated
degradation of ABCA1 [93, 94]. This may occur through activation of the
protein kinase Cα (PKCα) signaling pathway by lipid-poor apoAI [95]. In
contrast, protein kinase A (PKA) appears not to be involved in the stabiliza-
tion of ABCA1 protein [94], but may promote cholesterol efflux by phos-
phorylating residues S1044 and S2054 on ABCA1 [96]. In cAMP-stimulated
J774 macrophage cells, ABCA1 protein levels are also destabilized by unsat-
urated but not by saturated fatty acids [97]. In contrast, ABCA1 is destabi-
lized by both saturated and unsaturated fatty acids in LXR–RXR-treated
cells [98]. The differential effect of fatty acids on ABCA1 stability is thought
to be due to the induction of stearoyl CoA-desaturase (SCD) specifically
in LXR–RXR-stimulated cells, resulting in the formation of unsaturated
fatty acids from their saturated precursors thereby triggering ABCA1 degra-
dation [98]. ABCA1 is also degraded by the ubiquitin-mediated proteaso-
mal pathway in macrophages loaded with FC [99]. This pathway may be
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particularly important during lesion progression when there is a progressive
increase in the FC:CE ratio in lipid-laden macrophages. Additionally,
because this pathway requires a functional Neimann–Pick type C gene [99],
it may also contribute to impaired ABCA1-dependent lipid efflux and
reduced HDL levels in NPC disease [100]. Recently, Albrecht et al. [101]
showed that ABCA1 protein levels are dramatically reduced in advanced ath-
erosclerotic lesions despite high levels of ABCA1 mRNA, suggesting that
the microenvironment surrounding the atherosclerotic plaque triggers signal-
ing pathways that regulate ABCA1 abundance. This study demonstrates that
posttranscriptional regulation of ABCA1 occurs in vivo, and that a deeper
understanding of these pathways may lead to an improved ability to retard
foam cell formation and reduce the development of atherosclerotic lesions.

Lack of ABCA1 in humans and mice results in a nearly complete absence of
plasma HDL, demonstrating that apoAI requires functional ABCA1 activity
to acquire lipids and contribute to HDL biogenesis [57–59, 102–104]. In addi-
tion to apoAI, however, ABCA1 can also deliver lipids to other exchangeable
lipoproteins including apoAIV, apoE, and apoC [79, 105], suggesting that
ABCA1 can efflux lipids to proteins that contain amphipathic α-helices. The
ability of synthetic amphipathic helices to accept lipids from ABCA1 further
supports this hypothesis [106–108]. Exactly how ABCA1 transfers lipids to
apoAI remains a subject of considerable investigation. One model proposes
that contact between ABCA1 and helices 9/10 of apoAI induces the net trans-
fer of phospholipids and cholesterol [109–112]. Recently, the interaction with
apoAI has been suggested to occur with dimeric and tetrameric, but not with
monomeric ABCA1 [113], and the formation of higher order ABCA1 struc-
tures could explain previous observations of dominant negative effects of trun-
cation mutations on ABCA1 protein levels, which implies a physical interaction
among ABCA1 molecules [114]. A second model proposes that ABCA1
translocates lipids to the exofacial leaflet of the plasma membrane independ-
ent of apoAI, generating a membrane microenvironment required for subse-
quent apoAI docking and lipid efflux [115–117]. Whether transfer of
phospholipids and cholesterol onto apoAI occur simultaneously [118–121] or
sequentially [122–125] remains to be fully elucidated.

ABCA1 is broadly expressed in many tissues, and liver and macrophages
are key cell types involved in sterol homeostasis [126, 127]. Liver ABCA1 is
the major regulator of plasma HDL levels, as selective inactivation of hepatic
ABCA1 reduces plasma HDL by approximately 80% [128], whereas specific
overexpression of ABCA1 in the liver increases plasma HDL levels [129,
130]. Within the liver, ABCA1 is most abundant in parenchymal and Kupffer
cells compared to endothelial cells [131], and hepatocyte ABCA1 has been
shown to play a critical role in the lipidation of newly synthesized apoAI
[132]. In contrast to the liver, macrophage ABCA1 plays a minimal role in
determination of plasma HDL-C levels but critically regulates atherosclerotic
lesion development, as described below.
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ABCG1

ABCG1 is the founding member of the ABCG subclass of ABC transporters
[54]. ABCG1 is a half-size transporter with one ATPase-binding cassette
[54–56, 133–136], and therefore requires either homodimerization or het-
erodimerization to provide functional transporter activity. Recent reports
suggest that ABCG1 can function as a homodimer, and there are conflicting
reports whether ABCG1 may also form functional heterodimers with
ABCG4. In one study, HEK 293 cells transiently transfected with either
ABCG1 or ABCG4 demonstrated that separately, each promoted cholesterol
efflux to HDL but not to lipid-free apoAI [137]. However, coexpression of
ABCG1 and ABCG4 did not potentiate lipid efflux compared to cells indi-
vidually expressing either transporter, suggesting that ABCG1–ABCG4 het-
erodimers, if formed, may not display an enhanced ability to efflux lipid. In
contrast, another report recently suggested that ATPase activity increased in
insect cells expressing either ABCG1 or ABCG4, and that ATPase activity
was augmented by coexpression of both genes [138]. This study concluded
that ABCG1 and ABCG4 may function as homodimers or heterodimers, at
least with respect to ATPase activity [138].

The human ABCG1 gene contains 23 known exons and spans approximately
98 kb [134–136, 139]. The murine ABCG1 gene contains regions of similarity
to the human gene from exons 5–23. Thus far, human ABCG1 transcripts have
been studied primarily in macrophages, where at least 11 different mRNAs
have been described that result from complex patterns of alternative transcrip-
tion initiation, alternative splicing, and translation initiation [134–136, 139]. At
least seven different ABCG1 protein isoforms with amino termini comprised of
various combinations of exons 1–10 spliced to exons 11–23 have been predicted
in macrophages alone [134–136, 139]. The presence of multiple alternative
amino termini for ABCG1 suggests that exons 1–10 may encode regulatory
domains and that exons 11–23, which encode the nucleotide binding and trans-
membrane domains, may constitute the catalytic portion of ABCG1. Multiple
ABCG1 transcripts are responsive to LXR–RXR stimulation [135, 136]. Two
LXR responsive elements conserved between human and murine ABCG1 are
located within intron 7 and have been shown to regulate transcription of
ABCG1 [135]. In addition, an RXR response element located approximately
1.6 kb upstream of exon 1 has been postulated, but not proven, to regulate
ABCG1 transcription [136]. Recently, the murine ABCG1 gene has also been
shown to encode multiple transcripts [140].

ABCG1 mRNA is most abundant in brain and macrophage-rich tissues
such as spleen and lung, as well as in placenta, intermediate in heart and mus-
cle, and low in liver [140, 141]. Mice deficient in ABCG1 have recently been
shown to accumulate lipids in tissues when challenged with a high fat diet
[142], suggesting that ABCG1 does participate in the regulation of body
sterol homeostasis.

Chapter 6. ABC Transporters and Apolipoprotein E 99



ABCG1 facilitates cholesterol efflux to HDL2 and HDL3 but not to lipid-
free apoA1 in transiently transfected HEK 293 cells [137, 140]. Furthermore,
antisense inhibition of ABCG1 expression reduces cholesterol efflux in a
dose-dependent manner [137, 143]. These observations link ABCG1 to path-
ways relevant for atherosclerosis and RCT. Macrophage ABCG1 mRNA is
highly induced by lipid loading as well as by LXR–RXR agonists [137, 144],
and efflux of cholesterol from lipid-laden macrophages suppresses ABCG1
expression [143]. ABCG1 is also upregulated in macrophages isolated from
individuals with Tangier disease [145], suggesting the possibility of a com-
pensatory mechanism to enhance macrophage ABCG1 function in
the absence of ABCA1. Recently, ABCG1 in human monocyte-derived
macrophages was shown to be extraordinarily sensitive to cholesterol loading
or exposure to LXR–RXR agonists, and was more closely associated with
cholesterol efflux than ABCA1 levels [146]. These observations suggest that
ABCG1 may also mediate lipid homeostasis and lipid efflux in macrophages,
although this remains to be determined experimentally.

Macrophage-Specific Influences on Atherosclerosis

Because macrophages are derived from hematopoietic stem cells, bone mar-
row transplantation (BMT) is a popular approach for the study of
macrophage-specific effects on cholesterol efflux and atherosclerosis (for
review see Ref. [147]). After irradiation, donation of marrow to a recipient
mouse leads to the repopulation of the recipient animal with macrophages of
donor origin. A second method to obtain macrophage-specific expression
in vivo is with the visna virus long terminal repeat (LTR). A construct that
contains the visna virus LTR will allow directed expression of a gene of inter-
est to macrophages [148].

The two most commonly used animal models of atherosclerosis are
apoE−/− and LDLR−/− mice. Both of these models develop atherosclerotic
lesions and have elevated plasma cholesterol; apoE−/− mice develop athero-
sclerosis spontaneously, whereas LDLR−/− mice require feeding with an
atherosclerotic or Western-type diet (for reviews see Refs. [149, 150]).
Feeding a Western-type diet to apoE−/− mice is often used to induce a more
severe atherosclerotic pathology at a younger age. In addition, gender dif-
ferences are apparent in both models, with LDLR−/− males having signifi-
cantly greater lesion areas than females. Similar trends are observed in the
apoE−/− model [151].

Macrophage apoE and Atherosclerosis
ApoE plays a crucial role in atherosclerosis [152, 153]. ApoE is synthesized
predominantly by the liver, but is also made in several peripheral tissues
including macrophages [152, 153]. Although a major function of apoE is to
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facilitate the hepatic uptake of triglyceride-rich lipoprotein particles,
macrophage-derived apoE has potent antiatherogenic activities that appear
to act independently of its effects on plasma lipoproteins. In vitro lipid load-
ing of macrophages stimulates synthesis and secretion of phospholipid-
bound apoE, which in turn facilitates cholesterol efflux [146, 154–159]. The
local source of apoE not only supplies phospholipids as fatty acid donors for
esterification of cholesterol, but transfer of apoE to HDL expands its surface
and increases its capacity to accept cholesterol. Both human monocyte-
derived macrophages [160, 161] and mouse peritoneal macrophages [159]
are known to have the capacity to use endogenously secreted apoE as a
cholesterol acceptor in the absence of other exogenous factors. Intriguingly,
macrophage apoE-mediated efflux is dependent on culture volume; large cul-
ture volumes dilute the secreted apoE and result in low level efflux mediated
only by apoE in the immediate juxtacellular space [159]. In contrast, at low
culture volumes where apoE levels are saturating, cholesterol efflux is robust
and is mediated by extracellular as well as juxtacellular apoE [159]. These
observations suggest that endogenous apoE has both autocrine and
paracrine effects that may become particularly important in the context of
the vessel wall [159].

In addition to promoting local cholesterol efflux, macrophage-derived apoE
has several other antiatherogenic properties including modulation of the
inflammatory response within the vessel wall (reviewed in Refs. [162–164]).
ApoE inhibits the expression of vascular cell adhesion molecule-1 on endothe-
lial cells through its interaction with cell surface apoE receptor 2, which results
in stimulation of nitric oxide synthase in endothelial cells [165, 166]. ApoE also
inhibits lipid oxidation, T cell activation and proliferation, the migration and
proliferation of smooth muscle cells, and platelet aggregation [167–174]. Thus,
reductions in apoE levels or functional properties can affect lesion develop-
ment through a number of mechanisms.

Many BMT and viral experiments done to determine the role of macrophage
apoE in plasma lipid metabolism and atherosclerosis involved reconstitution
of apoE−/− or wild-type (WT) mice with bone marrow from donors with vary-
ing levels of apoE (Table 6.1) (reviewed in Ref. [175]). Many groups have
shown that reconstitution of WT bone marrow in hypercholesterolemic apoE−/−

recipients resulted in a decrease in plasma total cholesterol, even when
challenged with an atherogenic diet [176–182], demonstrating that apoE
secreted by the WT macrophages can influence lipid metabolism.
Furthermore, this decrease in cholesterol was dependent on the gene dosage,
as apoE+/− donor marrow gave an intermediate level of plasma total choles-
terol [178, 182]. Consistent with an antiatherogenic role of macrophage apoE,
mean lesion area was reduced in mice that received WT compared to apoE−/−

bone marrow [176, 177, 180–183]. Additionally, Zhu et al. [179] found that
macrophage cholesterol efflux was increased in animals that received WT mar-
row. These antiatherogenic changes were obtained despite the fact that plasma
apoE levels were in all cases <10% of the WT murine levels, indicating the
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atherogenic importance of locally produced macrophage apoE even in the
absence of plasma apoE [176, 179, 182].

Conversely, transplantation of apoE−/− bone marrow into atherosuscepti-
ble C57B/6 WT recipients creates a model with deletion of apoE solely in
macrophages. These mice display no appreciable change in plasma choles-
terol levels [183–185], indicating that the selective deficiency of macrophage
apoE is not sufficient to affect plasma lipid metabolism when apoE is syn-
thesized normally elsewhere. However, following several weeks on an athero-
genic diet, lesion area was increased in WT mice that received apoE−/− bone
marrow. Since these differences in lesion areas are seen without changes in
plasma cholesterol levels, the protective effects of apoE clearly extend beyond
its ability to lower cholesterol [179].

Taken together, these studies strongly support an antiatherogenic role for
macrophage apoE. This conclusion is not without a caveat, however, as
locally secreted apoE would be predicted to encourage cholesterol influx into
macrophages via lipoprotein uptake by apoE receptors [186], and Boisvert
et al. [184] found that WT mice reconstituted with apoE-producing
macrophages had increased lesions compared to those with apoE−/−

macrophages. This unexpected result may be due to differences in gender,
diet, or feeding schedules compared to other similarly designed BMT exper-
iments. However, the majority of BMT experiments strongly support an
atheroprotective role for macrophage apoE, wherein even low levels of this
apolipoprotein are capable of altering the atherosclerotic fate of the animals.

Macrophage ABCA1 and Atherosclerosis
Using BMT experiments, much insight has been gained about the importance
of ABCA1 in the macrophage (Table 6.2). Like humans, mice with a com-
plete disruption of ABCA1 have decreased levels of plasma total cholesterol
and HDL [102, 103]. However, selective deficiency of macrophage ABCA1
does not decrease plasma lipid or apoAI levels, and conversely, reconstitution
of ABCA1−/− animals with WT bone marrow does not restore plasma HDL
levels, although very small increases in plasma HDL and apoAI levels have
been observed [187]. These studies show that macrophage ABCA1 has only a
minimal impact on the circulating pool of mature plasma HDL.

Breeding ABCA1−/− mice to either the apoE−/− or LDLR−/− background
was found to reduce plasma lipids in both models on both a chow and high
fat high cholesterol diet, as expected due to the role of ABCA1 in HDL reg-
ulation [188]. Unexpectedly, however, aortic lesions in ABCA1−/−/apoE−/−

mice did not advance beyond fatty streaks on either a chow or an atherogenic
diet despite the presence of severe xanthomas and foam cells in the skin [188].
Although more complex lesions were observed in the LDLR−/− compared to
the apoE−/− model, lesion size did not differ between LDLR−/− mice that
contained or lacked total ABCA1 [188]. These findings suggested that the less
atherogenic plasma lipid profile observed in the complete absence of ABCA1
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may have counterbalanced the proposed proatherogenic effect of
macrophage ABCA1 deficiency, resulting in no net change in lesion size. To
specifically test the influence of macrophage ABCA1 on atherosclerosis, Van
Eck et al. reconstituted apoE−/− mice with apoE−/−/ABCA1−/− bone marrow,
and observed no change in plasma lipids but a significant increase in lesion
area [188]. Similarly, reconstitution of LDLR−/− mice with ABCA1−/− bone
marrow had no effect on plasma HDL levels, but resulted in an increased
lesion area as well as the presence of more advanced lesions [189]. These stud-
ies clearly demonstrated that selective deficiency of macrophage ABCA1
leads to greater development of atherosclerotic lesions, but this effect is inde-
pendent of circulating HDL.

Thus far, there are conflicting reports on whether overexpression of
ABCA1 throughout the body protects from atherosclerosis. Overexpression of
ABCA1 under the control of the apoE promoter in atherosusceptible C57Bl/6
mice resulted in decreased atherosclerosis when challenged with a proathero-
genic diet [190]. However, these mice unexpectedly developed increased lesions
when crossed onto the apoE−/− model [190]. In contrast, Singaraja et al. [69]
demonstrated that ABCA1 BAC transgenic mice, which express excess
ABCA1 under endogenous regulatory signals, exhibit dramatically reduced
lesion size when crossed onto the apoE−/− background. These observations
demonstrate that appropriate physiological regulation of ABCA1 is crucial
for its antiatherogenic effects in vivo. Whether selective overexpression of
appropriately regulated ABCA1 in macrophages is sufficient to protect from
atherosclerotic lesion development remains to be determined.

Conclusions

Macrophages play crucial roles in the development of atherosclerosis. One
vital aspect of macrophage physiology in atherosclerosis is the efflux of cho-
lesterol accumulated during the uptake of oxidized lipoproteins. Failure of
macrophages to rid themselves of accumulated cholesterol is a critical step
in lesion progression. Within the context of the vessel wall, local synthesis
and lipidation of apoE may also enhance the efficiency of cholesterol efflux
from macrophages, and thus retard foam cell formation. In this review, we
have highlighted aspects of ABCA1, ABCG1, and apoE function within
macrophages and their roles in cholesterol efflux and atherosclerosis.
However, many questions remain. For example, ABCA1 is required for effi-
cient secretion of apoE from macrophages [191], and Van Eck et al. [189]
have shown that plasma apoE and apoAI levels are reduced by the lack of
macrophage ABCA1, providing further evidence that macrophage ABCA1
can affect the metabolism of apoE in vivo. Because macrophage-secreted
apoE may have an important role in facilitating cholesterol efflux within the
vessel wall, it is possible that ABCA1 may also affect the ability of endoge-
nous apoE to promote RCT under conditions of minimal exposure to plasma
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HDL or apoAI [157, 158, 160, 161, 192]. Although the experiments of
Singaraja et al. [69] clearly demonstrated that apoE is not required for
ABCA1 to promote cholesterol efflux and reduce lesion progression in vivo,
these findings do not rule out the possibility that a greater reduction in lesion
size or progression may be observed if ABCA1 is overexpressed in the pres-
ence of macrophage apoE, particularly if overexpression of ABCA1 is itself
restricted to macrophages. Additionally, although Huang et al. [193, 194]
have shown that cholesterol efflux in apoE-expressing J774 cells does not
depend on ABCA1 but rather is modulated by SRBI expression, ABCA1 and
ABCG1 do affect apoE secretion and spontaneous apoE-dependent lipid
efflux in human monocyte-derived macrophages [146, 191]. These studies
highlight the importance of further investigation into the interplay of the
efflux pathways mediated by ABCA1, ABCG1, apoE, and SRBI in relevant
model systems. Studies using recently described ABCG1-deficient mice
should soon reveal whether or not ABCG1 participates in atherosclerotic
lesion development. Because ABCG1 has been reported to be upregulated in
ABCA1-deficient macrophages [145], it will also be important to determine
the extent to which compensatory gene expression pathways may contribute
to macrophage cholesterol efflux and atherosclerosis in vivo. Through these
and other investigations, a deeper understanding of how the functions of all
of these molecules are integrated within the macrophage may lead to novel
methods to preserve optimal macrophage function within the arterial wall
and reduce the burden of atherothrombotic disease.
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Provision of Lipids for Very 
Low-Density Lipoprotein Assembly

DEAN GILHAM AND RICHARD LEHNER

Abstract
Atherosclerosis is the principal cause of heart attack and stroke in the Western world.
The relationship between high levels of low-density lipoprotein (LDL) and athero-
sclerosis has been known for several decades. LDL is derived from very low-density
lipoprotein (VLDL) in the blood via a complex series of reactions involving hydro-
lases and transfer of lipids and apoproteins among the circulating lipoproteins.
Hepatic VLDL assembly and secretion is dependent on lipid availability. Thus stimu-
lation of hepatic triacylglycerol (TG), phospholipid, and cholesterol synthesis
increases the secretion of VLDL while inhibition of lipid synthesis has the opposite
effect. Several lines of evidence suggest that the assembly of VLDL takes place in two
or more steps. The first step involves the generation of dense nascent lipoprotein par-
ticles in the endoplasmic reticulum by cotranslational lipidation of apolipoprotein B
and these particles mature into a VLDL by posttranslational addition of core lipids
such as TG and cholesteryl ester (CE). De novo synthesized TG accounts for only a
minor fraction of the TG secreted with VLDL. The majority (60–70%) of VLDL-TG
is derived from lipolysis of stored TG to partial acylglycerols and fatty acids followed
by reesterification by the ER-localized acyltransferases. Recently, the genes of a num-
ber of enzymes involved in the provision of lipids for VLDL assembly have been
cloned and in some cases mice in which these genes were ablated have been obtained.
This chapter discusses recent advances in VLDL assembly with emphasis on the les-
sons learned from genetically modified mouse models.

Keywords: acyltransferase; lipolysis; liver; triacylglycerol; triacylglycerol hydrolysis;
VLDL

Abbreviations: ACAT, acyl coenzyme A:cholesterol acyltransferase; AGPAT,
1-acylglycerol-3-phosphate acyltransferase; apo, apolipoprotein; CCT, cytidine
triphosphate:phosphocholine cytidylyltransferase; CHAPS, [(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate; CE, cholesteryl ester; CVD, cardiovascular dis-
ease; DG, diacylglycerol; DGAT, diacylglycerol acyltransferase; DGTA, diacylglycerol
transacylase; E600, diethyl-p-nitrophenyl phosphate; ER; endoplasmic reticulum;
GPAT, glycerol-3-phosphate acyltransferase; HDL, high-density lipoprotein; HSL, hor-
mone-sensitive lipase; LDL, low-density lipoprotein; MG, monoacylglycerol; MGAT,
monoacylglycerol acyltransferase; MTP, microsomal triglyceride transfer protein; PC,
phosphatidylcholine; PEMT, phosphatidylethanolamine N-methyltransferase; PAPH,
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phosphatidic acid phosphohydrolase; PPAR, peroxisomal proliferator-activated
receptor; SCD, stearoyl-CoA desaturase; SREBP, sterol regulatory elements binding
protein; TG, triacylglycerol; TGH, triacylglycerol hydrolase; VLDL, very low-density
lipoprotein.

Triacylglycerol Metabolism is Linked to Several Human
Diseases

The ability to store neutral lipids plays a critical role in the ability of an
organism to withstand fuel deprivation. Triacylglycerol (TG) is the most
concentrated form of energy available to biological tissues. It can provide
over double the amount of energy by metabolic oxidation than an equal
mass of either carbohydrates or proteins [1]. TG is composed of a glycerol
backbone to which three fatty acids are attached via ester bonds. Most cells
and tissues have the ability to synthesize and store TG to some degree. TG
metabolism is of tremendous clinical relevance. Dysregulation of TG lipid
synthesis, transport, or storage contributes to the development of disease.
Consequently there is tremendous clinical and pharmacological relevance
for enzymes that metabolize TG. Obesity alone is associated with type 2
diabetes, hyperlipidemia, cardiovascular disease, stroke, gallbladder disease,
and some cancers [2–7]. Excessive TG storage within muscle and pancreatic
β-cells correlates with insulin resistance, leading ultimately to diabetes [8, 9].
Excessive hepatic TG secretion contributes to high levels of circulating TG
in the blood, which is a risk factor for cardiovascular disease (CVD).
Plasma TG levels >150 mg/dL or 1.70 mM in a fasted state are considered
elevated [10].

Components and Classification of Lipoproteins

Neutral lipids such as TG and CE are hydrophobic in nature, and hence have
very low solubility in aqueous environments including blood. Therefore, in
order to be transported throughout the body, where they are required for var-
ious cellular functions, hydrophobic lipids are packaged into complexes with
specific proteins known as apolipoproteins (apos) as well as partly polar phos-
pholipids. All mature TG-rich lipoproteins consist of a hydrophobic core of
nonpolar lipids including cholesteryl esters (CE) and TG surrounded by a
phospholipid monolayer. Free or unesterified cholesterol can also exist within
the monolayer of phospholipid. Apos are also amphipathic and confer
solubility to the lipoprotein particle as well as influence trafficking via inter-
actions with various cell surface receptors, hydrolytic enzymes, and lipid-
transferring proteins [11]. Most apos are exchangeable; they can detach from
the surface of a lipoprotein then reattach to another. Hence the complement
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of apos changes during the lifetime of these particles. The exception to apos
that exchange is more hydrophobic and very large apoB, which is integral and
remains bound to the particle it is initially assembled with [12, 13].

Lipoproteins are classified based on their density, which is determined by
their lipid and protein composition and is inversely proportional to their
diameter. Chylomicrons are the largest and least dense class of TG-rich
lipoproteins, with a very TG-rich core (75–1200 nm in diameter) [14]. They
are synthesized by the small intestine utilizing ingested dietary lipids, and are
carried by the lymphatic system to the bloodstream. Very low-density
lipoprotein (VLDL) is the second largest lipoprotein (30–100 nm), and is syn-
thesized and secreted by the liver via an intricate secretory pathway [15, 16].
VLDL is also rich in TG and is catabolized in the circulatory system via a
complex series of reactions involving lipases and the transfer of lipids and
apos among lipoproteins [17] to produce intermediate (IDL) and low-density
lipoproteins (LDL; LDL is approximately 18–25 nm in diameter).

The final class is the smallest (25 nm in diameter or smaller), and these par-
ticles are known as high-density lipoproteins (HDL). HDL does not carry
apoB, but rather contains at least one molecule of apoA-I among other apos
[11]. HDL has a relatively CE-rich core. It is important for the removal of
excess cholesterol from peripheral (nonhepatic) cells and its transport back to
the liver for recycling or excretion as bile. The collection of cholesterol from
the periphery and delivery back to the liver is known as the reverse choles-
terol transport pathway. The cardioprotective nature of HDL has been
shown in numerous epidemiological studies worldwide over the last 50 years.
A striking inverse correlation between HDL cholesterol and incidence of
CVD has been observed [18–21], strongly suggesting that a major risk factor
for CVD development is low-plasma HDL [22, 23]. Although the detailed
mechanisms of how cells efflux cholesterol to HDL and how HDL protects
against atherosclerosis are not fully elucidated, potential strategies to treat
and prevent CVD exist in raising plasma HDL levels [24].

VLDL Assembly and Secretion

The major apo component of chylomicrons, VLDL, and the sole apo of LDL
is a single apoB molecule per particle [12, 17]. Several excellent reviews
regarding the mechanism of VLDL assembly and secretion have been pub-
lished [16, 25, 26]. Gene targeting experiments in mice revealed that apoB is
the sole apo required for the secretion of a VLDL particle [27]. ApoB is
encoded by a single gene, though it occurs in two forms due to mRNA edit-
ing by a deaminase that converts codon 2153 from CAA (glutamine) to a stop
codon [28, 29]. The larger form, termed apoB100, is the sole form of apoB
secreted by the human liver and includes 100% of the mature protein. Human
apoB100 has 4536 amino acids and a calculated molecular weight of over 512
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kDa [30, 31]. The shorter form, apoB48, represents the N-terminal 48% of
apoB100 with 2152 amino acids and a calculated molecular weight of over
264 kDa [13]. ApoB48 is secreted by human intestine on chylomicrons
for transport of dietary lipids. While apoB100 is capable of an interaction
with the LDL receptor to mediate cellular uptake via endocytosis, apoB48
lacks the LDL-receptor interacting domain. It is initially counterintuitive
that chylomicrons can be up to ten times larger than VLDL and carry more
lipids, while at the same time they contain the shorter apoB protein. This
means that the C-terminal 52% of apoB100 is not necessary for acquisition
of large amounts of lipid during lipoprotein assembly. Both forms of apoB
are secreted by the liver of rats and mice [27], making these animals a more
challenging model in which to investigate lipoprotein metabolism as it applies
to humans.

Triacylglycerol Biosynthesis

The fatty acids present within the TG molecule are provided by dietary lipids
or are generated de novo. Variations in the composition and quantity of the
diet affect the rate of de novo fatty acid and TG synthesis to satisfy the body’s
demands for lipid (or energy) storage [32]. The source of the fatty acids for
TG synthesis varies depending upon the tissue [33]. For example, the entero-
cyte takes up dietary fatty acids and 2-monacylglycerols (MG) and resynthe-
sizes TG from these substrates primarily through the 2-monoacylglycerol
(MG) pathway. Hepatocytes take up fatty acids derived from remnant
lipoproteins and free fatty acids released from adipocytes. It is generally
accepted that the synthesis of TG is controlled primarily by the amount of
fatty acid available. Thus, de novo TG synthesis is enhanced only when fatty
acid synthesis or uptake exceeds the cellular need for energy and phospho-
lipid synthesis. In hepatocytes, as well as adipocytes, de novo TG synthesis is
primarily achieved through the glycerol-3-phosphate pathway (Fig. 7.1).

The Glycerol-3-Phosphate Pathway of TG Biosynthesis
The glycerol-3-phosphate pathway is the main route of TG biosynthesis in
nonenteric tissues. Briefly, it begins with the acylation of glycerol-3-phosphate
by glycerol-3-phosphate acyltransferase (GPAT) at the sn-1 position to form 
1-acylglycerol-3-phosphate. Subsequently, the acylation of 1-acylglycerol-3-
phosphate at the sn-2 position by 1-acylglycerol-3-phosphate acyltransferase
(AGPAT) (also referred to as lysophosphatidic acid acyltransferase) synthe-
sizes phosphatidic acid (PA). The hydrolysis of PA by phosphatidate phospho-
hydrolase (PAPH) generates sn-1,2-diacylglycerol (DG). DG is then acylated
to form TG via the action of diacylglycerol acyltransferase (DGAT). The
utilization of molecular cloning and gene targeting techniques has eluci-
dated many new insights regarding these enzymes and their regulation. The
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regulation of TG synthesis and its breakdown determines the quantity of TG
stored within a cell.

Glycerol-3-Phosphate Acyltransferase

GPAT represents the committed step for the synthesis of all glycerolipids.
Two isoforms for this enzyme exist. A mitochondrial GPAT has been cloned
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and demonstrated to be tightly regulated [34]. A microsomal GPAT activity
also exists, though a mammalian cDNA has not been cloned and its activity
appears to be largely unregulated [34]. The murine mitochondrial GPAT
cDNA is primarily expressed in liver, adipose, and muscle tissues [35].

The nutritional and hormonal regulation of the murine mitochondrial
GPAT is well characterized and occurs primarily at the transcriptional level.
Posttranslational reduction of mitochondrial GPAT activity has been
reported to occur upon stimulation of adenosine monophosphate-activated
kinase, a sensor of cellular fuel deprivation [36].

GPAT activity has strong links to obesity. For example, Zucker rats are a
commonly used model for obesity as well as insulin resistance. These animals
exhibit enhanced GPAT activity in both hepatic and adipose tissues [37]. The
regulation of mitochondrial GPAT is consistent with a function in reducing
TG synthesis and increasing oxidation when nutrients are limiting, and con-
versely to direct fatty acids toward TG synthesis and away from oxidation when
energy is in excess [38]. The localization of this GPAT activity on the cytosolic
surface of mitochondria also suggests a role in preventing fatty acids (more
accurately fatty acyl-CoAs) from entering this organelle and undergoing β-oxi-
dation under conditions of metabolic excess by converting it to 1-acylglycerol-
3-phosphate and thus directing the fatty acid towards TG synthesis (Fig. 7.1).

Acylglycerol-3-Phosphate Acyltransferase

This enzyme is also referred to as lysophosphatidic acid acyltransferase [34].
Several AGPAT cDNA sequences have been identified. Human and mouse
cDNAs of 2 and 1.8 kb, respectively that encode proteins with AGPAT activ-
ity were identified and designated AGPAT-1 [39, 40]. 3T3-L1 cells are a fibrob-
lastic preadipocyte cell line that can be differentiated into cells with an
adipocyte phenotype. AGPAT-1 overexpression in 3T3-L1 adipocytes inhib-
ited fatty acid release while promoting its uptake and TG storage [41].
Expression of AGPAT-1 mRNA has been observed in all tissues examined,
with highest expression in skeletal muscle [39, 40]. AGPAT-2 mRNA is
expressed at highest levels in the liver, heart, and adipose tissues, and much less
in other tissues [42, 43]. The protein encoded by the AGPAT-2 cDNA shares
48% homology with AGPAT-1 and is expressed at twofold higher levels than
AGPAT-1 in the adipose tissue, similar levels in liver and AGPAT-1 is
expressed at 1.8-fold greater levels than AGPAT-2 in skeletal muscle [44].
AGPAT-1 and -2 were localized to the endoplasmic reticulum (ER) membrane
[45, 46]. Several individuals with congenital generalized lipodystrophy were
discovered to have a variety of different mutations in the AGPAT-2 gene that
led to the production of a dysfunctional protein [44]. These observations
suggest that AGPAT-2 is necessary for TG synthesis in adipocytes. Three addi-
tional AGPAT cDNAs have been designated AGPAT-3, -4, and -5, respec-
tively. The corresponding mRNAs are barely detectable in liver, adipose, and
skeletal muscle and do not yet have a clearly identified function [44].
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Phosphatidic Acid Phosphohydrolase

Two forms of phosphatidic acid phosphohydrolase (PAPH) activity exist,
PAPH-1 and PAPH-2 (also called lipid phosphate phosphohydrolase). Several
cDNAs for the PAPH-2 family or lipid phosphate phosphohydrolases have been
cloned. These enzymes appear to play a role in signal transduction pathways by
generating the lipid second messenger, DG [47]. PAPH-1 activity exists in both
cytosol and microsomal fractions. It has been proposed that long-chain fatty
acids stimulate the translocation of PAPH-1 from the cytosol to the ER mem-
brane where PA is hydrolyzed to DG [48, 49]. A cDNA encoding an enzyme
with PAPH-1 activity has not been cloned, but this activity is considered as the
rate-limiting step for de novo TG synthesis. There is a strong correlation
between the activity of membrane-associated PAPH-1 and the rate of TG syn-
thesis [50]. PAPH-1 activity is subjected to dietary- and hormone-induced
changes [50]. PAPH-1 activity was increased 2–3-fold by glucagon, cyclic adeno-
sine monophosphate, and dexamethasone in primary rat hepatocytes [51–53]. It
was hypothesized that enhanced PAPH-1 activity enables the liver to increase its
ability to synthesize TG during the period of maximum feeding.

Diacylglycerol Acyltransferase

DGAT catalyzes the final step in TG synthesis. Two DGAT cDNAs have
been cloned. DGAT-1 is ubiquitously expressed in human and murine tissues,
with the highest levels of expression in the small intestine, colon, testis, thy-
mus, heart, and skeletal muscle [54]. The mammalian DGAT-2 cDNA is
unrelated to the mammalian DGAT-1 cDNA and was cloned based on its
homology with a fungal DGAT cDNA [55]. Both proteins have been local-
ized to microsomal membranes. DGAT-2 is highly expressed in liver and
adipose, which correlates with a high capacity to synthesize TG in these tis-
sues. Analysis of the predicted amino acid sequence from the DGAT-2
cDNA suggests the presence of a single transmembrane segment and a
domain with homology to the glycerol-binding domain of GPAT and
AGPAT. The glycerol-binding domain of DGAT-2 is predicted to be within
the ER lumen where the synthesis of TG would be ideally linked to the site
of VLDL assembly. There is an experimental evidence for the existence of
overt (cytosolic) and latent (lumenal) DGAT activities in microsomes [56].
Hence, different acyltransferases (or transacylases), acting in different sub-
cellular compartments could be involved in the synthesis of TG, and the
extent of their respective activities could channel TG preferentially for stor-
age within a cytosolic storage pool or towards the secretory pathway via
assembly into lipoproteins. Whether the DGAT-1 or -2 enzyme is responsible
for directing TG towards VLDL versus storage has been investigated.

Recently, adenovirus constructs were used to overexpress DGAT-1 or
DGAT-2 in mice [57]. Intriguingly the data showed that DGAT-1 over-
expression led to increased VLDL, while DGAT-2 overexpression led to TG
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accumulation in the liver. This supports the hypothesis that DGAT-1 activity
directs TG synthesis to the lumen of the ER where it is then available for
VLDL assembly, while DGAT-2 activity directs TG to cytoplasmic storage
pools. The precise contribution of DGAT-1 to TG synthesis was also exam-
ined in mice that had the Dgat-1 gene disrupted. The targeted deletion of the
Dgat-1 gene failed to eliminate the synthesis of TG in many tissues and
the level of plasma TG was normal [58, 59]. Dgat1−/− mice had dry fur that
did not repel water, and female mice had a defect in their ability to lactate
[58]. In addition, DGAT-1 null mice had a 50% reduction in fat pad content
and were resistant to weight gain when fed a high-fat diet that was associated
with a 15% increase in daily total energy expenditure. DGAT-1 null mice
had increased sensitivity to insulin and leptin. When Dgat1−/− mice were
crossed into the background of the obese leptin-deficient ob/ob mouse,
DGAT-1 deficiency did not affect energy and glucose metabolism [59]. In
addition, DGAT-2 expression was increased in ob/ob mice, suggesting that
the leptin pathway directly downregulates DGAT-2 expression. In the
absence of leptin, DGAT-2 sufficiently compensated for the loss of DGAT-
1-mediated TG synthesis [59, 60]. Further, others have observed a threefold
increase in overt and latent DGAT activities in liver microsomes from obese
ob/ob mice relative to lean controls [61]. DGAT-1 was not necessary for intes-
tinal TG absorption and chylomicron synthesis, although a high-fat diet
caused accumulation of cytosolic TG within the enterocytes of Dgat1−/−
mice [62]. Together, these results suggest that DGAT-2 (or possibly diacyl-
glycerol transacylase (DGTA)—discussed later) activities sufficiently com-
pensated for the targeted deletion of the DGAT-1 gene in many tissues.

Disruption of the Dgat-2 gene resulted in lethality shortly after birth [63],
revealing a developmental requirement of this gene product that is not com-
pensated by DGAT-1. Surprising insights into a role of DGAT-2 in provision
of lipids involved in regulating the permeability of the skin were also
revealed. The skin defects in these mice were much more profound than those
in DGAT-1 null mice. The phenotypes demonstrate that DGAT-1 and -2 have
different roles in TG metabolism. Tissue-specific disruption of Dgat-2 may
contribute to a better understanding of how this enzyme participates in var-
ious cellular processes.

Diacylglycerol Transacylase

As indicated in Fig. 7.1, fatty acyl coenzyme A (acyl-CoA) plays a central role
in TG biosynthesis. Acyl-CoA-independent mechanisms for TG formation
are also present in animal tissues. The isolation of a DGTA from enteric
microsomes demonstrated that the transacylation between two 1,2-DG mole-
cules to form TG and MG occurs [64]. The relative contribution of this path-
way to TG synthesis is unknown because enzymes of the MG and PA pathways
exist in the same subcellular compartment and must be dissected apart to
discern these details. DGTA activity is low when compared to total DGAT
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activity [64, 65], however, the presence of DGTA may be important for the syn-
thesis of TG within the ER lumen, since transport of acyl-CoA across the ER
membrane would not be required for this route of TG synthesis [66].

Monoacylglycerol Pathway of TG Biosynthesis
Within the intestinal lumen, lipases hydrolyze TG to free fatty acids and 2-MG.
MG is taken up by enterocytes and undergoes resynthesis back to TG. This
process is initially catalyzed by monoacylglycerol acyltransferase (MGAT) to
synthesize DG, which then serves as a substrate for DGAT or DGTA. Most of
the TG generated by the intestine is secreted as chylomicron particles.

Monoacylglycerol Acyltransferase

MGAT activity in the small intestine is primarily responsible for the acyla-
tion of dietary MGs. In liver, MGAT activity is higher in diabetic animals,
but low in obese Zucker rats [37, 67]. Significant levels of MGAT activity are
detected in white adipose tissue and kidney [37, 68]. The different chromato-
graphic and inhibition profiles of the rat intestinal and hepatic MGAT activ-
ities suggested that MGAT activity represents tissue-specific isoenzymes [69,
70]. A murine cDNA was identified as encoding a protein that possessed
MGAT activity when expressed in insect cells [71]. This gene, designated as
MGAT-1, is expressed in stomach, kidney, liver, and adipose tissues of the
mouse. Interestingly, MGAT-1 was not expressed in the small intestine, again
suggesting the existence of an additional MGAT gene. Following this,
MGAT-2 and -3 have been identified, and their respective cDNAs have been
cloned [72, 73]. MGAT-2 shows highest expression in the small intestine, with
lower amounts of the mRNA detectable in kidney, adipose, and stomach.
This enzyme was described as also for possessing a weak DGAT activity in
transfected cells. MGAT-3 expression appears to be exclusive to the small
intestine and is most abundant in the ileum. Both MGAT-2 and -3 are thus
implicated in the process of dietary fat absorption.

Subcellular Distribution of Fatty Acyl-CoA for Lipid
Synthesis

The subcellular localization of activated fatty acid that is fatty acyl-CoA, at
the ER membrane for utilization by various acyltransferases including
DGAT and MGAT is presently unclear. One possibility is that microsomal
acyltransferases (which are typically transmembrane proteins) utilize acyl-
CoA strictly from the cytosolic pool. A second possibility is the transfer of
fatty acids across the ER membrane as acylcarnitine derivatives. Microsomal
carnitine acyltransferases have been demonstrated to exist [74, 75]. Since
tolbutamide inhibits microsomal carnitine acyltransferase and suppresses
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VLDL secretion by hepatocytes, it seems reasonable to hypothesize that the
microsomal carnitine acyltransferase system is an important component for
the delivery of fatty acids to the ER lumen [76, 77]. However, more recent
studies suggest that the observed microsomal carnitine acyltransferase activ-
ities may have been a result of contamination of microsomes with mitochon-
dria [78, 79].

Phosphatidylcholine Biosynthesis

The primary phospholipid found on lipoproteins is phosphatidylcholine (PC)
[14]. Two biochemical pathways for PC synthesis exist. One pathway is essen-
tially liver specific and involves the conversion of phosphatidylethanolamine
to PC via three consecutive methylation reactions that are all catalyzed
by the enzyme phosphatidylethanolamine N-methyltransferase (PEMT) [80].
S-Adenosylmethionine is utilized by this enzyme as the donor of the methyl
group to produce S-adenosylhomocysteine, which is subsequently converted to
homocysteine. Plasma homocysteine levels are an independent risk factor for
the development of CVD [81]. Disruption of the Pemt gene resulted in a 50%
reduction in plasma homocysteine in mice [82], demonstrating that the PEMT
reaction has a very significant impact on plasma levels of this molecule, and is
important with respect to CVD development beyond VLDL production. The
PEMT null mice also rapidly develop liver failure on a choline-deficient diet
compared to wild-type mice [83]. The mechanism for this is related to a sensi-
tivity towards the loss of PC in bile [84].

The predominant pathway for PC synthesis is found in all nucleated cells
[85]. The process begins with the uptake of dietary choline, as choline is
not manufactured in animal cells other than via methylation of phos-
phatidylethanolamine to PC followed by hydrolysis of the choline group [86].
Following uptake, choline is rapidly phosphorylated to phosphocholine by
choline kinase [87]. Phosphocholine is combined with cytidine triphosphate
(rather than adenosine triphosphate encountered in many biological reac-
tions) in a rate-limiting reaction catalyzed by cytidine triphosphate:phospho-
choline cytidylyltransferase (CCT) to form cytidine diphosphocholine
(CDP-choline) [86]. There are two mammalian genes that encode isoforms of
CCT, and the two genes exhibit tissue-specific expression. One gene encodes
CCT-α, which is expressed in most tissues [88], with high expression in testis,
lung, liver, and ovary. Subcellularly, CCT-α is found most abundantly in the
nucleus [89], with lower amounts associated with the ER and the cytosol [88].
The second gene encodes CCT-β, which is most predominant in the brain
[90], and is localized to the ER. Alternate splicing of the CCT-β gene results
in at least two mRNAs termed CCT-β2 and CCT-β3. Current biochemical
data have not distinguished a unique, nonredundant role for the CCT-β iso-
forms in cell or tissue function, although disruption of CCT-β2 produced
gonadal dysfunction in both male and female mice [91]. No overt defects
were found in the brain. An additional splice variation of the CCT-β gene
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gives rise to a CCT-β1 transcript found in the expressed sequence tag data-
base [90], however, the protein has not been detected in either mouse or
human tissues. Therefore, the existence of this protein remains speculative.

In a final step towards this phospholipid synthesis, CDP-choline is com-
bined with 1,2-DG to form PC in a reaction catalyzed by CDP-choline:1,2-
diacylglycerol cholinephosphotransferase. This enzyme and PEMT are
localized to the ER where the majority of phospholipid synthesis occurs. It is
currently unclear which pathway is of primary importance with respect to
VLDL assembly, as evidence for both has been presented [92–94].

Summary of Cholesterol Biosynthesis

Cholesterol and CE are relatively minor, but important components of VLDL
[14]. Beyond lipoproteins, cholesterol is used for membrane biogenesis, cell
growth, steroid hormones, and bile acids (reviewed in [95]). The cholesterol
biosynthetic pathway is complex and involves numerous enzymes, which are
localized to the cytosol, ER, and peroxisomes [96]. The ultimate synthesis of
this molecule occurs in the ER. The entire cholesterol biosynthetic route will
not be reviewed here. The rate-limiting step in cholesterol biosynthesis occurs
early in the pathway, and is catalyzed by 3-hydroxy-3-methylglutarly-CoA
reductase. This enzyme’s activity is regulated by cellular cholesterol levels.
Chemical inhibition of this enzyme by the statin family of drugs has been used
therapeutically to reduce plasma cholesterol levels [97]. Owing to their ability
to lower plasma LDL cholesterol, the use of statins has shown a marked reduc-
tion in coronary events, especially in people with hypercholesterolemia.

Because cholesterol in membranes affects their fluidity, cholesterol is ester-
ified for storage in lipid droplets. Esterification is mediated by acyl-CoA:cho-
lesterol acyltransferase (ACAT) [98]. ACAT is thought to play an important
role in membrane biology by maintaining the free sterol content of mem-
branes within ranges optimal for proper cell function. Two isoforms of
ACAT are encoded by separate genes [99]. ACAT-1 is found ubiquitously
throughout the body, while ACAT-2 is expressed in liver and intestine. Both
isoforms are localized to the ER membrane.

Provision of Lipid for VLDL Assembly

The liver has the ability to store neutral lipids or secrete them into the circula-
tion as VLDL particles, thereby regulating storage and secretion with the energy
needs of the body [16, 25]. Exogenous fatty acids taken up by hepatocytes are
not directly utilized for secretion as VLDL-associated TG, but enter an intra-
cellular storage pool of TG [100, 101]. In the postabsorptive state, stored TG is
released by the liver as VLDL [100]. On average, a normal adult human liver
stores about 5 µmol TG per gram of liver weight, though the liver has the capac-
ity to store much larger quantities of TG [102].
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A plethora of studies have been performed in hepatocytes to investigate
VLDL assembly and secretion. These include the hepatoma cell lines
McArdle RH7777 and HepG2 as well as primary hepatocytes isolated from
rats, hamsters, and mice. ApoB, the main protein component of VLDL, is
translated on ribosomes associated with the rough ER. The transcription
and translation of apoB is continuous so that newly synthesized apoB is
always available for assembly with lipids for secretion [103]. Lipid availabil-
ity determines the percentage of apoB that is assembled into secretion-com-
petent lipoprotein particles versus that which is misfolded and targeted for
degradation [15, 103–105]. The relative importance of each core lipid in the
assembly of VLDL is a fundamental issue that has been explored using a
variety of methods. There is general agreement that stimulation of hepatic
TG synthesis will also augment the secretion of TG and apoB [15, 106,
107]. In contrast, there is debate over whether or not CE biosynthesis alters
VLDL and apoB secretion. Mice virtually devoid of hepatic ACAT activ-
ity, the enzyme catalyzing CE formation, still synthesize and secrete apoB-
containing lipoproteins, although the particles were of smaller size than
those produced from wild-type mice [108]. Counter to these studies, how-
ever, the overexpression of ACAT in McArdle RH7777 cells resulted in
increased synthesis, cellular accumulation, and secretion of CE [109].
Decreased intracellular degradation and increased secretion of apoB were
also observed. Overexpression of DGAT-1 in this cell line had similar
effects in that increased TG levels and apoB secretion were encountered,
reflecting the critical importance of neutral lipid availability in VLDL
production.

It is generally accepted that the assembly of VLDL particles takes place in
two or more steps [15, 110]. Studies using McArdle RH7777 cells and pri-
mary rat hepatocytes demonstrated that the newly translated apoB is not
integrated into microsomal membranes, but is initially associated with the
lumenal side of the ER membrane in a peripheral fashion [111, 112]. In the
first step of VLDL assembly, apoB is partially lipidated with small quantities
of TG, phospholipid, and cholesterol forming a dense primordial particle.
Since apoB is a large hydrophobic protein, chaperone-assisted folding of
apoB appears to be necessary during its translation and translocation into the
ER lumen [113, 114]. The subsequent addition of the bulk of the neutral
lipid to the small dense apoB-containing entity represents the second step
and results in a very low-density apoB-containing particle that may be
secreted from the hepatocyte and into the circulatory system.

There is currently debate in the literature about the location and mode of
assembly of VLDL particles. Several studies demonstrated that both steps in
VLDL assembly are complete before the particle enters the Golgi apparatus
in primary hepatocytes and in McArdle RH7777 cells [115–117]. Alternately,
completion of VLDL assembly may occur in post-ER or in the Golgi com-
partment [118, 119].
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Regulation of VLDL Secretion

In hepatoma cells, active synthesis of lipids drives VLDL secretion. Oleic
acid promotes apoB secretion by hepatoma cells through increased TG
synthesis and lipid availability [120, 121]. Triacsin D blocked oleic acid-
stimulated apoB secretion through the inhibition of TG synthesis without
affecting CE synthesis [122]. It has been suggested that CE synthesis has a
regulatory role in VLDL synthesis [123, 124]. However targeted deletion of
the ACAT genes in the mouse failed to demonstrate that CE synthesis was
essential for lipoprotein production [108, 125]. PC synthesis, a quantitatively
small component of VLDL, is a potential regulator of VLDL assembly and
secretion [92, 94, 126].

Stearoyl-CoA desaturase (SCD) catalyzes the synthesis of monounsatu-
rated fatty acids from saturated fatty acids. SCD-1-deficient mice have
impaired TG and CE synthesis [127]. Furthermore, these mice secrete lower
levels of TG on VLDL [127, 128]. SCD-1 expression is tightly regulated by
insulin and carbohydrates [129]. High-carbohydrate diets enhance the syn-
thesis and secretion of TG by the liver and the hepatic secretion of TG on
VLDL by SCD-1-deficient mice do not respond to a high-carbohydrate diet,
suggesting that SCD-1 can regulate VLDL secretion [129, 130].

Origin of TG for VLDL Assembly and the Role 
of Microsomal Triglyceride Transfer Protein
A lingering debate addresses the location of the storage pool of TG that is
utilized for lipidation of primordial apoB-containing particles (the second
step of apoB lipidation). Fatty acids can be synthesized or taken up by hepa-
tocytes, but enter an intracellular storage pool as TG and are not secreted
directly [77]. The bulk of hepatic TG is stored in cytoplasmic lipid droplets.
It remains unclear how TG from the cytosol-facing ER-associated TG
droplet is recruited to the lumen of the ER for VLDL assembly. A non-apoB-
associated neutral lipid droplet has been observed by electron microscopy
within the lumen of the smooth ER, and hypothesized to be the source of
the bulk of the lipid for the primordial VLDL particle [131]. Non-apoB-
associated neutral lipid droplets in the ER lumen of hepatocytes has subse-
quently been demonstrated in several reports [132, 133]. Since TG cannot
diffuse across the ER bilayer en bloc, the lumenal lipid droplet is presumably
derived from both de novo synthesized TG and from cytoplasmic TG stores
in a process that involves microsomal triglyceride transfer protein (MTP).
MTP is composed of a 97-kDa subunit that is complexed with the ER-fold-
ing chaperone protein disulfide isomerase [134, 135]. MTP has the ability to
transfer lipid between liposomes. This activity appears to be essential for
transferring the bulk of triglycerides into the lumen of the ER for VLDL
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assembly [136]. MTP-dependent formation of apoB-free TG-rich droplets
within the ER lumen may fuse with the primordial apoB-containing particle
[137]. While the formation of the lipid droplet within the ER lumen is thought
to be dependent upon MTP, the bulk lipidation of the apoB particle may be
MTP independent [111, 132, 136, 138]. Inhibition of MTP caused apoB to be
cotranslationally degraded at an early stage in lipoprotein assembly [139].

MTP has been identified as the defective gene in abetalipoproteinemia
[140, 141]. Abetalipoproteinemia is a rare disease associated with the absence
of apoB-containing lipoproteins in plasma and malabsorption of fat-soluble
vitamins causing severe spinocerebellar and retinal degeneration. In mice,
homozygous disruption of the Mtp gene results in embryonic lethality [142].
Liver-specific gene disruption of Mtp resulted in striking reductions in
plasma apoB, VLDL triglycerides, and large reductions in both VLDL/LDL
and HDL-associated cholesterol [136]. MTP inhibitors have been used as
therapeutic agents in clinical trials for hypercholesterolemia in humans
(reviewed in [143]). Although very impressive results were achieved with
respect to plasma lipids, safety concerns arose regarding absorption of fat-
soluble vitamins as well as steatosis of the liver.

Stored TG Undergoes Lipolysis and Reesterification Prior
to VLDL Assembly
Several studies from various laboratories have demonstrated that only a
minor fraction of TG in VLDL originates from de novo synthesis, while the
majority (60–70%) is derived from preformed TG storage pools (reviewed by
[102]). Further, several groups, using different experimental approaches, have
quantitatively determined that stored TG within hepatocytes undergoes a
cycle of lipolysis followed by reesterification prior to secretion on VLDL par-
ticles. A proportion of the TG is secreted as VLDL, though the majority of
the reesterified TG gets returned to storage depots.

Dual radioisotope labeling studies in primary rat hepacytes by Wiggins and
Gibbons [77] yielded two significant observations: (i) a 70% of the VLDL-TG
is derived from the storage pool and (ii) the quantity of hydrolyzed TG that
returned to the intracellular storage pool amounted to 1 pool per day, which
was estimated to be 2–3 times greater than required to maintain TG secretion.
The majority of TG that undergoes lipolysis and reesterification was returned
to storage pools.

Lankester et al. [144] also used a dual radiolabeling technique to differenti-
ate between the incorporation of acyl chains into TG that were derived from
exogenous and endogenous fatty acids. The stored TG was prelabeled with [3H]
oleate and then cultured a further 3 h with [14C] oleate. The authors observed
exogenous [14C] fatty acids contributed only approximately 17% of total acyl
chains secreted as TG, indicating that the majority of the acyl chains were
derived from the prelabeled TG stores. Furthermore, the authors demonstrated
that the TG was not hydrolyzed completely to fatty acid and glycerol. Since the
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[3H] fatty acids derived from radiolabeled TG was not available to the same
extent as exogenous [14C] fatty acids for oxidation, [3H]-labeled TG undergoes
incomplete lipolysis to DG and is available for resynthesis as secreted TG.

Yang et al. [145] used chiral and reverse-phase high-pressure liquid chro-
matography with mass spectrometry to reveal similarities in positional distri-
bution and molecular association in the 1,2-DG acyl chains of secreted TG
on VLDL and stored hepatic TG. However, the 2,3-DG acyl chains of
secreted TG on VLDL were different from the stored hepatic TG. These
authors calculated that 60% of secreted TG was derived via lipolysis to DG
followed by reesterification and 40% of secreted TG could have been derived
from de novo TG synthesis. These authors added further evidence through
the analyses of secreted TG following labeling of stored TG by [3H] fatty
acids or glycerol. The authors deduced that 30–40% of the glycerol and fatty
acids in TG on VLDL are not direct products of TG stored within the liver
[146]. Taken together, the data is consistent with a proportion of the TG
stored within the liver undergoing lipolysis to DG/MG, which is reesterified
to TG that is available for secretion on VLDL or returned to storage pools in
a futile cycle.

Enzymes Handling TG for VLDL should Localize 
to the ER
Since apoB-containing lipoproteins are at least partly assembled within the
ER lumen, it is likely that the synthesis of TG for VLDL assembly must be
directed towards that compartment. The molecular mechanism and intracel-
lular location of the enzymes responsible for the lipolysis and resynthesis of
TG for VLDL secretion remain obscure, but requires ER-localized DGAT
and possibly MGAT. The TG lipolysis may take place at sites where the ER
membrane is in contact with cytosolic lipid droplets [147, 148]. At these con-
tact points, lipolytic products would have increased solubility within the ER
membrane and would encounter the TG-synthetic enzymes located within
the ER membrane as opposed to being directed towards the oxidative path-
way in the mitochondria [102]. This ER localization would promote resyn-
thesis of TG at or in proximity to the site of VLDL assembly. TG that is not
assembled onto apoB may be returned to storage pools. There has been sub-
stantial progress towards identifying and characterizing the lipase responsi-
ble for mobilizing stored TG for VLDL assembly. It has been established that
this lipolysis is not catalyzed by lysosomal (acidic) lipase [77]. Additionally,
the well-described cytosolic hormone-sensitive lipase (HSL) [149] is not
found in appreciable quantities in the liver. Importantly, expression of HSL
in HepG2 cells directed fatty acids into the oxidative pathway as opposed to
the secretory pathway [150], supporting the concept that the subcellular
localization of any TG lipase is crucial in directing the fate of the products of
lipolysis.
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Triacylglycerol Hydrolase
It was an important advance when triacylglycerol hydrolase (TGH) was puri-
fied from porcine liver microsomes and characterized [151]. TGH accounts for
approximately 70% of hepatic microsomal lipolytic activity. The purified pro-
tein was isolated by solubilization by the zwitterionic detergent, 3-[(3-cholami-
dopropyl)dimethylammonio]-1-propanesulfonate (CHAPS) and subsequent
column chromatography to yield a single protein band with an apparent molec-
ular mass of ~60 kDa in SDS-PAGE. TGH hydrolyzes long-, medium- and
short-chain TGs. It does not hydrolyze phospholipids or acyl-CoA thioesters.
Divalent cations are not required for optimal lipolytic activity. The enzyme has
a neutral pH optimum and is inactivated by the lipase inhibitors tetrahydrolip-
statin, diethyl-p-nitrophenyl phosphate (E600) and diisopropyl fluorophos-
phate, indicating that it is a serine esterase [151, 152]. The N-terminal sequences
of purified porcine TGH were found to be identical to that of porcine proline-
β-naphthylamidase [153]. TGH expression was immunodetected in livers from
humans, rats, mice, hamsters, and cows [152]. In rodents, TGH is highly
expressed in liver and adipose tissue with lesser levels found in heart, kidney,
and small intestine, while in humans TGH is mainly expressed in the liver, adi-
pose, and small intestine [154]. TGH was subsequently purified from human
and murine liver microsomes, and cDNAs for rat, mouse, and human TGH
have been cloned [155–157]. These cDNAs are predicted to encode proteins of
565 amino acids for rat and mouse and 568 amino acids for human. In addi-
tion to mobility on SDS-PAGE, the calculated molecular masses of these pro-
teins are also ~60 kDa from the amino acid sequences derived from the cDNAs.
The murine and human TGH proteins share 92% identity and rat and human
proteins share 93% identity at the amino acid level [154]. Sequence analysis
showed that TGH has minimal amino acid identity to previously identified
lipases, and is more closely related to the family of mammalian car-
boxylesterases (EC 3.1.1.1) [154]. Both the TGH mRNA and protein are
expressed in mouse and rat liver toward the end of the suckling period [152,
158], which coincides with ontogeny of VLDL secretion. This altered TGH
expression appears to be related to dietary changes at the time of weaning and
independent of hepatic differentiation because TGH expression was
unchanged in regenerating livers that undergo dedifferentiation and acquire
fetal and neonatal features following partial hepatectomy [152]. The transcrip-
tion factor, Sp1 has been implicated in the dramatic increase in hepatic TGH
mRNA and protein observed during the suckling/weaning transition in mice
[158]. The TGH genes are located within a cluster of carboxylesterase genes on
mouse and human chromosomes 8 and 16, respectively. Both the murine and
human TGH genes span approximately 30 kb and contain 14 exons [154].

Localization of TGH

If TGH activity were a component of the pathway for assembly and secretion
of apoB-containing lipoprotein particles, then it would be anticipated that
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TGH would be expressed in tissues that have the ability to synthesize and
secrete apoB-containing lipoproteins. The high level of TGH expression in
the liver is consistent with its involvement in the mobilization of intracellular
TG stores for VLDL secretion [154, 159]. Immunocytochemical studies local-
ize TGH expression exclusively to adult hepatocytes surrounding the capil-
lary vessels leading to the central vein [152]. This region of the liver is most
likely to be active in lipoprotein production and secretion. TGH cosediments
with ER- and mitochondria-associated membranes [152], which have been
demonstrated to contain enzymatic activities required for synthesis and
assembly of lipoproteins [160]. Rat TGH could only be detected in liver
parenchymal cells, but not Kupffer or endothelial cells [161].

Mechanism of How TGH Participates in VLDL Assembly

In rodents, TGH is highly expressed in liver and adipose tissue with lesser lev-
els found in heart, kidney, and small intestine, while in humans TGH is
mainly expressed in the liver, adipose, and small intestine [154]. TGH
hydrolyzes stored TG and, in the liver, the lipolytic products are made avail-
able for VLDL synthesis [155, 162]. A similar function has been hypothesized
for TGH in the small intestine regarding chylomicron assembly, although this
remains to be demonstrated. A role for TGH in basal TG lipolysis in
adipocytes has been described [163].

In a model of TG mobilization for VLDL assembly, TGH acts to
hydrolyze TG in lipid-storage droplets that are associated with the ER. The
lumenal lipid droplet is derived from cytoplasmic stores in a process that
involves MTP. Lipolysis of TG to DG/MG would make the lipolytic products
more soluble in the membrane, thereby facilitating the efficient transfer of
the acylglycerols for resynthesis to TG by lumenally oriented acyltransferases
and availability to a developing apoB-containing entity. TG that is not assem-
bled onto apoB may be returned to either cytosolic or lumenal storage pools
in a futile cycle. Importantly, TGH does not hydrolyze apoB-associated lipids
within the ER, which suggest a vectored movement of lipids from ER-local-
ized TG to nascent apoB lipoproteins [164].

Regulation of Hepatic TG Lipolysis and Reesterification
Since it has been demonstrated that intracellular TG lipolysis and reesteri-
fication was necessary for the efficient recruitment of stored TG for VLDL
assembly, then altering the rate of hepatic TG lipolysis and reesterification
could control the rate of VLDL secretion. Glucose increased hepatic TG
secretion and increased the dilution of the glycerol label in prelabeled TG,
consistent with increased lipolysis and reesterification [130, 165, 166]. In
addition, it was found that glucose phosphorylation was a necessary event
for increased lipolysis and reesterification since mannoheptulose, an
inhibitor of glucose phosphorylation, abolished the stimulatory effect of
glucose [166].
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TGH expression was not affected by supplementation of the diet with 20%
fatty acid, regardless of the degree of saturation [167]. Therefore, it appears
that a high-fat diet does not alter the level of hepatic TGH-mediated lipoly-
sis. Including cholesterol with the high-fat diet, however, increased murine
hepatic TGH expression approximately twofold. This induction of TGH
expression is consistent with the observed induction of the orthologous
human TGH expression by incubation of human macrophages with exoge-
nous LDL [168, 169]. Although sequences that bear some similarity to sterol
response elements exist in the murine TGH proximal promoter, the function-
ality of these sequences has not been determined [158]. Further, the enforced
expression of a nuclear form of sterol regulatory elements binding protein
(SREBP)-1a in transgenic mice did not alter TGH mRNA expression in the
liver (R. Lehner and D.E. Vance, unpublished observation). It is currently
unclear whether the cholesterol-mediated regulation of TGH expression is
due to SREBPs, oxysterol nuclear receptors, or an indirect mechanism. It is
important to note that hypercholesterolemic ApoE−/− mice also have a three-
fold higher level of hepatic TGH expression than wild-type mice [170], sup-
porting a role for cholesterol in influencing TGH expression in liver.

Because the action of TGH generates fatty acids from TG, and the murine
TGH promoter has a peroxisomal proliferator-activated receptor (PPAR)-
like response element, an investigation into whether PPARs are involved in
TGH expression was performed using PPAR agonists [167]. The data indicate
that PPAR-α and PPAR-γ agonists can alter TGH expression, but the
changes reflect secondary responses, and PPARs are not directly involved in
TGH expression [167]. This suggests that TGH expression is not directly reg-
ulated by PPARs or fatty acids both in the liver and adipose tissue.

Conclusions and Future Perspectives

The cloning and characterization of enzymes involved in TG synthesis and
intracellular lipolysis constitute a major advance in this field. Further
research using animal models in which the various genes coding for hepatic
acyltransferases and TGH are ablated should address detailed correlations of
the enzymes in the mobilization of hepatic lipid for VLDL assembly.
Concerted cell biology and proteomics efforts should delineate interactions
of the various proteins involved in the vectorial movement of lipids towards
lipidation of apoB in the ER.
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Oxidatively Modified Low-Density
Lipoproteins and Thrombosis

GARRY X. SHEN

Abstract
The atherothrombogenecity of low-density lipoprotein (LDL) is considerably
increased following oxidative modification by a group of chemical, physical, or bio-
logical agents. Multiple lines of evidence suggest the presence of oxidized LDL
(oxLDL) in human tissues and circulation. Elevated levels of oxLDL or its antibodies
were detected in patients with atherosclerotic coronary artery disease or venous throm-
bosis. OxLDL or minimally modified LDL, including glycated LDL, upregulates the
expression of factors promoting coagulation, antifibrinolysis, or platelet aggregation in
vascular cells. The prothrombotic effects of oxidatively modified LDL may partially
result from their stimulatory effects on inflammatory regulators or stress response
mediators. Large clinical trials demonstrated that 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase inhibitors, statins, effectively reduced ischemic events
or deaths in cardiac or diabetic patients with or without hypercholesterolemia. The car-
diac beneficial effect of statins may be partially due to the pleiotropic effects of statins
on thrombosis-related factors or oxidative stress. Angiotensin-converting enzymes
(ACE) inhibitors and angiotensin II (AII) receptor antagonists inhibit the oxidation of
LDL, which may contribute to their effects on reducing platelet activation, thrombo-
sis, and endothelial dysfunction. Accumulating data suggest the crucial role of oxida-
tively modified LDL in the development of thrombosis in addition to atherosclerosis.
Pharmacological treatment with statins or AII antagonists potentially prevents throm-
bosis through their negative impact on the oxidation of LDL.

Keywords: angiotensin II antagonists; endothelial dysfunction; oxidized LDL; inflam-
mation; statins; thrombosis

Abbreviations: LDL: low-density lipoprotein, IHD: ischemic heart disease, oxLDL:
oxidized LDL, SR: scavenger receptor, SMC: smooth muscle cells, EC: endothelial
cells, ACS: acute coronary syndrome, MI: myocardial infarction, HDL: high-density
lipoprotein, APS: antiphospholipid syndrome, SLE: systematic lupus erythematosus,
TF: tissue factor, TFPI: tissue factor pathway inhibitor, APC: activated protein C,
EPCR: endothelial cell protein C receptor, tPA: tissue plasminogen activator,
uPA: urokinase plasminogen activator, PAI-1: plasminogen activator inhibitor-1,
VLDL: very low-density lipoprotein, vWF: von Willebrand factor, NO: nitric oxide,
MCP-1: monocyte chemoattractant protein-1, TNF-α: tumor necrosis factor-α,
ICAM-1: intracellular adhesion molecule-1, VCAM-1: vascular cell adhesion 
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molecule-1, HSP: heat shock protein, HMG-CoA: 3-hydroxy-3-methylglutaryl coen-
zyme A, Statins: HMG-CoA reductase inhibitors, F1+2: prothrombin fragment 1+2,
AII: angiotension II, ACE: angiotensin-converting enzyme, AT1: AII receptor type 1

Introduction

Low-density lipoprotein (LDL) is an independent risk factor for ischemic
heart disease (IHD) [1]. LDL is removed from blood circulation via the LDL
receptor [2]. LDL may be oxidatively modified by a group of biological fac-
tors or cells in vitro or in vivo. Particles of oxidized LDL (oxLDL) are recog-
nized by various scavenger receptors (SR) on the surface of vascular smooth
muscle cells (SMC), endothelial cells (EC), and macrophages [3, 4]. Oxidative
modification substantially increases the atherogenecity of LDL [5]. Growing
amounts of evidence suggest that oxLDL also affects the processes of coag-
ulation, fibrinolysis, platelet activation, and thrombosis [6, 7]. This chapter
summarizes up-to-date information on the role of oxLDL in thrombogenesis
and potential pharmacological management.

Thrombosis and Cardiovascular Events

Thrombosis at the sites of atherosclerotic lesions is a common cause of acute
coronary syndrome (ACS). ACS is the leading cause of morbidity and mor-
tality in North America [8]. Thrombus has been frequently detected in coro-
nary arteries of patients with acute myocardial infarction (MI), unstable
angina, or sudden death [9]. Vulnerable plaques have been considered as trig-
gers for thrombogenesis and ACS [10]. Exposure of blood components to
rough surfaces of plaques may trigger platelet aggregation, coagulation, and
the formation of fibrin clots. Under normal condition, fibrin clots are quickly
cleared through fibrinolysis. When the activity of fibrinolysis is reduced, fib-
rin clots may develop to thrombus [11]. Intravascular thrombosis may cause
ischemia in tissues or organs where blood supply relies on the involved artery.

LDL and Cardiovascular Diseases

LDL is the major carrier of cholesterol in blood circulation. Apolipoprotein
B-100 is the sole apolipoprotein in LDL. The lipid core of LDL is composed
of cholesterol, cholesteryl esters, triglycerides, and phospholipids. LDL may
be subclassed to small dense and large LDL based on their sizes, density,
and lipid components. Small dense LDL contains relatively abundant
amounts of triglycerides compared to large LDL. The levels of small dense
LDL are closely associated with the incidences of IHD and diabetes [12].
LDL transports cholesterol to peripheral tissues for the synthesis of cellular
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membrane and steroid hormones. Peripheral cells internalize LDL through
the LDL receptors and clathrin vesicle-dependent endocytosis [13]. The
expression of the LDL receptor is negatively regulated by intracellular cho-
lesterol [14]. Increased levels of LDL and accelerated development of ather-
osclerosis were found in humans and animals with deficiency or mutation of
LDL receptor [15, 16].

Oxidative Modification of LDL

LDL modified by copper ion or acetylation may be incorporated into
macrophages or SMC [17]. Biological products (hypochloride, peroxynitrite,
or glucose), prolonged exposure to cells (EC, SMC, or monocytes), or phys-
ical factors (ultraviolet or radiation) may also oxidatively modify LDL [18,
19]. Increased peroxidation products are detected in glycated or cell-modified
LDL, which have been known as minimally modified LDL [20, 21].
Glycation increases the susceptibility of LDL to oxidation [22]. Increased
levels of glycated LDL have been detected in diabetic patients [23]. Modified
LDL particles are recognized and incorporated into macrophages, SMC, or
EC via SR or other receptors. SR-AI/II mediates the uptake of oxLDL, but
not acetyl-LDL. SR-BI mediates the uptake of oxLDL, acetyl-LDL, and
high-density lipoprotein (HDL) [24]. CD36 is a type of SR-B, but it is
expressed in EC in addition to macrophages [25]. Lectin-like oxLDL recep-
tor-1 is another type of receptor mediating the uptake of oxLDL into EC
[26]. Receptors specifically mediating the uptake of glycated LDL have not
been identified. The oxidative derivative of glycated LDL is potentially rec-
ognized by SR or receptor for advanced glycation end products [27].

Existence of OxLDL in Human Body

The presence of oxLDL in tissue or blood circulation of humans has been a
controversial issue for decades. Antigens of oxLDL were detected in diet-
induced atherosclerotic animals and human atherosclerotic lesions in late
1980s [28]. OxLDL is associated with SMC- or macrophage-derived foam
cells and necrotic lipid core in atherosclerotic lesions [29]. Increased levels of
autoantibody against malondialdehyde-LDL were detected in plasma of
patients with IHD [30]. Increased levels of oxLDL antigen were recently
detected in blood circulation of patients with cardiac events [31].

OxLDL and Thrombosis

OxLDL has been considered as a risk factor for atherothrombosis [32]. In
comparison to atherosclerosis, the role of oxLDL in thrombosis has been less
well understood. Since increased levels of LDL and oxidative stress often
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coexist with other risk factors (diabetes, hypercholesterolemia, hyper-
glycemia, hypertriglyceridemia, and low HDL-cholesterol), it is often diffi-
cult to separate the effect of oxLDL from the other risk factors. High
incidences of thrombosis are characteristic in patients with antiphospholipid
syndrome (APS) or systemic lupus erythematosus (SLE). Elevated levels of
autoantibody against oxLDL were correlated with venous thrombosis in SLE
patients in a cohort study [33]. Significantly increased levels of oxLDL and
its antibody were detected in APS patients compared to healthy subjects, or
in APS patients with thrombosis compared to those without [34]. Circulating
oxLDL may form complexes with β2-glycoprotein I. High levels of oxLDL-
β2-glycoprotein I complex were associated with arterial thrombosis in APS
patients [35]. These findings suggest that oxLDL may cause thrombosis
in patients with immunological disorders. The effects of oxLDL on thrombosis-
related activities are discussed in the following sections.

Effects of oxLDL on Coagulation
The activation of tissue factor (TF) is crucial for triggering the extrinsic coag-
ulation cascade, which leads to the formation of thrombin and fibrin clot. TF
may activate factor X and IX. This process is inhibited by tissue factor path-
way inhibitor (TFPI). Thrombomodulin is a binding site on EC surface for
thrombin. Both oxLDL and minimally modified LDL stimulate the expres-
sion of thrombomodulin in EC [36, 37], which may partially compensate the
increased activity of coagulation. OxLDL increases the activity of protein C
in vascular EC [38]. Protein C is activated by the complex of thrombin and
thrombomodulin to generate activated protein C (APC) [39]. The formation
of APC is increased when protein C is bound to endothelial cell protein C
receptor (EPCR). APC becomes anticoagulant after it dissociates from
EPCR and binds to protein S. Protein S–APC complex inactivates the acti-
vated forms of factor V and VIII, which inhibits coagulation (Fig. 8.1).
OxLDL enhances the expression of TF in monocytes induced by endotoxin
[40]. Both LDL and oxLDL induce the expression of TF in vascular SMC
[41]. OxLDL increases the binding sites for factor VIII, and the activation of
factor VIII and IX on the surface of macrophages and SMC [42]. OxLDL
does not affect the expression of TFPI but promotes the degradation of
TFPI in EC [43]. These findings suggest that oxLDL activates both extrinsic
and intrinsic coagulation pathways.

Role of oxLDL in Platelet Activation
Treatment with oxLDL increases the aggregation and adhesion of platelets
[44], and reduces the membrane fluidity of platelets [45]. OxLDL enhances
the synthesis of thromboxane A2, one of the strongest biological agonists for
platelet aggregation, in platelets [46]. OxLDL increases the production of
prostacyclin, a strong inhibitor for platelet aggregation after a short period 
of incubation with EC, but inhibits the production of prostacyclin following
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longer-term incubations [47, 48]. Glycated LDL promotes platelet aggrega-
tion that is associated with increased intracellular calcium concentration and
nitric oxide (NO) production in platelets [49]. Hypochlorite-modified LDL
induces greater platelet aggregation than copper ion-oxLDL [50]. The phos-
phorylation of p38 kinase mediates the activation of platelet by oxLDL or
hypochloride-modified LDL [51]. CD36 mediates oxLDL-induced platelet
activation [52]. Thus, oxidatively modified LDL may activate platelets through
multiple mechanisms.

Impact of oxLDL on Fibrinolysis
Imbalance between coagulation and fibrinolysis leads to intravascular throm-
bosis. The biologically active product of fibrinolytic system is plasmin, which
functions in dissolving fibrin clot and maintains the fluency of blood flow.
The precursor of plasmin is plasminogen, which is synthesized in liver and is
abundant in most biological fluids. The generation of plasmin is mainly reg-
ulated by tissue and urokinase plasminogen activators (tPA and uPA)
(Fig. 8.2). The activity of tPA and uPA is regulated by their major physio-
logical inhibitor, plasminogen activator inhibitor-1 (PAI-1) [53, 54]. Tremoli
et al. [55] reported that LDL and oxLDL increased the release of PAI-1 from
EC via a LDL receptor-independent pathway. The activity and mRNA levels
of PAI-1 in EC are also elevated by oxLDL treatment [56]. The release of tPA
from EC is attenuated by incubation with oxLDL [57]. LDL increases the
generation of PAI-1 and decreases the release of tPA from EC. Augmentation
of the formation of conjugated diene is detected in previously unmodified
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LDL following prolonged exposure to EC [58]. The activation of protein
kinase C-β is required for oxLDL-induced overproduction of PAI-1 in EC
[59]. Glycation enhances the effects of LDL on PAI-1 production and further
reduces the release of tPA from EC [58]. LDL isolated from type 2 diabetic
patients with suboptimal glucose control stimulates the transcription and
generation of PAI-1 from EC [60]. Beside LDL and its modified forms, very
low-density lipoprotein (VLDL) and lipoprotein(a) also stimulate the gener-
ation of PAI-1 from EC [56, 61, 62]. A VLDL-responsive element has been
detected in −672/−657 bp of the PAI-1 promoter [63]. OxLDL and LDL acti-
vate a responsive element independent from the VLDL-responsive element in
the PAI-1 promoter [64]. The findings from above studies suggest that oxida-
tively modified LDL may reduce fibrinolytic activity in blood circulation 
by enhancing the production of PAI-1 and decreasing the generation of tPA
in vascular EC.

Endothelial Dysfunction and Thrombosis
Intact endothelium provides an anticoagulant and antiplatelet deposition
surface, which is critical for preventing thrombosis in vascular lumen.
Endothelial dysfunction may be assessed from abnormal secretion of
endothelial products, vascular tone, or the loss of EC [65]. EC synthesize 
a large numbers of products, including protein C, protein S, tPA, PAI-1,
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prostacyclin, TF, TFPI, von Willebrand factor (vWF), thrombomodulin,
heparin, and factor V. vWF is a coagulation factor mainly produced by EC.
OxLDL stimulates the release of vWF from EC [66]. Results from epidemio-
logical studies suggest that elevated level of vWF is a predictor of the pro-
gression of atherosclerosis [67]. Prostacyclin is predominantly produced in
EC. It is not only an inhibitor of platelet aggregation, but also a potent
vasodilator [68]. Extensive studies on endothelium-derived relaxing factor or
NO provides additional insight into the importance of endothelium in the
regulation of vascular tone [69]. OxLDL reduces the generation of NO and
impairs vascular relaxation [70, 71]. Vasoconstriction results in turbulence
of blood flow, which may activate platelet and coagulation cascade. Flow-
mediated dilation may be detected in brachial artery using 2D ultrasound
scan with pharmacological provocation [72]. This technique provides a non-
invasive tool to assess endothelial vasodilation in vivo, although the accuracy
and reproducibility of the method requires to be improved. Severe endothe-
lial injury may increase the amounts of EC in blood circulation. Circulating
EC in blood may be assessed using antibody against CD146 [73]. Increased
levels of circulating EC have been detected in clinical situations associated
with endothelial injury, including ACS, peripheral vascular disease, sickle cell
anemia, and inflammatory diseases [74–77]. Impairment of endothelial layer
leads to a prothrombotic surface in vascular lumen. Clinical significance of
increased levels of circulating EC remains unclear.

Inflammation and Thrombosis
Inflammation plays a crucial role at the initial stage of atherosclerosis.
Monocytes and neutrophils migrate from blood circulation and penetrate into
endothelium via adhesion molecules, including P-selectin, E-selectin, mono-
cyte chemoattractant protein-1 (MCP-1), tumor necrosis factor-α (TNF-α),
intracellular adhesion molecule-1 (ICAM-1), and vascular cell adhesion mol-
ecule-1 (VCAM-1) [78, 79]. Inflammation creates a procoagulant surface on
vascular intima, which activates coagulation cascade and promotes the gener-
ation of thrombin. Thrombin elicits multiple inflammatory responses, includ-
ing the upregulation of the expression of inflammatory mediators [80].
OxLDL is a strong agonist for the expression of many inflammatory media-
tors, including P-selectin [81], ICAM-1, VCAM-1 [82], MCP-1 [83], and
TNF-α [84]. Anticoagulation complex, APC–EPCR, has anti-inflammatory
effects in vivo [85], oxLDL increases the formation of APC [38]. OxLDL plays
multifunctional roles in the modulation of inflammation, which indirectly
promote thrombogenesis.

Stress and Thrombosis
Stress-mediated response regulates the folding and processing of a number of
cellular proteins during various biological stresses, including heat shock,
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inflammation, oxidative, shear, and restrain stresses. Heat shock factor is
activated during many stresses, which mediates the transcription of heat
shock protein (HSP) genes [86]. OxLDL induces the expression of HSP-70 in
EC [87]. Hyperthemia increases the expression of PAI-1 in EC [88]. Restrain
stress induced the expression of PAI-1 in mice in a tissue- and cell-type-
specific manner. Increased PAI-1 mRNA and thrombosis was more evident
in aged mice than in young mice [89]. The findings suggest that stress may
promote thrombosis partially resulting from its inhibition on fibrinolysis.
The relationship between oxLDL, stress and the expression of thrombosis-
related factors remains to be exploited.

Thrombosis, Endothelial Functions, and Diabetes
Increased thrombotic vascular diseases were detected in patients with dia-
betes [90]. Elevated levels of vWF, factor VII, TF, fibrinogen or PAI-1, and
decreased levels of antithrombin III, protein C, or tPA were associated with
diabetes [91, 92]. Increased platelet activation was found in diabetic patients
[93]. Endothelial injury and oxidative stress are potential underlying mecha-
nisms for the increased thrombosis in diabetes. Hyperglycemia, advanced
glycation end products, and dyslipidemia may impair endothelial function
and increase oxidative stress. LDL from type 2 diabetic patients or glycated
LDL increase the production of PAI-1 in EC and decrease the release of tPA
from EC compared to unmodified LDL from healthy donors [58, 60].
Endothelial dysfunction is an early finding of diabetic vascular abnormali-
ties. Reduction in flow-mediated dilation has been detected in children with
diabetes [94]. Hyperglycemia increases susceptibility of LDL to oxidation.
Substantial increases in the generation of hydrogen peroxide are detected in
EC treated with glycated LDL or oxLDL for 1–2 h [95]. Insulin resistance is
one of the underlying mechanisms for the pathogenesis of type 2 diabetes.
Insulin resistance is associated with an upregulation of CD36, a receptor for
oxLDL, in macrophages of experimental obesity [96]. Increased uptake of
oxLDL in vascular wall may elicit the production of oxidative stress, impairs
endothelium, and promote thrombosis-related processes in diabetic patients.

Effects of Statins on Thrombosis
3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase is a rate-
limiting enzyme for cholesterol synthesis, which regulates the generation of
mevalonate from acetyl CoA. Mevalonate is a precursor of a group of active
intracellular mediators (farnesyl and geranyl pyrophosphates) in addition to
cholesterol. HMG-CoA reductase inhibitors (statins) were designed for low-
ering cholesterol synthesis [97]. Results from a recent meta-analysis demon-
strated that statin treatment reduced coronary event by 27%, stroke by 18%,
and all-causes of mortality by 15% in hypercholesterolemic patients in com-
parison to placebo controls [98]. The beneficial effects of statins have been
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seen in IHD or diabetic patients with normal cholesterol levels [99].
Mechanism for pleiotropic effects of statins has been actively studied [100].
Growing amounts of evidence demonstrate that statins are helpful in the
management of thrombotic, inflammatory, autoimmune, and neurodegener-
ative diseases as well as organ transplantations, in addition to atherosclerotic
cardiovascular diseases. Statin treatment decreases oxLDL–LDL ratio in
plasma and the thickness of carotid intima in patients with carotid artery
atherosclerosis [101]. Statins reduce the levels of TF, fibrinogen, PAI-1, or
platelet aggregation in patients with hypercholesterolemia or diabetes
[102–105]. In a recent study conducted by our group, simvastatin reduced
the levels of PAI-1 and prothrombin fragment 1 and 2 (F1+2) in plasma of
type 2 diabetic patients. F1+2 is a marker of thrombin generation. Positive
correlations were found between PAI-1, but not F1+2, and total or LDL-
cholesterol levels in diabetic patients [106]. The findings suggest that certain
antithrombotic activities of statins may be secondary to cholesterol lowering,
but others may be independent from cholesterol metabolism. The mechanism
for statin-induced antithrombotic effects remains unclear. Results from
experimental studies suggest that Ras and other prenylated G-proteins,
including Rho, Rac, and Rap, are implicated in statin-mediated cellular activ-
ities [107, 108]. Statins have outstanding safety profiles. The major side effect
of statins, myotoxicity, may be largely prevented by avoidance of coadminis-
tration of certain medications [109]. Statins are potential medications for pre-
venting thrombosis in patients with hypercholesterolemia, diabetes, or
increased oxidative stress.

Renin–Angiotensin Antagonists and Thrombosis
The renin–angiotensin system plays a critical role in the development of ath-
erosclerosis, endothelial dysfunction, thrombosis, and diabetic nephropathy.
Angiotensin II (AII), the major biological activator of the system, is con-
verted from angiotensin I by angiotensin-converting enzyme (ACE). AII is a
potent vasoconstrictor and a stimulator of aldosterone, an adrenal
salt–water-retention hormone. AII also stimulates the proliferation of vascu-
lar cells and predisposes to vascular inflammation, thrombosis, and oxidative
stress. Most biological effects of AII are mediated through AII receptor-1
(AT1) on cell surface [110]. ACE inhibitors are commonly used in the treat-
ment of hypertension, heart failure, diabetic nephropathy, and metabolic syn-
drome [111]. Captopril, the first generation of ACE inhibitors, reduces
platelet deposition and thrombus formation in patients with MI [112].
Ramipril reduced PAI-1 antigen and activity but did not significantly affect
tPA level in MI patients in HEART study [113]. Enalapril reduced the levels
of TF and MCP-1, but not TFPI, in patients with acute MI [114]. AT1 antag-
onists inhibit platelet aggregation and thrombus formation [115, 116]. ACE
inhibitors and AT1 antagonists reduced the oxidation of LDL in humans
and in several types of animal models including apolipoprotein E knockout
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mice [117–122]. The inhibitory effect of AII antagonists on the oxidation of
LDL may contribute, at least in part, to their antithrombotic effects.

Conclusion

Oxidative modification of LDL plays a critical role in the development of
thrombosis in addition to atherosclerosis. Oxidized or minimally modified
LDL cause inflammation on endothelium, which leads to a prothrombotic
surface in vascular lumen. Oxidized or minimally modified LDL may activate
platelet and coagulation, but reduces fibrinolytic and anticoagulation activ-
ity in vasculature (Fig. 8.3). Reduction of oxidative stress or the oxidation of
LDL may be an additional therapeutic target for the prevention of thrombo-
sis as well as atherosclerosis. The results from large trials on the effects of
antioxidant vitamins for preventing cardiovascular events were not encour-
aging. Statins and AII antagonists may prevent thrombosis in patients with
high risks through inhibiting oxidative modification of LDL.
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The Clinical Significance of Small
Dense Low-Density Lipoproteins

MANFREDI RIZZO AND KASPAR BERNEIS

Abstract
Peak size of low-density lipoproteins (LDL) in humans does not show a normal, but
a bimodal distribution and can be separated into two phenotypes, that differ in size,
density, physicochemical composition, metabolic behavior, and atherogenicity. These
phenotypes have been assigned as pattern A when larger, more buoyant LDL and pat-
tern B when smaller, more dense LDL predominate. Small dense LDL correlates neg-
atively with plasma HDL levels and positively with plasma triglyceride concentrations
and is associated with the metabolic syndrome and increased risk for cardiovascular
disease. LDL size seems to be an important predictor of cardiovascular events and
progression of coronary heart disease (CHD). Recently the predominance of small
dense LDL has been accepted as an emerging cardiovascular risk factor by the
National Cholesterol Education Program Adult Treatment Panel III. In addition, sev-
eral studies have suggested that therapeutic modulation of specific LDL subclasses
may be of great benefit in reducing the atherosclerotic risk. Therefore, LDL size meas-
urement may be of potential value in the clinical assessment and management of
patients at high risk of CHD, a category that comprise individuals with both coronary
and noncoronary forms of atherosclerosis. Screening for the presence of small dense
LDL in such patients may potentially identify those with even higher vascular risk
and may contribute in directing specific antiatherosclerotic treatments to prevent new
vascular events in the same or another district.

Keywords: atherosclerosis; coronary heart disease; prevention; small dense LDL

Abbreviations: LDL, low-density lipoproteins; HDL, high-density lipoproteins;
VLDL, very low-density lipoprotein; IDL, intermediate-density lipoprotein; LpL,
lipoprotein lipase; CETP, cholesteryl ester transfer protein; CAD, coronary artery dis-
ease; CHD, coronary heart disease.

Introduction

Peak size of low-density lipoproteins (LDL) in humans does not show a nor-
mal, but a bimodal distribution and can be separated into two phenotypes,
that differ in size, density, physicochemical composition, metabolic behavior,
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and atherogenicity. These phenotypes have been assigned as pattern A when
larger, more buoyant LDL and pattern B when smaller, more dense LDL pre-
dominate [1–5].

LDL size correlates positively with plasma high-density lipoproteins
(HDL) levels and negatively with plasma triglyceride concentrations and the
combination of small dense LDL, decreased HDL-cholesterol, and increased
triglycerides has been called as the “atherogenic lipoprotein phenotype” [6]
(Fig. 9.1). This partially heritable trait is a feature of the metabolic syndrome
and is associated with increased cardiovascular risk.

LDL size seems also to be an important predictor of cardiovascular events
and progression of coronary artery disease (CAD) and the predominance of
small dense LDL have been accepted as an emerging cardiovascular risk fac-
tor by the National Cholesterol Education Program Adult Treatment Panel
III [1, 2, 7].

Genetic and Environmental Influences

The predominance of small dense LDL is approximately 30% in adult men,
5–10% in young men and women less than 20 years, and approximately
15–25% in postmenopausal women [1, 2]. It has been shown that LDL size is
genetically influenced with a heritability ranging from 35% to 45% based on
an autosomal dominant or codominant model with varying additive and
polygenic effects [8]. Thus, nongenetic and environmental factors influence
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the expression of this phenotype and an increase of small dense LDL has
been shown for abdominal adiposity and oral contraceptive use [9–11].

Dietary factors are also important. It has been shown that a very low-fat,
high-carbohydrate diet can induce the pattern B phenotype in persons genet-
ically predisposed to this phenotype [12]. In addition, the predominance of
small dense LDL is commonly found in conjunction with familial disorders
of lipoprotein metabolism that are associated with increased risk of prema-
ture CAD, including familial combined hyperlipidemia, hyperbetalipopro-
teinemia, and hypoalphalipoproteinemia [13–15].

Heterogeneity of apoB-Containing Particles

It is commonly accepted today that apolipoprotein B (apoB) particles do not
comprise a population with continuously variable size; instead there are a
multiple subclasses with discrete size and density, different physicochemical
composition, and different metabolic behavior. Based on their characteristic
appearance in analytical ultracentrifugation and gradient gel electrophoresis
distinct subclasses of very low-density lipoprotein (VLDL), intermediate-
density lipoprotein (IDL), and LDL particles have been defined [3, 16–32].

There are at least two subclasses of VLDL, two subclasses of IDL, and
seven subspecies of LDL from large LDL I to very small LDL IVB [3]. Size
differences of VLDL particles are mainly due to changes in core triglycerides
while the coat consisting of apolipoproteins, free cholesterol, and phospho-
lipids is of relatively constant thickness. LDL subclasses show differences in
the surface lipid content and certain features of the apolipoprotein B100
structure probably contribute to changes in the size of these particles [3].

Metabolism

It has been suggested that there are parallel metabolic channels within the
delipidation cascade from VLDL to LDL [3]. A metabolic relationship
between large VLDL particles and small LDL particles has been demon-
strated using stable isotopes in subjects with a predominance of small dense
LDL [33]. Kinetic analysis of tracer studies in humans demonstrate that
LDL particles show an initial rapid plasma decay which is due to both
intra–extravascular exchange and catabolism of LDL These studies have not
yet identified the specific precursors of individual LDL subclasses, however
there are data from animal models suggesting that separate pathways may be
responsible for the generation of distinct LDL particles [3, 34]. Inverse cor-
relation’s of changes in large LDL (LDL-I) and small LDL (LDL-III) and of
changes of medium-sized LDL (LDL II) and very small LDL (LDL IV) in
dietary intervention studies raise the possibility of precursor–product rela-
tionships between distinct LDL subclasses [3].
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Activity of lipolytic enzymes is related to the size of the LDL particles.
A significant inverse relationship between postheparin lipoprotein lipase (LpL)
activity and small dense LDL has been demonstrated and increase of LpL by
high-fat diet was associated with an increase of large LDL and decrease of
small dense LDL. Reduced activity of LpL and increased activity of hepatic
lipase (HL) has been shown in subjects with the pattern B phenotype [35].

HL has a higher affinity for LDL than LpL and is positively correlated
with plasma triglycerides, apoB, mass of large VLDL and small dense LDL,
but not with the mass of large LDL [36], suggesting an important role for HL
in the lipolytic conversion of these particles [34]. The strong relationship of
LDL size and triglycerides is based on their importance as substrates for the
size reduction of LDL particles by exchange of cholesteryl esters with triglyc-
erides, LDL and HDL can become triglyceride-enriched and can be further
processed by lipases.

Profound changes in the physicochemical composition of both LDL and
HDL particles with increasing triglyceridemia, while core cholesterol esters
are progressively depleted and replaced by triglyceride molecules have been
described [37]. In addition, the production of large triglyceride-rich VLDL 1
is dependent on triglyceride availability and VLDL 1 is associated with
smaller denser LDL particles [3].

Cholesteryl ester transfer protein (CETP) probably has an important role
in the remodeling of larger to smaller LDL particles by mediating triglyceride
enrichment of IDL and large LDL [37]. In type 2 diabetes patients it has been
demonstrated that CETP contributes significantly to the increased levels of
small dense LDL by preferential cholesteryl ester transfer from HDL to small
dense LDL, as well as through an indirect mechanism involving enhanced CE
transfer from HDL to VLDL 1 [38].

As we already reported [2], the formation of small dense LDL particles is
mostly observed in presence of a hypertriglyceridemic state. Indeed, hyper-
triglyceridemia from a variety of causes is associated with an increased
exchange of triglycerides from triglyceride-rich lipoproteins to LDL and
HDL particles in exchange of cholesteryl esters through the action of the
CETP. This phenomenon results in the generation of VLDL particles
enriched in cholesteryl esters and to smaller triglyceride-rich LDL and HDL
particles. These smaller lipoproteins are good substrates for HL that has a
higher binding affinity for small lipoproteins. Therefore, the lipolysis of the
triglycerides in these LDL particles will lead to the formation of highly
atherogenic small, dense, cholesteryl ester-depleted LDL particles (Fig. 9.2).

LDL Size Measurement

Particle size distribution of plasma LDL subfractions may be measured by
different laboratory techniques [39]; however, the most common procedure is
represented by the 2–16% gradient gel electrophoresis at 10˚C using a Tris
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(0.09 M)–boric acid (0.08 M)–Na2 EDTA(0.003 M) buffer (pH 8.3) [1, 2]. In
detail, plasma is adjusted to 20% sucrose, and 3 to 10 µL is applied to the gel.
Potentials are set at 40 (15 min), 80 (15 min), and 125 mV (24 h). Gels are
fixed and stained for lipids in a solution containing oil red O in 60% ethanol
at 55˚C, for proteins in a solution containing 0.1% Coomassie brilliant blue
R-250, 50% ethanol and 9% acetic acid and then scanned at 530 nm with a
densitometer. Molecular diameters are determined on the basis of migration
distance by comparison with standards of known diameter [4, 9, 34].

Assignment of LDL subclass phenotypes is based on particle diameter of
the major plasma LDL peak: LDL phenotype A (larger, more buoyant LDL)
is defined as an LDL subclass pattern with the major gradient gel peak at a
particle diameter of 258 Å or greater, whereas the major peak of LDL phe-
notype B (small, dense LDL) is at a particle diameter of less than 258 Å [1,
2, 9, 40] (Figs. 9.3 and 9.4).

Atherogenicity of Small Dense LDL

Several reasons have been suggested for atherogenicity of small dense LDL:
smaller denser LDL are taken up more easily by arterial tissue than larger
LDL [41], suggesting greater transendothelial transport of smaller particles.
In addition, smaller LDL particles may also have decreased receptor-
mediated uptake and increased proteoglycan binding [42]. Sialic acid,
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perhaps because of its exposure at the LDL surface, plays a determinant role
in the in vitro association of LDL with the polyanionic proteoglycans [43] and
it has been shown that sialic acid content of LDL particles of subjects with
the pattern B phenotype is reduced.

Further, it has been shown that oxidative susceptibility increases and
antioxidant concentrations decreases with decreasing LDL size [44]. Altered
properties of the surface lipid layer associated with reduced content of free
cholesterol [45] and increased content of polyunsaturated fatty acids [46]
might contribute to enhanced oxidative susceptibility of small dense LDL.

Recently [47] we have chosen the model of apoB transgenic mice to evalu-
ate the kinetic behavior of human LDL particles of different size in vivo in a
genetically homogeneous recipient avoiding other metabolic differences that
could influence LDL metabolism. We found that small LDL particles have
intrinsic features that lead to retarded metabolism and decreased
intra–extravascular equilibration compared to medium-sized LDL; these
properties could contribute to greater atherogenicity of small dense LDL

LDL size and Coronary Heart Disease
The predominance of atherogenic small dense LDL has been associated with
an approximately threefold increased risk for CAD [48]. This has been
demonstrated in case–control studies of myocardial infarction [48–50] and of
angiographically documented coronary disease [51]. However, in most, but
not all [50] of these studies, the disease risk associated with small dense LDL
was no longer significant after adjusting for covariates, including triglycerides
[48, 51] or other cardiovascular risk factors [49].

In a nested case–control study of myocardial infarction during 7 years in
patients of the physicians health study cases had significantly smaller LDL
size than controls matched for age and smoking. However, LDL size was not
an independent risk predictor after adjustment for triglycerides [52].

In the prospective Stanford Five City Project the association of the 
incidence of fatal and nonfatal CAD with LDL diameter has been investi-
gated. The significant difference in LDL size between cases and controls was
independent of levels of HDL-cholesterol, non-HDL-cholesterol, triglyc-
erides, smoking, systolic blood pressure, and body mass index, but not inde-
pendent from the ratio of total cholesterol to HDL-cholesterol. In this study
LDL size was the best differentiator of CAD status in logistic regression
analysis [53].

In the Quebec Cardiovascular Study the association between LDL particle
size and incident ischemic heart disease has been analyzed on the basis of
data from the entire population-based, prospective cohort of men initially
free from coronary heart disease (CHD) with a follow up of 5 years. In this
study, small dense LDL particles predicted the rate of CHD independent of
LDL-cholesterol, triglycerides, HDL-cholesterol, apoB and the total choles-
terol to HDL-cholesterol ratio. Further, the increase in cardiovascular risk
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attributed to lipid risk factors was modulated to a significant extent by vari-
ations in LDL particle size [54].

In addition, the cholesterol concentration in small dense LDL particle may
give even more precise information. Again, in the Quebec heart study, St-Piere
et al. [55] demonstrated that the cholesterol concentration in small dense LDL
particles showed the strongest association with the risk of CHD. Multivariate
logistic and survival models indicated that the relationship between LDL-
cholesterol levels in particles with a diameter less than 255 Å and CHD risk
was independent of all nonlipid risk factors and of LDL-cholesterol, HDL-
cholesterol, triglycerides, and lipoprotein(a) level [55]. These data suggest that
the cholesterol within small dense LDL is particularly harmful. Measurement
of LDL particle size and possibly in addition cholesterol content within these
particles may enhance our capability to predict cardiovascular events.

In a population of 98 men less than 50 years and 100 women less than 50
years who underwent elective diagnostic coronary arteriography, smaller
denser LDL were associated with CAD independently of traditional risk fac-
tors (age, sex, smoking, diabetes, LDL and HDL-cholesterol concentrations),
other than plasma triglycerides. These results stress the importance of triglyc-
erides and small dense LDL in premature CAD [51]. Taken together these
studies suggest that LDL size is an important predictor of CAD. However, in
most studies LDL size was not completely independent of traditional lipid
especially triglycerides. This is not surprising as these parameters are obvi-
ously metabolically linked.

Mykkanen et al. [56] found that LDL size was not a predictor of CHD
events in elderly men and women after controlling for diabetes status. The
main reason for the discrepancies might be a survival bias due to old age in
these Finnish subjects. Further, Finnish subjects had relatively high LDL-
cholesterol and total cholesterol. Therefore the power to detect effects of
LDL size on CHD events might have been diminished.

Interestingly, a recent study analyzing data from the CARE trial in a
prospective nested case–control study found that larger LDL size after
adjustment for other variables was an independent predictor of recurrent
coronary events in a population with CAD [57]. However, in this study cases
and controls were closely matched for prevalence of LDL subclass pattern B
(approximately 40%). Thus, the population was one in which the atherogenic
lipoprotein phenotype did not discriminate risk for recurrent events, and in
this context a strong risk associated with larger LDL was detected.

Interestingly, significantly larger LDL and HDL particles have been found
in Ashkenazi Jews with exceptional longevity compared to an age-matched
control group. Larger LDL particles in this study were associated with a
lower prevalence of hypertension, cardiovascular disease, and metabolic syn-
drome [58].

Finally, we have recently found that small dense LDL may be associated
with premature CAD [59] and with the extension of coronary atherosclero-
sis [60].

Chapter 9. The Clinical Significance of Small Dense LDL 175



LDL Size and Acute Myocardial Infarction
Acute myocardial infarction is accompanied by profound plasma lipid and
lipoprotein modifications that have a great clinical relevance since they must
be taken into account in making therapeutic decisions [61].

The common lipid alterations observed during the acute phase include a
rise of triglyceride levels and a fall of total, LDL- and HDL-cholesterol con-
centrations [62–64]. These lipoprotein modifications may be linked to other
changes occurring in lipid metabolism during the acute phase of myocardial
infarction: either up- or downregulation of cholesterol synthesis, an increased
LDL-receptor activity, and an impairment of lipolytic enzymes [65–68]. Also
glucose metabolism is severely impaired [69].

Therefore, the acute myocardial infarction and the atherogenic lipoprotein
phenotype seems to share a similar array of interrelated metabolic aberra-
tions, including increased levels of triglyceride-rich lipoproteins, reduced lev-
els of HDL, and a relative resistance to insulin-mediated glucose uptake.
However, despite a number of data regarding the modifications of total
plasma lipoprotein fractions during a myocardial infarction, it is less defined
whether or not the LDL peak particle size is also modified by the acute phase
and therefore the best time to measure it [62–64].

We recently found [70] in a group of subjects admitted to hospital for a
myocardial infarction, and followed until the discharge and 3 months after
the event, that the reduction of LDL peak particle size is premature and per-
sist during the hospitalization, with a significant increase 3 months after the
myocardial infarction. In addition, the timing of these changes seems to pre-
cede those of all other lipoproteins. Therefore, we suggest that the evaluation
of the LDL peak particle size should be extended to patients with acute
myocardial infarction as much as possible.

LDL Size and Vascular Diseases
It has been recently stated by the National Cholesterol Education Program
Adult Treatment Panel III that clinical forms of noncoronary atherosclerosis
carry a risk for CHD equal to those with established CHD [7]. These conditions
include peripheral arterial disease, symptomatic (transient ischemic attack or
stroke of carotid origin) and asymptomatic (>50% stenosis on angiography or
ultrasound) carotid artery disease, and abdominal aortic aneurysm [7].

However, despite a huge number of data on the relation between LDL size
and atherosclerosis in patients with CHD, very few authors have investigated
such relation in patients with noncoronary forms of atherosclerosis and we
need to wait for further studies with larger number of patients. Yet, the avail-
able data suggest a strong association between small dense LDL and non-
coronary forms of atherosclerosis.

It has been found that smaller denser LDL particles represent a risk factor for
peripheral arterial disease, in absence or presence of diabetes [71]. In addition,
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some studies have showed that common features of peripheral arterial disease
are represented by increased triglyceride levels and lower HDL-cholesterol
concentrations [71] and it is known that patients with such lipid abnormalities
consist primarily of subjects with predominantly atherogenic small dense
LDL particles [1–3].

The association between carotid disease and small dense LDL has been
found in healthy subjects [72–76] as well as in different categories of patients:
with familial combined hyperlipidemia, familial hypercholesterolemia, vascular
dementia, Alzheimer’s disease, insulin resistance, or type 2 diabetes [77–81]. In
addition, it has been recently suggested that carotid atherosclerosis regression
or progression may be linked to LDL size [78, 82].

Regarding patients with abdominal aortic aneurysms, no published studies
directly examined the association of LDL size with the presence of such dis-
ease. However, it has been recently found [83] that patients with abdominal
aortic aneurysms show an elevated prevalence of the metabolic syndrome,
which is known to be associated with the predominance of small dense LDL
[1, 2, 6] and, therefore, it is likely that such patients may have reduced 
LDL size.

LDL Size and Diabetes
Patients with diabetes represent a category of high-risk individuals that need
stronger measures of lipid-lowering therapies [7, 84, 85]. Hypertriglyceri-
demia, low HDL-cholesterol, and an increased fraction of small dense LDL
particles characterize diabetic dyslipidemia [86–88], whereas LDL or total
cholesterol are generally not increased in diabetes patients except for a slight
increase of LDL-cholesterol in women (UKPDS) [89]. A predominance of
small dense LDL particles has been identified as being associated with a
higher risk of CHD in the Physician’s Health Study [52], the population
based on Stanford Five Cities Project [53] and the Quebec Cardiovascular
Study [54, 55].

In addition, small dense LDL is associated with the cluster of risk factors
that characterize the insulin resistance syndrome [90] and it has been sug-
gested that the small dense LDL particles can be added to the group of
changes described as the metabolic syndrome [87]. Interestingly, subjects with
predominance of small dense LDL have a greater than twofold increased risk
for developing type 2 diabetes mellitus, independent from age, sex, glucose tol-
erance, and body mass index. An increase of peak LDL size was associated
with a 16% decrease in the risk of developing type 2 diabetes mellitus [91].

Recently, we investigated the clinical significance of LDL size and LDL
subclasses in diabetes type 2 patients [81]. Diabetes patients with manifest
CHD had decreased LDL particle sizes and altered LDL subclass distribu-
tions, i.e., specifically more LDL III B and less LDL I and LDL II as com-
pared to diabetes patients without established CHD. Multivariate analysis
revealed that LDL size was the strongest marker of CHD as compared to
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nine other established cardiovascular risk factors, including plasma lipids
and lipoproteins.

Increased intima media thickness (IMT) is considered a reliable surrogate
marker of early atherosclerosis and it has been demonstrated that small dense
LDL is independently related to CCA IMT in 50-year-old men [73]. IMT has
been shown to correlate significantly with the presence of CHD and to pre-
dict coronary events [92–95]. In addition, significant relationships of IMT
with other lipid parameters such as LDL-cholesterol [96] and apoB [97] have
been demonstrated. In the study described above LDL size was significantly
associated with carotid IMT in diabetes type 2 patients and LDL size was the
second strongest predictor of IMT, after smoking when compared to nine
other cardiovascular risk factors and the strongest of all lipid parameters.

In summary LDL size is a marker of clinical apparent (CHD) and nonap-
parent (IMT) atherosclerosis in type 2 diabetes. However a potential superior
clinical value to predict cardiovascular events in this population needs to be
shown in prospective studies, before routine laboratory measurements of
LDL size can be recommended.

Effects of Hypolipidemic Treatment on LDL Size
Hypolipidemic treatment is capable of altering LDL subclass distribution.
Particularly medication with triglyceride-lowering effects will shift LDL peak
size from smaller denser to larger more buoyant particles. As explained in more
detail earlier, reduced availability of triglyceride-rich VLDL particles lead to a
reduction in the production of small dense LDL. This has been shown for
fibrates and niacin: these substances lower preferentially small dense LDL, so
that the LDL peak size shifts to larger particles. Statins potentially lower large,
medium, and small LDL particles; therefore, the beneficial net effect of statins
on LDL size is often none or only moderate. However, a strong variation has
been noticed among the different statin molecules [1, 98–101].

Conclusions

Genetic and environmental factors influence the expression of small dense
LDL, which is not completely independent of traditional lipids and, in fact,
correlates negatively with plasma HDL concentrations and positively with
plasma triglyceride levels. Small dense LDL are associated with the metabolic
syndrome and with increased risk for cardiovascular disease and diabetes
mellitus. LDL size seems also to be an important predictor of cardiovascular
events and progression of CAD and the predominance of small dense LDL
has been accepted as an emerging cardiovascular risk factor by the National
Cholesterol Education Program Adult Treatment Panel III [7].

In addition, patients with acute myocardial infarction show an early reduc-
tion of LDL size, which persist during hospitalization and seems to precede
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all other plasma lipoprotein modifications. It has been recently shown that
even angina itself (on the background of coronary artery spasm) without
atherosclerosis may lower LDL size [102]. Hypolipidemic treatment is able to
increase LDL particles size [1–3] and this increment correlates with regres-
sion of coronary stenosis [1–3]. However, it is still on debate whether to meas-
ure the LDL size routinely and in which categories of patients [39].

Recently, the Coordinating Committee of the National Cholesterol
Education Program suggested that very high-risk patients may benefit from
stronger measures of lipid-lowering therapies [84]. Since the therapeutic
modulation of distinct LDL subspecies is of great benefit in reducing the risk
of cardiovascular events, LDL size measurement should be extended in pri-
mary prevention as much as possible to patients at high risk of cardiovascu-
lar diseases. In addition, screening for the presence of small dense LDL in
patients with coronary or noncoronary forms of atherosclerosis may also
identify those with even higher vascular risk and may contribute in directing
specific antiatherosclerotic treatments (secondary prevention) in order to pre-
vent new vascular events in the same or another district.
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Bile Acids: At the Crossroads 
of Sterol, Fat, and Carbohydrate
Metabolism

LUIS B. AGELLON

Abstract
Bile acids are classically known as natural detergents that help keep cholesterol 
soluble in bile and aid in the absorption of lipids and lipid-soluble nutrients from
the gut. Since bile acids are synthesized from cholesterol, they are also regarded 
as end products of cholesterol catabolism. It was recently known that bile acids 
can modulate cellular signaling cascades. Importantly, bile acids can regulate the
expression of a variety of genes by serving as ligand and activator of a nuclear
receptor transcription factor known as farnesoid X receptor (FXR). The identity of
the genes that are responsive to regulation by bile acids via FXR suggests that 
bile acids can regulate, and possibly coordinate, the metabolism of sterols, fats, and
carbohydrates.

Keywords: bile acids; cholesterol; enterohepatic circulation; fatty acids; gene regula-
tion; glucose; liver; nuclear receptors; transgenic mice

Abbreviations: cyp7a, cholesterol 7α-hydroxylase; FXR, farnesoid X receptor; LXR,
liver X receptor; LDL, low-density lipoproteins; LRH-1, liver receptor homolog pro-
tein-1; NR, nuclear receptor; PPAR, peroxisome proliferator-activated receptor;
PXR, pregnane X receptor; SHP, short heterodimer partner; SREBP, sterol response
element binding protein; VLDL, very low-density lipoproteins

Introduction

The metabolism of cholesterol is complicated and there are many factors
involved in its synthesis, assimilation from dietary sources, transport, and dis-
posal. It is generally accepted that the removal of excess cholesterol from
peripheral tissues involves the “reverse cholesterol transport pathway” which
operates to off-load cholesterol from peripheral cells and delivers it to the
liver for disposal.

The liver is the only organ that is capable of eliminating meaningful
amounts of cholesterol from the body. This is done directly by secretion of
unesterified cholesterol into bile (biliary cholesterol) and indirectly by facili-
tating the conversion of cholesterol into bile acids for secretion into bile
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(Fig. 10.1). However, biliary cholesterol can mix with diet-derived cholesterol
and thus can reenter the body via absorption from the lumen of the intestine.
Bile acids are also reabsorbed by the intestine but because cholesterol cannot
be recovered from bile acids, the conversion of cholesterol into bile acids rep-
resents a terminal step in the catabolism of cholesterol. Bile acid synthesis
can account for the elimination of 400–1000 mg of cholesterol per day com-
pared to a combined total of about 100 mg via other pathways (steroid hor-
mone synthesis and shedding of epithelial surfaces).

The synthesis of bile acids takes place only in the liver and the hepatic
enzyme known as cholesterol 7α-hydroxylase (cyp7a) catalyzes the first and
rate-controlling step in the classical bile acid biosynthetic pathway (Fig. 10.2).
Peripheral cells can transform cholesterol into oxysterols, and upon their
transport to the liver they complete their transformation into bile acids. This
alternative pathway is distinguished from the classical pathway in that choles-
terol is first transformed into an oxysterol other than 7α-hydroxycholesterol.
The classical pathway is under complex regulatory control whereas the alter-
native pathway operates constitutively.

Dietary
cholesterol

Liver

Cholesterol
Bile

acids
Plasma

Bile

Portal
circulation

excretion

Small
intestine

FIGURE 10.1. Transport of cholesterol and bile acids in the enterohepatic circulation.
The path traced by cholesterol (solid lines) and bile acids (broken lines) in the entero-
hepatic circulation is shown.
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Bile Acid Structure, Chemical Properties, and Biological
Activities

The conversion of cholesterol into bile acids involves the modification of the
steroid moiety (characterized by isomerization of the preexisting 3β-hydroxyl
group, addition of one or two new hydroxyl groups, and saturation of all the
carbon bonds) and the trimming of the side chain to yield a molecule con-
taining 24 carbons. The result is a molecule that has a nearly flat shape with
all the attached hydroxyl groups situated to one side of the steroid nucleus
(Fig. 10.3). The products of the classical and alternative bile acid biosyn-
thetic pathways are cholic and chenodeoxycholic acids, and referred to as pri-
mary bile acids. The formation of cholic acid requires sterol 12α-hydroxylase,
the enzyme responsible for hydroxylating the C-12 carbon of the steroid
nucleus. There is a wide assortment of bile acids that differ in the number and
orientation of hydroxyl groups attached to the steroid nucleus in the bile of
different species. The major bile acids found in human bile are chenodeoxy-
cholic and cholic acids whereas muricholic and cholic acids are found in
murine bile. Bile acids are conjugated to the amino acids taurine or glycine
prior to their secretion into bile. This modification effectively decreases their

alternative pathway

classical pathway

cholesterol

cyp7a1

bile acids

cholesterol
hydroxylases

oxysterol 
7α-hydroxylases

7α-hydroxy-oxysterols 7α-hydroxy-cholesterol

oxysterols

FIGURE 10.2. Bile acid biosynthetic pathways. The classical pathway operates entirely
in the liver and is initiated by 7α-hydroxylation of cholesterol by cyp7a. The alternate
pathway is initiated in various tissues by several cholesterol hydroxylases. The result-
ing oxysterols are transported to the liver for completion of bile acid synthesis.
Enzymes distinct from cyp7a generate 7α-hydroxylated oxysterols.
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pKa values, allowing them to exist in their ionized form even under acidic con-
ditions. Primary bile acids are further modified as they circulate within the
enterohepatic circulation (Fig. 10.1). The entry and exit of bile acids into and
out of cells require specialized membrane transporters [1]. Dehydroxylation
by enteric bacteria yields secondary bile acids, which are more hydrophobic
than their parent primary bile acids. Of note is lithocholic acid, a secondary
bile acid derived from chenodeoxycholic acid and the most hydrophobic of
the bile acids. This bile acid is suspected of being involved in the pathogenesis
of colon cancer and liver disease. Bile acids returning to the liver are further
metabolized yielding glucuronidated and sulfated derivatives that eventually
are excreted out of the body.

The unique orientation of the hydroxyl groups imparts an amphipathic
character and underlies the most commonly regarded biological function of
bile acids, as a detergent aiding in the absorption of lipids and lipid-soluble
nutrients in the small intestine. Bile acids are also essential in maintaining the
solubility of cholesterol in bile. More recently, bile acids have been shown to
be capable of modulating a variety of cellular processes. One of these newly
characterized functions is that of a potent activator of a transcription factor
known as farnesoid X receptor (FXR, NR1H4) [2, 3]. FXR is a member of a
superfamily of transcription factors referred to as nuclear receptors (NR)
(see later), and is present in high abundance in the liver, intestine, kidneys,
and adrenal glands. Lithocholic acid has been shown to activate two other
NRs, pregnane X receptor (PXR; NR1I2) [4] and the vitamin D receptor
(NR1I1) [5]. These observations imply that bile acids have the capacity to reg-
ulate the expression of many genes, and therefore the ability to influence the
activity and efficiency of metabolic processes.

Studies have shown that a wide variety of bile acids species can activate FXR
function albeit with varying degree of potency. This is partly explained by the
fact that the ligand-binding pocket of FXR is organized in a way that can
accommodate the uniquely flat and amphipathic structure of bile acids [6].
Only the steroid moiety of bile acids is bound by FXR and accounts for why
both unconjugated and conjugated bile acids can serve as activators of FXR

COO-
R

R = H, chenodeoxycho

R = OH, cholic acid

HO

C3

C12

C7

HO

Hydrophobic face

Hydrophilic face

FIGURE 10.3. General structure of
bile acids.



function. Interestingly, the 3α-hydroxyl group that is common to the majority
of bile acids is not required for binding or activation of FXR function.

Importance of cyp7a in the Synthesis of Bile Acids from
Cholesterol

The possibility that cyp7a activity can influence the concentration of cho-
lesterol in the plasma has been extensively studied in various animal models.
This idea stems from the fact that cyp7a catalyzes the key reaction that
allows the entry of cholesterol into the classical bile acid biosynthetic path-
way. Studies have shown that experimental alteration of hepatic cyp7a activ-
ity does have a significant impact on the concentration of cholesterol in
the blood. The induction of cyp7a activity by experimentally increasing the
cyp7a enzyme concentration in the liver cells in vivo significantly reduces
the concentration of cholesterol not only in the low-density lipoprotein
(LDL) fraction but also in other lipoprotein fractions. The elimination of
cyp7a by targeted gene disruption was not initially seen to cause the eleva-
tion of plasma cholesterol in the original line of cyp7a-deficient mice [7];
however, a subline derived by selective breeding was subsequently shown to
have increased concentration of cholesterol in the plasma [8]. In humans,
documented cases of cyp7a deficiency are rare but the afflicted individuals
do exhibit hypercholesterolemia and have increased susceptibility to athero-
sclerosis [9]. These findings demonstrate that cyp7a activity is an important
factor in determining plasma cholesterol concentration. Indeed, transgenic
C57BL/6J mice that constitutively express cyp7a in the liver are protected
from diet-induced atherosclerosis [10]. Given its role in hepatic cholesterol
metabolism, it is also likely that cyp7a is an important factor in determining
susceptibility to gallstone formation.

The enzymes involved in the early steps of cholesterol into the alternative
bile acid biosynthetic pathway (Fig. 10.2) have also been studied. In general,
the elimination of these enzymes in the murine species does not result in dras-
tic phenotypic changes (e.g., such as neonatal lethality) but aberrations in the
metabolism of sterols are observed. Deficiency of sterol 27-hydroxylase, the
enzyme that hydroxylates the cholesterol side chain, causes cerebrotendinous
xanthomatosis in humans [11]. This syndrome is not evident in mice lacking the
enzyme [12]. Loss of cyp7b1, the enzyme that catalyzes the 7α-hydroxylation
of oxysterols, causes severe liver disease in human newborns but not in mice
[13, 14]. Apparently, the requirement for the classical and alternative pathways
for the synthesis of bile acids is different between humans and mice. This is
probably also true for other species as well. On the other hand, the deficiency
in cholesterol 24-hydroxylase, which is expressed at a much higher level in the
brain than in the liver, appears to affect the metabolism of cholesterol only in
the brain [15]. This enzyme may be of minor importance in the synthesis of bile
acids in humans and mice.
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NRs Play a Prominent Role in Regulating the Expression
of the Gene Encoding cyp7a

The gene that encodes cyp7a (CYP7A1 in humans; Cyp7a1 in mice; Cyp7a1
for nonspecies-specific designation) is controlled by complex regulatory
mechanisms that are sensitive to various physiological and pathological
states. The mechanisms controlling cyp7a enzyme activity are exerted mainly
at the level of Cyp7a1 gene transcription. The majority of transcription fac-
tors that interact with the Cyp7a1 gene promoter are NRs.

NRs comprise a family of transcription factors that are activated by a vari-
ety of small hydrophobic molecules [16]. Most NRs are bound to their cog-
nate cis-elements, as homodimers or as heterodimers with retinoid X receptor
(RXR). Some NRs bind to DNA as monomers and a few are tethered to
other NRs. The DNA binding sites of NRs are composed of single or dupli-
cates of a hexameric sequence termed hormone response element arranged in
direct, inverted, or everted repeats with no or several nucleotides separating
the repeated sequence. The identity of the NRs that bind to these elements is
dictated by the exact sequence, orientation, and spacing of the hexamers. The
activity of some of these transcription factors is activated upon binding of
specific ligands; gene transcription is either stimulated or repressed (as com-
pared to the basal unliganded state of the NR) depending on whether the
bound ligand promotes the recruitment or release of coactivators or corepres-
sors. The ligands are typically small hydrophobic molecules. Some NRs are
activated by nutritional factors or derivatives of nutritional factors (e.g., oxys-
terols, fatty acids, and their metabolites), and regulate metabolic pathways
responsible for the uptake, transport, utilization, and disposal of their own lig-
ands. NRs whose ligands are still unidentified are referred to as orphan NRs.

It has long been known that bile acid production is stimulated by choles-
terol feeding and inhibited by bile acid treatment. The molecular mechanism
responsible for the induction by cholesterol and repression by bile acids of
Cyp7a1 gene expression is now known (Fig. 10.4). The induction of Cyp7a1
gene transcription by cholesterol is mediated via liver X receptor (LXR)-α:
RXR which binds to a direct repeat of hormone response elements separated
by four nucleotides, termed a DR-4 element, within the murine Cyp7a1 gene
promoter [17] (Fig. 10.4b). The human CYP7A1 gene promoter lacks the
DR-4 element and is unresponsive to regulation by cholesterol [17]. The oxys-
terols that serve as LXR-α activators are generated by the bile acid biosyn-
thetic pathways and by the cholesterol biosynthetic pathway resulting from
the inhibition of de novo cholesterol synthesis. Targeted disruption of the
gene for LXR-α in mice effectively abolishes the sensitivity of the murine
Cyp7a1 gene to stimulation by dietary cholesterol [18]. The discovery that
bile acids are the natural ligands of FXR was the major development towards
understanding the mechanism responsible for the inhibition of Cyp7a1 gene
expression by bile acids [2]. This mechanism is indirect and involves FXR, the
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short heterodimer partner (SHP; NR0B2), and the liver receptor homolog
protein-1 (LRH-1; NR5A2) [19, 20] (Fig. 10.4a). LRH-1 is normally bound
to the Cyp7a1 gene promoter to enable expression in the liver. Bile acid-
activated FXR stimulates the expression of the Shp gene; SHP binds to
LRH-1 causing its inactivation, and rendering the Cyp7a1 gene promoter
insensitive to stimulation by other transcription factors. Cyp7a1 gene expres-
sion in mice lacking FXR is no longer repressed by bile acid feeding [21].
Surprisingly, the elimination of SHP does not completely abolish the inhibi-
tion of Cyp7a1 gene expression by bile acids [22], and confirming the exis-
tence of FXR-independent pathways, involving PXR and c-Jun N-terminal
kinase [23, 24], in the negative-feedback regulation of bile acid synthesis.

Other transcription factors that have been shown to interact and regulate the
Cyp7a1 gene promoter include peroxisome proliferator-activated receptor α
(PPAR-α; NR1C1), thyroid hormone receptors (NR1A1, NR1A2), HNF1,
Foxo1 (HNF-3α) and HNF-4α (NR2A1). PPAR-α and thyroid hormone
receptor-α also interact differentially with murine Cyp7a1 and human CYP7A1
gene promoters due to variations in promoter sequences between the two
species [25, 26].

Role of Bile Acids in Metabolism

Under normal physiologic conditions, the synthesis of bile acids from cho-
lesterol is a necessary process to replenish the bile acid pool in the entero-
hepatic circulation as bile acids are required to keep cholesterol soluble in bile
and for the proper absorption of dietary lipids and lipid-soluble nutrients
from the lumen of intestine. It is now recognized that bile acids have a much

Bile acid
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Oxysterol

RXR:LXR(oxysterol)
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FIGURE 10.4. Regulation of the Cyp7a1 gene promoter by bile acids and oxysterols.
Nuclear receptors play key roles in the induction and repression of Cyp7a1 gene
expression. Induction by oxysterols is mediated by LXR-α. Repression by bile acids
involves FXR, SHP, and LRH-1.



wider repertoire of biological activities than originally thought. Bile acids
can modulate cellular signaling cascades [27] that control a variety of ongo-
ing cellular processes, such as cell viability and metabolic fate of hepatic cho-
lesterol [28–30]. By serving as ligands for at least three NRs, bile acids also
have the capacity to regulate the expression of many genes and thereby con-
trol metabolic pathways. It follows that aberrant metabolism of bile acids can
have a major effect on metabolism.

The induction of cyp7a activity in experimental animals demonstrated that
enhanced bile acid synthesis decreases the concentration of plasma lipids [31,
32]. Interestingly, the large stimulation of cyp7a activity does not appear to
increase the fractional catabolic rate of LDL. Indeed, overproduction of the
cyp7a enzyme can decrease plasma cholesterol concentration even in mice that
do not have functional LDL receptors [33]. The reduction of plasma choles-
terol concentration in cyp7a-overexpressing animals is accompanied by
increase in the size of the bile acid pool in the enterohepatic circulation. Bile
acids have been shown to decrease apolipoprotein B (the major structural pro-
tein of very low-density lipoproteins (VLDL)) secretion from cultured liver
cells [30, 34]. Taken together, the findings support the concept that the reduc-
tion of cholesterol in cyp7a-overexpressing animals is not simply attributable
to increased catabolism of LDL cholesterol. Rather, it is likely due to the
decrease in the production of VLDL, which serve as the precursors of LDL.

Previous studies have noted that cholestyramine, a drug that sequesters bile
acids in the intestine and thus prevent their return to the liver, increases the
concentration of triacylglycerols in the plasma whereas bile acid feeding pro-
duces the opposite effect [35–39]. It appears therefore that bile acids them-
selves play an active role in decreasing the concentration of lipids in the
plasma. Bile acids increase the expression of the genes encoding the VLDL
receptor [40] and apolipoprotein CII [41], the cofactor of lipoprotein lipase.
Complementary to these findings, bile acids have also been seen to suppress
the expression of the gene for apolipoprotein CIII [42], an apolipoprotein
that has been shown to interfere with apolipoprotein E-mediated clearance of
triacylglycerol-rich lipoproteins from the plasma. Collectively, these findings
point to a metabolic basis for the reduction of plasma triacylglycerol con-
centration in response to bile acid feeding.

Sterol response element binding proteins (SREBPs) are transcription fac-
tors that were originally identified as important regulators of genes involved
in the de novo synthesis of cholesterol [43]. SREBPs are members of the
basic helix-loop-helix leucine zipper family of transcription factors. These
proteins are initially made as membrane-bound endoplasmic reticulum pro-
teins. This precursor form of the SREBP is subsequently proteolytically
processed by specific proteases in response to cellular cholesterol status to
release the N-terminal domain that localizes to the nucleus. The nuclear form
of SREBP is the active transcription factor that binds to gene promoters con-
taining sterol response elements. Forced overexpression of the nuclear form
of the SREBPs in transgenic mice revealed that this transcription factor also
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controls the expression of many genes involved in fat and phospholipid
metabolism. In particular, the SREBP-1c isoform preferentially stimulates
lipogenic genes, such as the fatty acid synthase gene (encodes the key enzyme
complex for the synthesis of fatty acid) and glycerol-3-phosphate acyltrans-
ferase gene (encodes the enzyme that catalyzes the first committed step in
biosynthesis of triacylglycerols and phospholipids). Recently, it was observed
that bile acids can attenuate hepatic accumulation of triacylglycerols as well
as decrease secretion of VLDL by hepatocytes [39]. Moreover, the feeding of
bile acids or synthetic FXR agonist reduced the expression of SREBP-1c and
lipogenic genes, as reflected by the decrease in the steady-state abundance of
their respective mRNAs. This effect was demonstrated to be mediated via
FXR through SHP using wild-type and SHP-deficient mouse strains as well
as cell transfection studies. In humans, FXR stimulates the expression of the
gene encoding PPAR-α [44], which in turn stimulates the expression of genes
involved in the β-oxidation of fatty acids. This observation suggests an addi-
tional strategy for further reducing the accumulation of triacylglycerols.

Diabetes is a disorder characterized by inability to regulate properly the
concentration of glucose in the blood, and is a risk factor for developing ath-
erosclerosis. The activities of cyp7a and sterol 12α-hydroxylase enzymes are
modestly elevated in insulin-dependent diabetes and likely explain the
increase in bile acid pool size. Recently, it was found that glucose stimulates
the expression of the gene for FXR in rats [45]. The diminished glucose
uptake by diabetic hepatocytes likely results in decreased FXR gene expres-
sion thereby relieving SHP-mediated repression of gene expression. A role for
bile acids in glucose metabolism is further supported by the finding that bile
acids inhibit the expression of several genes encoding enzymes involved in the
production of glucose [46, 47] (Fig. 10.5). Among these enzymes are phos-
phoenolpyruvate carboxykinase (PEPCK), the rate-limiting enzyme of the
glucose biosynthetic pathway, and glucose-6-phosphatase (G6Pase), which
dephosphorylates glucose-6-phosphate to yield free glucose. The transcrip-
tion factors that are known to regulate the expression of these genes include
HNF-4α, glucocorticoid receptor (GR, NR3C1) and Foxa1 (also known as
HNF-3α, a member of the winged helix/forkhead family of transcription fac-
tors). Importantly, these transcription factors are known to regulate other
genes involved in carbohydrate metabolism, and that their stimulatory effect
on promoter activity is inhibited by SHP [46, 48–50]. It should be noted that
bile acids have been found to stimulate glycogen synthase activity by enhanc-
ing insulin receptor activity and activation of the protein kinase Akt [51]. The
stimulation of glycogen synthesis by a posttranscriptional mechanism may
represent a strategy for the rapid clearance of free glucose. Thus bile acids
can be seen as influencing carbohydrate metabolism by promoting the stor-
age of glucose and by repressing the expression of genes for enzymes respon-
sible for the synthesis of glucose.

Recent studies have clearly established that bile acids can modulate gene
expression and cellular function. With regards to sterol, fat, and carbohydrate
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metabolism, bile acids can coordinately repress not only their own synthesis
from cholesterol but also the synthesis of glucose, fatty acids, and triacylglyc-
erols by controlling the expression of key genes involved in these processes
(Fig. 10.5). This is achieved directly by activating promoter-bound FXR (e.g.,
SHP gene and the human PPAR-α gene) or indirectly by antagonizing the
activity of other promoter-bound transcription factors (e.g., HNF-4α, Foxo1,
GR, SREBP-1c) via the corepressor SHP.

Bile acids

FXR
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Bile acid
synthesis

Cyp7a1 (LRH-1)

Cyp8b1 (HNF-4α)

G6Pase (HNF-4α, Foxo1, GR) FAS (SREBP-1c)

GPAT (SREBP-1c)
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BIENPEPCK (HNF-4α, Foxo1, GR)
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FIGURE 10.5. Role of bile acids in regulating sterol, fat, and carbohydrate metabo-
lism. The scheme shows selected examples of enzymes involved in the metabolism of
sterols, carbohydrates, and fats whose genes are affected by bile acids. The broken line
denotes differential regulation in humans and mice. The regulation by bile acids is
mediated directly through FXR, or indirectly via SHP which antagonizes the stimu-
latory action of other transcription factors (indicated in parenthesis). FXR, the bile
acid-activated nuclear receptor NR1H4; PPAR-α, peroxisome proliferator-activated
receptor-α NR1C1; SHP, short heterodimer partner NR0B2; LRH-1, liver receptor
homolog protein-1 NR5A2; HNF-4α, hepatocyte nuclear factor-4α NR2A1; GR,
glucocorticoid receptor NR3C1; Foxo1, winged helix/forkhead protein, also known as
HNF3; SREBP-1c, sterol response element binding protein 1c; Cyp7a1, cholesterol
7α-hydroxylase, catalyzes the rate-limiting step in the classical bile acid biosynthetic
pathway; Cyp7b1, oxysterol 7α-hydroxylase, catalyzes the formation of 7α-hydroxy-
lation of oxysterols; PEPCK, phosphoenolpyruvate carboxykinase, catalyzes the rate-
limiting step in glucose synthesis; G6Pase, glucose-6-phosphatase, catalyzes the
dephosphorylation of glucose-6-phosphate; FAS, fatty acid synthase, the key enzyme
complex responsible for the synthesis of fatty acids; GPAT, glycerol-3-phosphate acyl-
transferase, catalyzes the first committed step in biosynthesis of triacylglycerols and
phospholipids; AOX, acyl-CoA oxidase, catalyzes the first and rate-limiting step in
the peroxisomal β-oxidation of very long-chain fatty acids; BIEN, bifunctional
enzyme, the second enzyme in the peroxisomal β-oxidation system that catalyzes the
hydration and dehydrogenation of enoyl-CoA esters.
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Prospects

The murine species has become a popular model system to study metabolic
disorders because transgenic technology has made it possible to study the
effects of virtually any gene mutation. Much of our knowledge on bile acid
metabolism has been compiled from studies using animals as experimental
models. As our understanding of bile acid metabolism improved, it became
apparent that significant differences exist in the way genes involved in the
metabolism of bile acids are regulated in humans and mice. Nevertheless,
the murine species has contributed much information regarding how muta-
tions in genes involved in bile acid metabolism affects other metabolic
pathways.

Primary sequence variations in gene promoter regions can lead to differ-
ences in the responses to specific modulators. In the case of the Cyp7a1 gene,
sequence variations in the human CYP7A1 and murine Cyp7a1 gene pro-
moters dictate distinct interactions with specific transcription factors and
underlie the differential response of these genes to dietary fats and choles-
terol [17, 25]. Primary sequence variations within regulatory regions may also
manifest in the differential regulation and expression of genes encoding the
transcription factors in different species, as observed for LXR-α, PPAR-α,
and SHP [44, 52–55]. Some of these factors regulate the expression of their
own genes as well as other transcription factors that regulate genes involved
in the metabolism of sterols, fats, and carbohydrates. Thus, it will be impor-
tant to determine how these genes are regulated in different species in order
to gain insight into the metabolic strategies adopted by organisms to achieve
similar physiological end points.

Another important factor that requires important consideration is gender.
It is well established that gender is an independent risk factor for developing
coronary artery disease in humans. In the murine species, male and female
mice are also known to respond differently to environmental or experimental
challenge. Specific examples of intergender differences relate to the metabo-
lism of bile acids and other dietary lipids, susceptibility to diet-induced ath-
erosclerosis, hypertriglyceridemia, and obesity [56–60]. More studies are
beginning to analyze separately the responses of males and females to meta-
bolic challenges. These studies should help uncover the mechanisms respon-
sible for intergender metabolic differences that are not directly attributable to
sex hormones.

Although most of the bile acids have a positive effect on FXR function,
some species of bile acids have been seen to have little effect or a negative
effect [2, 3, 61]. In fact, lithocholic acid, although an activator of PXR and
vitamin D receptor, has been shown to behave as an antagonist of FXR [62]. It
has also been suggested that bile acids interfere with the function of PPAR-α
in mice, possibly by impeding coactivator recruitment [63]. This negative
effect of bile acids on PPAR-α function in the murine species is in contrast
with the observed positive effect of bile acids on PPAR-α action in humans
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[44]. Similarly, guggulsterones have an antagonistic effect on FXR function
[64, 65]. These compounds are found in the exudates of the guggul tree, and
are purported to possess hypolipidemic, anti-obesity, and anti-inflammatory
properties. The precise mechanisms underlying the therapeutic properties of
guggulsterones remain unclear. Considering the antagonistic action of gug-
gulsterones on FXR, their lipid-lowering effect might not be expected.
However, guggulsterones appear to affect the expression of only some of the
known FXR target genes suggesting that they may be able to regulate gene
expression through FXR in a selective fashion. Additionally, these com-
pounds can be bound by a number of different NRs, and can behave as ago-
nists or antagonists depending on the identity of bound NR [66]. Given the
desirable therapeutic effects of guggulsterones, it is likely that these com-
pounds will receive continued attention.

In summary, ample evidence has been accumulated to demonstrate that bile
acids can influence the expression of key genes involved in the metabolism of
sterols, fats, and carbohydrates metabolism. The finding that bile acids inhibit
the expression of genes involved in gluconeogenesis and lipogenesis suggest
that de novo synthesis of high-energy fuel molecules such as glucose and fatty
acids is not needed during times of increased bile acid flux within the entero-
hepatic circulation, when absorption of energy-dense dietary lipids occurs.
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Lipoprotein Metabolism in 
Insulin-Resistant States
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Abstract
The incidence of insulin-resistant states, such as type 2 diabetes and obesity, has been
rapidly increasing in both adult and pediatric populations worldwide. A major compli-
cation of insulin resistance is an atherogenic dyslipidemia that contributes to a signifi-
cantly higher risk of atherosclerosis and cardiovascular disease. The most fundamental
defect in these patients is resistance to cellular actions of insulin, particularly resistance
to insulin-stimulated glucose uptake. Insulin insensitivity appears to cause hyperinsu-
linemia, enhanced hepatic gluconeogenesis and glucose output, reduced suppression of
lipolysis in adipose tissue leading to a high free fatty acid (FFA) flux, and increased very
low-density lipoprotein (VLDL) secretion causing hypertriglyceridemia and reduced
plasma levels of high-density lipoprotein (HDL) cholesterol. Although the link between
insulin resistance and dysregulation of lipoprotein metabolism is well established, a sig-
nificant gap of knowledge exists regarding the underlying cellular and molecular mech-
anisms. Genetic and diet-induced animal models of insulin resistance have been recently
employed to delineate the mechanistic link between perturbations in insulin-signaling
pathways and dysregulation of hepatic lipid and lipoprotein metabolism in insulin-
resistant states. A series of important and novel observations have been made and pub-
lished in recent years that will be summarized in this chapter. The critical role of key
phosphatases and protein kinases that mediate the signaling changes leading to dysreg-
ulation of hepatic lipogenesis and VLDL overproduction will be discussed. Emerging
evidence suggests that insulin resistance and its associated metabolic dyslipidemia result
from perturbations in key molecules of the insulin-signaling pathway, including over-
expression of phosphatases, protein tyrosine phosphatase 1B (PTP-1B) and phospha-
tase and tensin homolog (PTEN), downregulation of the phosphatidylinositol-3-kinase
(PI-3-K) pathway and basal activation of the mitogen-activated protein (MAP) kinase
cascade, leading to a state of mixed hepatic insulin resistance and sensitivity. These sig-
naling changes in turn cause an increased expression of sterol regulatory element-
binding protein (SREBP) 1c, induction of de novo lipogenesis and higher activity of
microsomal triglyceride transfer protein (MTP), which together with high exogenous
FFA flux collectively stimulates the hepatic production of apolipoprotein B (apoB)-
containing VLDL particles.

Keywords: apolipoprotein B; diabetes; free fatty acid; insulin resistance; insulin sig-
naling; lipoprotein; metabolic syndrome
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Abbreviations: ABC, ATP-binding cassette; ACC, acetyl-CoA carboxylase; apoB,
apolipoprotein B; BAT, brown adipose tissue; BMI, body mass index; CHD, coronary
heart disease; CPT, carnitine palmitoyl transferase; CR, chylomicron remnants; ER,
endoplasmic reticulum; ERK, extracellular signal-regulated kinase; FAS, fatty acid
synthase; FFA, free fatty acid; FXR, farnesoid X receptor; GLUT, glucose trans-
porter; HDL, high-density lipoprotein; IDF, International Diabetes Federation;
HMG-CoA reductase, 3-hydroxy-3-methylglutaryl coenzyme A reductase; HSL, hor-
mone sensitive lipase; IR, insulin receptor; IRS, insulin receptor substrate; JAK2,
Janus kinase 2; JNK, c-jun kinase; KO, knockout; LDL, low-density lipoprotein;
LPL, lipoprotein lipase; LXR, liver X receptor; MAP, mitogen-activated protein;
MEK, MAPK/ERK kinase; MTP, microsomal triglyceride transfer protein; NAFLD,
nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; PGC-1,
PPARgamma coactivator-1; PI-3-K, phosphatidylinositol-3-kinase; PKB, protein
kinase B; PKC, protein kinase C; PPAR, peroxisome proliferator-activated receptor;
PTEN, phosphatase and tensin homolog; PTP-1B, phosphotyrosyl-protein phos-
phatase 1B; SCAP, SREBP cleavage-activating protein; SCD, stearoyl-CoA desat-
urase; SH, src homology; SRE, sterol regulatory element; SREBP, sterol regulatory
element-binding protein; STZ, streptozotocin; TG, triglyceride; TNF, tumor necrosis
factor; VLDL, very low-density lipoprotein; WHHL, Watanabe heritable hyperlipi-
demic; WHO, World Health Organization

The Rising Global Epidemic of Diabetes and Associated
Dyslipidemic Complications

Social and economic changes within the last century have brought countless
advances, and have vastly improved lifestyles in many parts of the world.
Paradoxically, the global trend toward a more sedentary lifestyle, associated
with a positive energy balance, has also led to an array of increased health
risks in an aging population. Numerous sources including the World Health
Organization (WHO) and International Diabetes Federation (IDF) report a
worldwide diabetes epidemic, with a parallel rise in obesity and insulin resist-
ance [1]. It is estimated that approximately 5% of the global population is dia-
betic, with 85–95% of this being attributed to noninsulin-dependent diabetes
mellitus or type 2 diabetes [2]. The IDF currently estimates the number of
individuals with type 2 diabetes at 125 million with a projected rise to
between 200 and 300 million within the next decade [2]. In 2002, the
American Diabetes Association estimated the total economic cost of diabetes
in the United States alone at 132 billion dollars, with 18.2 million individuals
(or 6.3% of the U.S. population) being affected [3]. Numerous ethnic popu-
lations appear to be particularly predisposed to the development of diabetes.
Mexican–Americans have a 21% prevalence compared with 3% among non-
Hispanic Americans [4]. Native Hawaiians are known to have a prevalence of
type 2 diabetes that is four times higher than the general population of the
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United States [5]. The potential for increased cases of type 2 diabetes is also
very high in developing countries, including China and India [6–8].

Associated with diabetes is a wide array of very severe health risks, and
long-term complications including eye, nerve, and kidney disease; as well as
diseases of the circulatory system that may lead to amputation. Metabolic
dyslipidemia is the most common complication of insulin resistance and type
2 diabetes, and is believed to be exacerbated by obesity, as well as numerous
detrimental environmental factors such as a high-fat diet and sedentary
lifestyle. The dyslipidemia accompanying insulin resistance is characterized
by distinct changes from a normal plasma lipid and lipoprotein profile. Such
changes include decreases in plasma levels of HDL with elevated plasma
FFA and triglycerides (TG). These lipid changes are commonly associated
with elevated VLDL production, a concomitant increase in apoB, an essen-
tial structural component of these atherogenic lipoproteins, and increased
plasma levels of small dense low-density lipoprotein (LDL) [9, 10]. These
parameters constitute a highly atherogenic dyslipidemic profile that signifi-
cantly contributes to increased risk of cardiovascular disease, the most preva-
lent cause of death in industrialized countries and one which is rising at an
alarming rate in less-developed countries.

Insulin Resistance and Metabolic Dyslipidemia:
Components of a Complex Metabolic Syndrome

The current consensus is that obesity and insulin resistance may be part of a
common pathologic state termed as “metabolic syndrome.” The metabolic syn-
drome, formerly referred to as insulin resistance syndrome [11] or syndrome X
[12], is characterized by a constellation of pathologies that include glucose
intolerance, insulin resistance, obesity, dyslipidemia, and hypertension. Insulin
resistance generally develops as the first indicator of type 2 diabetes and man-
ifests as a decreased biological response to normal levels of circulating plasma
insulin. Indicators of insulin resistance include impaired glucose tolerance,
hyperglycemia, and elevated plasma insulin levels. As long as the pancreas can
compensate for the decreased insulin response by increasing insulin secretion,
the individual is able to control blood glucose level. Allowed to continue
untreated, however, the pancreas eventually fails to produce sufficient insulin,
and type 2 diabetes occurs. Although not formerly considered a disease of
childhood, type 2 diabetes has begun to present with increasing frequency in
the pediatric population [13, 14]. It is feared that the disease progression begins
early in life, and persistence from childhood to adulthood produces type 2 dia-
betes and cardiovascular disease in early adulthood [15, 16].

The concept of the metabolic syndrome emerged progressively from clini-
cal observations over many decades. The clustering of metabolic perturba-
tions was first recognized in the early 1920s by the Swedish physician Eskil

Chapter 11. Lipoprotein Metabolism in Insulin-Resistant States 207



Kylin who defined this multifactorial disease as including hypertension, gout,
and hyperglycemia [17]. A quarter century later, Jean Vague a professor at the
Université de Marseille, established a correlation between body fat distribu-
tion, in particular abdominal or android obesity, with the risk of diabetes and
cardiovascular disease [18]. In 1965, Pietro Avogaro and Gaetano Crepaldi
described the metabolic syndrome as being accompanied by hyperlipidemia
due to elevated plasma TG levels, obesity, diabetes, hypertension, and a high
risk of coronary artery disease [19]. In 1988, Gerald Reaven went on to fur-
ther characterize the lipoprotein abnormalities associated with metabolic
syndrome, and coined a new term, “syndrome X.” This was followed by the
terms “deadly quartet” [20] and “insulin resistance syndrome” [21]. In 1998,
the WHO coined the term “metabolic syndrome” [22], which has since
become the more popular designation of this metabolic disorder. The most
current definition of metabolic syndrome according to the WHO includes
insulin resistance as defined by glucose intolerance, impaired fasting glucose
or type 2 diabetes accompanied by at least two of the following states; hyper-
tension, elevated plasma TG, decreased plasma HDL, high body mass index
(BMI), or elevated urinary albumin. Currently this definition is again shift-
ing and the trend has been to diagnose metabolic syndrome based on indi-
vidual clinical judgment, taking into account these previously described
metabolic perturbations.

Link between Insulin Resistance, Metabolic Dyslipidemia,
and Cardiovascular Disease
The single most common complication and the leading cause of mortality of
the metabolic syndrome remains diabetic/metabolic dyslipidemia. The dia-
betic dyslipidemia that accompanies the metabolic syndrome is generally
characterized by increased plasma TG, increased small dense LDL, and
decreased HDL each of which is believed to be an independent risk factor for
cardiovascular disease [23, 24]. Numerous clinical studies, as well as observa-
tions in animal models, have led to metabolic models of the possible causes
of this common diabetic complication.

Although the molecular mechanisms underlying diabetic dyslipidemia are
far from being completely understood, it is now generally believed that the
elevation in plasma TG accompanying the disorder is central to development
of this complex phenotype. Over the last several decades, a number of large-
scale, long-term clinical studies testing several classes of lipid-lowering drugs
have been conducted, and several have included diabetic individuals among
their experimental subgroups. The general consensus among these studies has
been that an increased risk of developing coronary heart disease (CHD) is
associated with increased plasma lipids in insulin-resistant states. The larger
of these studies include the Scandinavian Simvastatin Survival Study Group
(4S), the Long-Term Intervention with Pravastatin in Ischemic Disease Study
Group (LIPID), and the Cholesterol and Recurrent Events study (CARE)
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[25–29]. Although these studies have focused on the cholesterol-lowering 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor
drugs also known as statins, a general trend was found in lowering of CHD
risk, both overall, as well as in a diabetes subgroup in the study. The Helsinki
Heart Study was the first pioneering study that showed a small trend towards
improvement of CHD risk in diabetic individuals using fibrates, a peroxisome
proliferator-activated receptor (PPAR) alpha agonist class of compounds that
reduce production and enhance clearance of VLDL [30]. These findings were
reinforced recently with evidence from the Veterans Administration High-
Density Lipoprotein Intervention Trial (VA-HIT) [31, 32] and the Diabetes
Atherosclerosis Intervention Study (DAIS) [33–35], the latter showing a
decrease in progression of atherosclerosis following 3 years of fenofibrate
treatment. Numerous other studies such as the Lipids in Diabetes Study
(LDS) are currently underway to evaluate the efficacy of fibrates or combi-
nation therapies in the treatment of diabetes-related CHD. The Fenofibrate
Intervention and Event Lowering in Diabetes Study (FIELD) once com-
pleted will compile data from 12,000 individuals and will be one of the largest
clinical trial studies performed to date. A newer class of compounds, the thi-
azolidinediones or glitazones, are PPAR gamma agonists that exert an
insulin-sensitizing effect and improve glucose tolerance. As the thiazolidine-
diones have only been available for a few years, large-scale comparative clin-
ical trials currently need to be undertaken in order to fully understand the
effects of this class of drugs. In a smaller-scale clinical setting however, it has
been repeatedly shown that use of these compounds result in normalization
of glucose liver homeostasis accompanied by a decrease in plasma FFA, an
increase in HDL, a decrease in small dense LDL, and a decrease in vascular
inflammation [36–38].

Insulin Resistance and Metabolic Dyslipidemia: Lessons
from Animal Models
In animal models, alterations in lipid and glucose metabolism may be
induced through genetic manipulation, drug administration, or even rela-
tively simple changes in diet. To date, a wide variety of models have been
developed for the study of metabolic defects of insulin resistance or lipid
metabolism [39, 40]. Use of animal models of insulin resistance has provided
strong evidence for a link between insulin resistance and metabolic dyslipi-
demia (reviewed in Refs. [40, 41]). Genetic models such as the ob/ob mouse,
the db/db mouse, the Zucker fa/fa (fatty) rat, and the ZDF/Drt-fa (dia-
betic/fatty) rat exhibit phenotypes of insulin resistance or diabetes, obesity,
and dyslipidemia [39, 40-44]. The most widely recognized of these is perhaps
the ob/ob mouse, which lacks the satiety factor leptin, a gene implicated in
the development of obesity. The dramatic phenotype of the ob/ob mice
includes morbid obesity, diabetes, infertility, as well as reduced activity,
metabolism, and body temperature. The genetically diabetic or db/db mouse,
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a close relative of the ob/ob mouse, displays a similar phenotype although the
genetic defect responsible appears to be a mutation in the leptin receptor gene,
rather than in leptin itself. While the ob/ob mouse displays hyperplasia of pan-
creatic cells, the db/db mouse displays evidence of β-cell degranulation and
apoptosis. Both the ob/ob and db/db mice display abnormal lipid profiles with
hypertriglyceridemia, although in the ob/ob mouse, there also appears to be a
defect in the catabolism of apoAI and apoAII leading to increased HDL lev-
els [45]. It has recently been found that glucose-6-phosphate levels are elevated
in both ob/ob and db/db mice [46]. This may partly account for the dysregu-
lation of glucose metabolism and increased hepatic VLDL production in these
animals. While treatment with thiazolidinediones improves the insulin sensi-
tivity of muscle tissue and the fatty liver phenotype in ob/ob mice, hepatic
VLDL production appears less sensitive to insulin treatment [47–49].

One of the earliest rat models used, the Zucker fatty rat (fa/fa), also
carries a mutation in the leptin receptor gene [50]. This model exhibits hyper-
glycemia, hyperinsulinemia, type 2 diabetes, hypertriglyceridemia, hypercho-
lesterolemia, in addition to increased appetite [51]. Early studies showed
neointimal hyperplasia following injury in the diabetic animals compared
with lean controls [52]. One of the striking features of Zucker rats is the
accumulation of TG-rich lipoproteins such as chylomicrons in the plasma
[53]. It has been shown that there is an elevation in MTP mRNA in Zucker
rats compared with lean controls that may partly contribute to the VLDL
overproduction [54]. Following insulin treatment, Zucker rats show resist-
ance to completely normalize lipoprotein profiles [55]. Recently, treatment
with thiazolidinediones showed an improvement in insulin-induced FFA
clearance, improved FFA usage during fasting, improved glucose homeosta-
sis, a decrease in hepatic TG production, and increased TG clearance [56,
57]. However, statin treatment resulted in marked decreases in plasma TG,
total cholesterol, and total HDL. The currently available data suggests that
in this model plasma TG but not cholesterol may be dependent on plasma
insulin levels [58].

The homozygous JCR:LA corpulent rat (cp/cp) exhibits obesity, hyper-
triglyceridemia, hyperinsulinemia, and impaired glucose tolerance [59–61]. In
these animals, insulin resistance appears to be more severe in homozygous
males, while females and lean animals do not appear to develop atheroscle-
rosis spontaneously. There is also enhanced secretion of VLDL particles that
results from the conversion of dietary carbohydrate into TG [62].

Corroborating evidence from other animal models include the Watanabe
heritable hyperlipidemic (WHHL) rabbit model of familial hypercholes-
terolemia. This animal model exhibits hyperinsulinemia and insulin resistance,
and the addition of a small amount of cholesterol to the diet results in elevated
plasma lipids and severe cardiovascular disease [63]. Administration of thiazo-
lidinediones in combination with HMG-CoA reductase inhibitors lowers
plasma lipid levels and ameliorates hypertension and insulin sensitivity [64–67].
Transgenic WHHL rabbits overexpressing human lipoprotein lipase (LPL) also

210 Rita Kohen Avramoglu et al.



Chapter 11. Lipoprotein Metabolism in Insulin-Resistant States 211

showed improvements in hypertriglyceridemia, hypercholesterolemia, and obe-
sity suggesting potential therapeutic benefits of LPL [68].

The transgenic mouse model using overexpression of the A1 adenosine
receptor in adipose tissue has implicated this receptor in the metabolism of
intracellular fat accumulation, FFA metabolism, and plasma glucose regula-
tion [69–72]. Interestingly, although both control and transgenic animals were
of the same size and body composition, the transgenic animals exhibited
lower plasma FFA, and failed to develop glucose intolerance in oral glucose
tolerance tests. Another genetically altered model, the ApoB/BATless mouse,
is a cross between a human apoB transgenic mouse and a brown adipose tis-
sue (BAT) knockout (KO) mouse. This model exhibits peripheral insulin
resistance, resulting in obesity, hypertriglyceridemia, hypercholesterolemia,
and hyperinsulinemia once placed on a high-fat diet [73]. Although increases
in apoB levels were seen in the apoB/BATless mice, the mRNA levels of both
MTP, as well as apoB, were similar between these and control mice expressing
only the human apoB transgene. This suggests that VLDL assembly and
secretion were instead regulated posttranslationally.

Several rodent models of diet-induced insulin resistance have also been
developed and employed to enhance our understanding of the underlying
mechanisms associated with complications due to dyslipidemia. The “sand
rat” (Psammomys obesus), a gerbil native to the desert regions of the eastern
Mediterranean and northern Africa, spontaneously develops obesity and
insulin resistance when fed standard rodent chow instead of its customary
diet of succulent plants [39, 41]. These animals exhibit signs of hyper-
glycemia, insulin resistance, dyslipidemia, obesity, and hyperphagia [74–77].
The defect is now believed to at least partly result from apoptosis of pancre-
atic β-cells. There is also evidence of insulin receptor (IR) signaling pathway
dysfunction [44, 78], hepatic insulin resistance [79], and insensitivity to the
satiety factor leptin [80]. Characterization of the lipid distribution within
these animals showed significant increases in circulating VLDL and LDL in
both hyperinsulinemic, as well as hyperinsulinemic and hyperglycemic ani-
mals [81]. Elevated levels of protein kinase C (PKC) epsilon in skeletal mus-
cle are thought to contribute to the development of insulin resistance in these
animals [82]. In addition, the novel protein factor, beacon, was also found to
be differentially expressed in the brain of obese and control animals [83].

A fructose-fed Syrian golden hamster model has been developed in our
laboratory and is increasingly used as a simple dietary model of insulin resist-
ance and metabolic dyslipidemia. This diet-induced model of insulin
resistance has been extensively characterized [84], and is of interest as its
lipoprotein metabolism more closely resembles that of humans compared to
other rodent models [85–88]. Hamsters develop hyperlipidemia and athero-
sclerosis in response to a modest increase in dietary cholesterol and saturated
fat and can be made obese, hypertriglyceridemic, and insulin-resistant by
fructose feeding [84, 89, 90]. Fructose-induced metabolic dyslipidemia is also
usually accompanied by whole-body insulin resistance and reduced hepatic
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insulin sensitivity [84, 91]. Fructose feeding for a 2-week period induced sig-
nificant increases in plasma TG, cholesterol, and FFA. Induction of insulin
resistance was accompanied by a considerable rise in the in vivo production
of hepatic VLDL-apoB and –TG [84]. These data suggest overall improved
efficiency of VLDL assembly in animals fed a high-fructose diet. This may be
due to the increased intracellular stability and availability of apoB, elevated
levels of available neutral lipid, or increased MTP mass or activity [92, 93].
A more detailed discussion of mechanisms of metabolic dyslipidemia in the
fructose-fed hamster model will appear later in this chapter.

Molecular Mechanisms of Insulin Resistance and
Metabolic Dyslipidemia: Perturbations in Insulin
Signaling Cascades

Under normal metabolic conditions, the binding of insulin to its plasma
membrane receptor initiates a cascade of events, beginning with receptor
autophosphorylation and activation of receptor tyrosine kinases (see
Fig. 11.1) [94, 95]. Receptor autophosphorylation, in turn, results in tyrosine

FIGURE 11.1. Postulated link between hepatic insulin signaling and downstream
VLDL-apoB secretion. Insulin induces signal transduction via two major signaling
pathways: the mitogenic, MAP-kinase pathway and the metabolic, PI 3-kinase pathway.
Under normal conditions, insulin acutely reduces apoB secretion. Under conditions of
insulin resistance, however, there is reduced sensitivity to inhibitory action of insulin on
apoB resulting in enhanced VLDL secretion. Enhanced expression of PTP-1B, a key
negative regulator of insulin signaling, may be a key initiating factor in inducing hepatic
insulin resistance and consequently increased VLDL synthesis and secretion.



phosphorylation of adaptor proteins such as members of the insulin recep-
tor substrate (IRS) family (IRS-1/2/3/4), and Shc [96–100]. Insulin signaling
is regulated by the activity of phosphotyrosyl-protein phosphatases
(PTPases) through dephosphorylation of the insulin receptor, IRS-1, IRS-2,
and Shc leading to modulation of insulin action downstream of the recep-
tor [101]. IRS-1 and IRS-2 are adaptor proteins for src homology 2 (SH2)-
domain containing signaling proteins including the Grb-2–SOS complex,
SHP2, Nck, and PI-3 kinase [102–105]. The production of 3′-phospholipids
such as PI-3,4,5-P3 (PIP3) is dependent on activation of PI3-kinase. Binding
of IRS to p85, the regulatory subunit of PI-3 kinase, activates the PI-3
kinase–PKB/Akt pathway, which is necessary for insulin action on glucose
transport and glycogen synthesis [97, 106, 107].

Insulin resistance is thought to develop as a result of defects downstream
of the IR activation. Because of the complexity of the numerous branches of
the insulin signaling cascade, cross talk between signaling molecules, and the
effects of detrimental environmental factors, attempts at understanding
the precise mechanisms involved in the development of insulin-resistant states
has proven challenging. Defects in insulin signaling appear to occur primarily
in insulin sensitive tissues, namely liver, adipose, and muscle. Among obese and
type 2 diabetic individuals, significant decreases in IRS-1-associated tyrosine
phosphorylation and PI3-kinase activity have been observed in skeletal muscle
and adipocytes; the two tissues predominantly targeted by insulin [107–111].
Obese and hyperinsulinemic individuals exhibited decreased IR expression
level and activity, in addition to decreased tyrosine kinase activity, in both
skeletal muscle and adipocytes [112, 113], while patients with type 2 diabetes
exhibit reduced insulin signaling in skeletal muscle and the liver [112, 114]. In
lean type 2 diabetic subjects, insulin-stimulated PI-3 kinase activity was also
decreased suggesting that a defect in insulin signaling could contribute to
insulin resistance [111]. Similar findings have been reported in numerous
genetic [115–119] and induced [120, 121] rodent models of obesity. Targeted
disruption of the IR and IRS-1 or IRS-2 [122–127] have all shown that an
insensitivity to the effects of insulin in a combination of tissues including
muscle, liver, and adipose tissue can lead to insulin resistance and type 2
diabetes [107].

Defects in molecules of the insulin-signaling pathway are now thought to
be a major mechanism involved in the development of insulin resistance.
Perturbations are documented in both arms of the insulin-signaling pathway,
the PI-3 kinase and the mitogen-activated protein (MAP) kinase cascades.
Activated PI3-kinase generates 3′-phospholipids, including PIP3, which
mediates many cellular responses of insulin [128, 129]. PIP3 levels are atten-
uated by the action of a lipid phosphatase, PTEN [107]. Perturbations in
PTEN can thus have important consequences on the PI-3 kinase signaling
cascade.

Many gene regulatory events induced by receptor-associated kinases
(such as IR) are mediated by the MAP kinase cascade (reviewed in Refs.
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[130–132]). Several families of the MAP kinases exist including specifically
extracellular signal-regulated kinase (ERK) 1/2, c-jun kinase (JNK), and
p38. There is increasing evidence that members of the MAP kinase family of
serine–threonine kinases may contribute to the development of insulin
resistance. IRS-1 contains many potential MAP kinase phosphorylation
sites [133], and it has been observed that certain MAP kinases are capable of
phosphorylating and inactivating IRS-1 [134–136]. Furthermore, insulin
stimulation is capable of activating members of the MAP kinase family,
specifically ERK1/2, JNK, and p38 [137–139]. In human skeletal muscle,
insulin signaling to ERK1/2 was normal from patients with type 2 diabetes
compared with healthy control subjects, despite a diminished insulin respon-
siveness of components required for the metabolic effects of insulin such as
components of the PI-3 kinase and AKT pathways [140, 141]. In other mod-
els an increased basal level of phosphorylation of ERK1/2, JNK, or p38 was
observed in adipocytes from type 2 diabetic subjects. This was found to
associate with a reduction in IRS-1 and glucose transporter 4 (GLUT4),
suggesting that elevated MAP kinase activation may contribute to the type
2 diabetic condition [142, 143]. Interestingly, tumor necrosis factor (TNF) 
α-mediated insulin resistance appears to be mediated by the MAP/ERK
kinase (MEK) 1/2-p42/44 MAP kinase pathway [144]. Overall, these very
intriguing observations indicate a critical role for activated MAP kinase cas-
cade in insulin resistance.

Recent evidence has also implicated alterations in expression of cellular
phosphatases in the development of insulin resistance. Of particular interest
is the PTP-1B, a member of the PTPase family of enzymes, which is widely
expressed in insulin sensitive tissues [145]. PTP-1B dephosphorylates the IR
in vitro, and as well inducing the downregulation of IRS-1 and insulin-
stimulated PI-3 kinase activity [146–148]. Increased PTP-1B mass and activity
have been shown to increase with carbohydrate-induced insulin resistance;
while normalization of PTP-1B mass and activity result in the reversal of this
type of insulin resistance [149, 150]. PTP-1B KO mice exhibit increased sen-
sitivity toward insulin-induced IR and IRS-1 tyrosine phosphorylation, and
are resistant to obesity [151]. Additional evidence of PTP-1B involvement in
insulin resistance is seen in primary hepatocytes from an insulin resistant
hamster where PTP-1B mass and activity were shown to increase, with a
concomitant decrease in PI-3-K and PKB/Akt phosphorylation [93].
Interestingly, a significant increase in PTP-1B protein mass was seen follow-
ing 2 days of insulin treatment in primary hepatocytes, which was then
accompanied by a decrease in IR mass and phosphorylation. PTP-1B has
also been shown to influence leptin, an important hormone known to be
involved in the regulation of appetite and body mass [152]. In transfection
studies, as well as in transgenic animals, PTP-1B has been shown to dephos-
phorylate the leptin receptor-associated kinase (Janus kinase 2, JAK2)
[153–155]. Conversely, in PTP-1B deficient mice, there was an enhanced
response toward leptin-mediated loss of body weight.
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Adipose Tissue Insulin Resistance, Dysregulation of Fatty
Acid Storage and Enhanced Free Fatty Acid Flux

Free fatty acid (FFA), whether obtained through dietary sources or produced
via de novo lipogenesis, may generally undergo three fates: intracellular stor-
age by adipose tissue in the form of TG [156]; export into the plasma in the
form of VLDL-TG; or use as an energy source via FFA oxidation. Although
FFA may also be stored in nonadipocyte cells as TG, this is usually a source
of lipotoxicity [157]. Nonadipose TG storage usually occurs in situations
where FFA export exceeds the catabolic capacity of metabolic tissues, or stor-
age in adipose tissue is impaired [156]. Over 30% of energy expenditure
occurs in skeletal muscle, which modulates the balance between stored lipids
and energy utilization [158]. FFA oxidation is induced through both reduc-
tions in lipogenic gene expression and upregulation in genes controlling lipid
oxidation [157]. These gene alterations are achieved through sophisticated
nutrient sensors, and subsequent nuclear signaling cascades.

The net concentration of FFA in the plasma results from a delicate equilib-
rium between enzyme-regulated lipolysis of plasma triglyceride-rich lipo-
proteins such as VLDL, and FFA uptake by peripheral tissues. Hormonal
regulation of extracellular and intracellular factors affecting FFA metabolism
is currently not well understood. Under normal conditions, insulin stimulates
postprandial uptake of glucose, as well as FFA esterification and storage, and
can play a major role in the suppression of hormone sensitive lipase (HSL), the
enzyme that is the major regulator of FFA release from adipose tissue [159].
Insulin and glucose are also believed to stimulate LPL activity, primarily from
adipose tissue. LPL activity provides an essential first step in the delivery of
FFA to adipose tissue for storage, as well as plasma TG removal.

Both fasting and postprandial levels of FFA are often elevated in obese
and insulin-resistant individuals. In the insulin-resistant state, there is an
increase in release of FFA from adipose tissue concomitant with a decrease
in uptake by muscle tissue. This results in an increased influx of FFA into the
liver. This “vicious cycle” may result in an attenuation in insulin signaling in
these tissues and may exacerbate insulin resistance (see Fig. 11.2) [160, 161].
In muscle, insulin resistance may be mediated by soluble factors; likely
derived from fat tissue [162]. Additional factors may influence FFA flux in
insulin insensitive conditions. PPAR-gamma activation can lower circulating
FFA and increase oxidation through stimulation of adiponectin production.
Adiponectin stimulation results in decreased liver TG and increased insulin
sensitivity [163]. Although these processes are by far exceeded by postpran-
dial availability of FFA, insulin is known to stimulate enzymes involved in de
novo lipogenesis. Generally under conditions where influx of fat to the liver
exceeds efflux, there is excess hepatic fatty acid uptake, synthesis and secre-
tion; and hepatic steatosis can ensue alongside insulin resistance [164]. In
addition, overloading of white adipose tissue beyond its storage capacity can
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also lead to lipid disorders in skeletal and cardiac muscles, and pancreas,
illustrating the importance of functional adipocytes [165].

The true underlying culprit to adipose dysfunction and metabolic syn-
drome may be a chronic positive energy balance—where dysregulation of
adipose tissue metabolism may be a catalyst for the chain of events leading
to metabolic dyslipidemia [166]. White adipose tissue is now well recognized
as an endocrine tissue producing multiple hormones. Plasma levels of these
adipocyte hormones, or adipokines, are altered in obese, insulin-resistant,
and diabetic subjects [165]. In this way, adipose tissue participates in the reg-
ulation of glucose and insulin metabolism through the release of adipokines
including leptin, adiponectin, and resistin [167].

The insulin-sensitizing hormone adiponectin is found in lower concentra-
tions corresponding with greater adiposity [166, 168, 169], and is currently
considered as an important link between obesity and insulin resistance.
Decreased adipocyte differentiation, resulting in decreased adiponectin
expression may be involved in the whole-body insulin resistance associated
with obesity [170, 171]. Adiponectin is associated with inflammatory markers

FIGURE 11.2. Mechanisms of diabetic dyslipidemia in insulin-resistant tissues. Insulin
resistance results in enhanced TG lipolysis by adipocytes and decreased FFA absorp-
tion resulting in an enhanced FFA flux into peripheral tissues. Increased lipid avail-
ability resulting from elevated FFA flux combined with hepatic and intestinal insulin
resistance appear to lead to a considerable overproduction of both hepatically- and
intestinally derived apoB-containing lipoprotein particles. These events may, in turn,
exacerbate fasting and postprandial metabolic dyslipidemia.
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through underlying obesity, whereas association of resistin with inflammatory
markers appear to be less clear [172]. This connection is further illustrated by
significant weight loss with improvements in insulin resistance, atherosclerosis,
and cardiovascular disease usually accompanied by increases in adiponectin
levels [169, 173]. It has been further proposed that improvements in insulin
resistance observed following bariatric surgery are modulated by changes
in adipocytokine levels via loss of adipose mass, supporting a role for
adiponectin and resistin in the development of insulin resistance and diabetes
[162, 167].

Resistin is a protein secreted from adipose tissue that is also thought to
provide a link between obesity, insulin sensitivity, and diabetes [174–176].
Although resistin may have an important involvement in insulin resistance,
animal and human studies currently show conflicting results [167]. The
regulation of resistin expression by agents known to modulate insulin sen-
sitivity does not always support the association between resistin and obe-
sity-induced insulin resistance [174]. It has been surprisingly found that high
serum resistin levels can predict future increases in percent body fat, but do
not predict insulin resistance in humans [177]. On the other hand, decreases
in resistin levels may contribute to improving insulin action [175].
Consistent with this observation, high-fat feeding is known to induce the
development of obesity and insulin resistance alongside increases in resistin
expression. In addition, there are also positive correlations between
glycemia and resistin gene expression [174]. Resistin protein level is elevated
in obese mice and may be decreased by the use of insulin-sensitizing thia-
zolidinediones, while immunoneutralization of resistin improves insulin
sensitivity in obese mice.

Dysregulation of Fatty Acid Oxidation in Insulin
Resistance

Metabolic dyslipidemia of insulin-resistant states may arise from increased
peripheral FFA exposure due to reduced FFA oxidation [178]. Impaired FFA
oxidation may contribute to excess TG accumulation, and may mediate
numerous adverse effects of metabolic insulin resistance syndrome [179]. The
associated inflammation can lead to numerous dysfunctions in lipid and
lipoprotein metabolism, alongside marked reductions in lipid oxidation [180].
In the insulin-resistant state, there is a failure of skeletal muscle to shift
between glucose and lipid utilization in fasting and insulin-stimulated states.
In addition, there is also a failure to suppress FFA efflux from adipose tissue,
as well as an impaired FFA efflux and storage balance [181]. Thus TG accu-
mulation in skeletal muscle results from a decrease in FFA oxidation, as well
as increased FFA uptake [157].

Mechanisms of the reductions in FFA oxidation include reduced carnitine
palmitoyl transferase (CPT) activity and the resultant increase in intracellular
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malonyl-CoA [157], chronic hyperglycemia and hyperinsulinemia [182],
decreased expression of PPARgamma coactivator-1alpha (PGC-1alpha)
[179], acquired or inherited defects in mitochondrial fatty acid oxidation [183],
and decreased expression of mitochondria and mitochondrial enzymes in
muscle [179]. Plasma TG levels increase following the suppression of FFA
oxidation in patients with type 2 diabetes, where lipid oxidation and insulin-
mediated glucose oxidation are reduced [178, 180].

Nuclear Signaling Cascades Regulating Fatty Acid
Storage and Oxidation

The physiological regulation of lipogenic gene expression and metabolism is
mediated by nuclear hormone receptors, which function as hormone and
nutrient-regulated transcription factors that bind DNA [158]. Metabolic
nuclear receptors such as receptors for oxysterols (LXRs), bile acids (FXR),
and FFA (through PPAR) regulate key aspects of cellular and whole-body
sterol homeostasis. These processes include lipoprotein synthesis, lipoprotein
uptake by peripheral tissues, cholesterol absorption, bile acid synthesis, and
reverse cholesterol transport [184]. The liver nuclear receptors also act as
nutrient sensors of unsaturated FFA status to determine whether FFA are to
be stored or oxidized. FFA may regulate lipid metabolism at the level of pro-
tein expression or degradation, or via gene transcription and mRNA decay
[185]. Nuclear factors that regulate lipogenesis and the storage of FFA
include the liver X receptor (LXR) and the sterol regulatory element-binding
protein (SREBP) pathways. Transcriptional regulation through SREBP con-
trol de novo lipogenesis and lipoprotein uptake mediating cholesterol home-
ostasis [184]. The LXRs alpha and beta are also cholesterol metabolism and
biosynthesis sensors, which result in induced expression of lipogenic enzymes
upon stimulation [186]. LXRs, along with the farnesoid X receptor (FXR),
also promote storage and catabolism of sterols and their metabolites to pre-
vent excess intracellular cholesterol accumulation [184]. Upon stimulation,
the LXRs, which are present in vascular smooth muscle tissue, may lead to
foam cell formation, that, in turn, contributes to cardiovascular disease via
upregulation of lipogenic genes such as SREBP and fatty acid synthase
(FAS) [187].

Three PPAR isoforms exist namely, PPAR alpha, gamma, and delta [188].
These nuclear receptors are activated by natural FFA and lipid-derived lig-
ands. PPAR gamma, which also activates lipogenic enzymes, may exacerbate
steatosis and is transcriptionally upregulated in hepatic steatosis [189].
Activation of PPAR gamma induces TG storage in tissues in which it is
expressed, including adipose tissue and the intestine [188]. Balancing out the
lipogenic and TG storage capacities of PPAR gamma, LXR, and SREBP
are the other members of the PPAR family of nuclear receptors, which are



responsible for stimulating the oxidation of FFA. PPAR alpha is highly
expressed in liver, heart, and to a lesser extent, in skeletal muscle, and can
prevent steatosis upon activation through amplified FFA oxidation processes
[188, 189]. In cellular responses to fasting and starvation, PPAR alpha-medi-
ated FFA oxidation becomes important for energy metabolism [190, 191].
PPAR delta is ubiquitous, and may also augment FFA oxidation in tissues
where PPAR alpha is less abundant [188]. The PPARs may also contribute to
the amplification loop of the LXR-mediated cellular efflux of cholesterol, via
the ATP-binding cassette (ABC) transporters, ABCA1 and ABCG1, further
contributing to their antiatherogenic properties [186]. The balance and inter-
actions of dietary factors via these nuclear receptors determines the parti-
tioning of fatty acids between storage and oxidation.

Nuclear receptor signaling and lipid metabolism are tightly intertwined
with insulin signaling and glucose/energy regulation. The IRS downstream
of the IR have specific regulatory roles in liver function. IRS-1 is closely
linked to glucose homeostasis, whereas IRS-2 is linked to lipid metabolism
via downstream metabolic nuclear receptors [192]. Examples of these
molecular relationships are illustrated by studies using PPAR alpha KO
mice. As expected, PPAR alpha KO mice exhibit markedly reduced FFA
oxidation, but are also hyperinsulinemic and hypoglycemic in the fasting
state [191].

The pharmacologic ligands of PPAR alpha (fibrates) and PPAR gamma
(thiazolidinediones) have been quite successfully developed [188, 193–195].
Fibrates have been found to play a role on insulin sensitivity, via decreases in
circulating FFA and TG, and decreases in ectopic lipids deposited in nonadi-
pose tissues [196]. In addition to insulin sensitization of muscle tissue, thia-
zolidinedione treatment is accompanied by enhanced total body fat
oxidation, increases in insulin-stimulated glucose uptake, and decreased
plasma FFAs [193]. Thiazolidinediones have also been used successfully in
the treatment of nonalcoholic steatohepatitis (NASH) [197]. It appears that
thiazolidinedione action on muscle insulin sensitivity may be the result of the
secretion of insulin-sensitizing hormones such as adiponectin by adipocytes,
and to the lowering of circulating lipids—all events that result in normalized
glucose utilization [188, 189, 195]. In addition, another target gene of PPAR
gamma is LXR alpha, which is also known for its lipid storage and glucose
clearance capacity [186].

A new category of drug therapy for lipid disorders, insulin resistance, and
NASH includes PPAR delta agonists. Functions of PPAR delta are less
known, but these agonists may play a beneficial role in the treatment of lipid
disorders, in particular obesity [194, 195]. PPAR delta can upregulate
PGC-1alpha and regulate FFA oxidation in several tissues, which may
prove beneficial in the treatment of insulin resistance and obesity [179, 194].
Combination products are also currently being developed for clinical use, tar-
geting both PPAR alpha and PPAR gamma [198].
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Aberrant De Novo Lipogenesis in Insulin Resistance:
Critical Role of SREBP-1c

SREBP membrane proteins are members of the basic helix-loop-helix-leucine
zipper family of transcription factors that act as dimers to activate genes
involved in lipid metabolism, in addition to a range of enzymes required
for endogenous cholesterol, FFA, TG, and phospholipid synthesis [199]. The
SREBPs are synthesized as precursor proteins and require a sequential two-
step proteolytic processing to release the amino-terminal active domain in
the nucleus. SREBP precursor proteins in the endoplasmic reticulum (ER)
form a complex with SREBP cleavage-activating protein (SCAP), which
also contains a sterol sensory domain. In the presence of high cellular choles-
terol concentrations, SCAP also binds the retention factor INSIG-1 and
sequesters SREBP to the ER. Conversely, in presence of low cellular choles-
terol concentrations SREBP is activated in the Golgi by a sequential two-step
cleavage mediated by proteases S1P and S2P [200]. Transcriptionally active
SREBP binds to sterol response elements (SRE) in the promoter/enhancer
regions of target genes [201, 202]. Three SREBP isoforms, 1a, 1c, and 2, are
expressed at varying levels in different tissues. SREBP-1a and -1c are iso-
forms produced from a single gene by alternate splicing, where SREBP-2 is
encoded by a different gene and does not display any known isoforms [200,
201, 203]. In vivo studies using transgenic and KO mice suggest that SREBP-
1c is involved in FFA synthesis and insulin-induced glucose metabolism, and
importantly lipogenesis, whereas SREBP-2 is more specific to cholesterol
synthesis and LDL receptor regulation. The SREBP-1a isoform appears to
be implicated in both pathways [201, 204].

All SREBP isoforms are regulated by nutritional signals and intracellular
cholesterol content, but the SREBP-1c isoform appears also to be primarily
regulated at the transcriptional level by insulin [201]. Both insulin and LXR
alpha induce SREBP-1c transcription, although full induction of the mature
and transcriptionally active form of SREBP-1c protein does requires insulin.
Activation of LXR alpha leads to the induction of SREBP-1c gene expres-
sion and its precursor protein, but it does not have a strong effect in inducing
the mature nuclear form of the transcription factor until acute exposure to
insulin via a phosphatidylinositol 3-kinase (PI-3-K)-dependent mechanism
occurs [202, 205]. Insulin can enhance expression of SREBP in all three
major target tissues: liver, fat, and skeletal muscle [206–209]. In the hyperin-
sulinemic state, levels of SREBP are similarly enhanced [210, 211]. There is
evidence that the MAP kinase pathway [212] regulates the insulin-mediated
stimulation of SREBP with ERK1/2 being shown to activate SREBP-1a by
phosphorylating serine 117 [213]. Paradoxically, depletion of insulin and the
resulting reduction in insulin signaling following streptozotocin (STZ) treat-
ment induces SREBP-1c expression, despite the fact that normally, SREBP-1
is directly stimulated via insulin signaling.



SREBP-1a activation in the liver has a strong impact on plasma insulin lev-
els, implicating the potential role of SREBPs in hepatic insulin metabolism
relating to insulin resistance. Transgenic mice overexpressing nuclear SREBP-
1a have enlarged pancreatic islets, a massively enlarged fatty liver, and a
disappearance of peripheral white adipose tissue [214]. Excess glucose is also
known to upregulate SREBP-1c precursor and nuclear proteins, and stimulate
SREBP-1c maturation via a JAK/STAT dependent pathway [215]. Excess
energy intakes can lead to the formation of remnant lipoproteins and hepatic
insulin resistance through suppression of IRS-2, via activated hepatic SREBP-
1c expression [204], and increased intramuscular lipid accumulation associ-
ated with muscle insulin resistance in obesity or type 2 diabetes may develop
from de novo FFA synthesis in skeletal muscle. High-fructose diets induce
insulin resistance through increased hepatic TG production following an
upregulation of lipogenic pathways [216]. Following 7 days on a 60% fructose
diet, there was an induction of lipogenic gene expression including FAS,
acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase (SCD), along
with the hepatic isoform of SREBP-1 [217]. FAS has been extensively studied
in rat livers, and is also an important downstream component of lipid
synthesis machinery. In rats, fructose feeding created a 56% increase in TG
secretion rate and an 86% increase in plasma TG, through the stimulation of
FAS activity.

Recently, it has been found that overexpression of PTP-1B, which accom-
panies dysfunctional insulin signaling, leads to increases in the expression of
FAS alongside increased mRNA and promoter activity of SREBP-1c. Insulin
resistance may therefore be triggered by PTP-1B, contributing to the associ-
ated lipogenesis and hypertriglyceridemia observed [218]. In insulin-resistant
rats fed a high-fructose diet, it has been reported that increased PTP-1B
expression [218] occurs in correlation with the increases in hepatic SREBP-1
mRNA [219]. PTP-1B was shown to play a role in enhancing SREBP-1 gene
expression via increases in protein phosphatase 2A activity and upregulation
of Sp1 transcriptional activity [218].

Hepatic Steatosis: A Common Feature of Insulin
Resistant Dyslipidemia

One of the most common liver diseases in the United States, nonalcoholic fatty
liver disease (NAFLD), is found with high prevalence in the obese, type 2 dia-
betic population [220]. A second term, NASH, was conceived in the 1980s to
describe this syndrome, whereby patients exhibit liver pathologies consistent
with alcoholic hepatitis, despite the absence of excessive alcohol consumption
[221]. NASH is characterized by inflammation, hepatocellular necrosis, and
most notably an excessive deposition of fat in the liver [197]. The majority of
patients showing characteristics of NASH tend to be overweight/obese males,
exhibiting diabetes, dyslipidemia, and hyperinsulinemia [222, 223].
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The general consensus is that steatohepatitis requires a secondary influence
of inflammation, fibrosis, or necrosis for NASH to occur. Abnormalities in
nutrition, oxidative stress, and lipid peroxidation may all interact, generating
steatohepatitis [221]. Secondary oxidative stresses resulting from insulin
resistance may also result in lipid peroxidation, metabolic stress, and NASH
[220]. There is evidence of metabolic syndrome, with its intrinsic defect of
insulin resistance, being a common link between NAFLD and the accompa-
nying hypertriglyceridemia, obesity, and hypertension [221, 224, 225].
Further evidence of insulin resistance being a causative factor of NASH is
illustrated by the fact that hepatic lipid accumulation, inflammation, and
fibrosis are all improved if insulin sensitivity is regained [197].

In NAFLD patients, peripheral glucose removal is decreased, resulting
from impaired glucose oxidation and stimulated glycogen synthesis, accom-
panied by increased lipid oxidation and the appearance of glycerol [225].
Lipid peroxidation is generally increased, and inversely correlated with fibro-
sis [223]. The degree of hepatic steatosis and associated LDL oxidizability is
in turn also related to glucose disposal, and glucose production [225]. If
fibrosis and inflammation of the liver related to these symptoms is evident,
there is a higher likelihood of progression from NAFLD and NASH to cir-
rhosis. Complications of cirrhosis can include carcinoma and liver failure,
requiring invasive therapy and liver transplantation [197, 220, 222, 224].

Overproduction of ApoB-Containing Lipoproteins in
Insulin-Resistant States: A Major Feature of Metabolic
Dylipidemia Observed in Insulin-Resistant States

Increased hepatic VLDL production may underlie many features of the dys-
lipidemia observed in insulin-resistant states. Early clinical evidence sug-
gested increased production of TG-rich hepatic VLDL coupled with
decreased VLDL clearance in individuals with metabolic syndrome
[226–229]. There is also evidence for enhanced postprandial lipemia and the
presence of small dense LDL particles (reviewed in Ref. [230]). All of these
changes comprise an extremely atherogenic lipoprotein profile that con-
tributes to the increased cardiovascular disease risk associated with the meta-
bolic syndrome. The increase in VLDL production in insulin resistance
appears to result from decreased sensitivity to the inhibitory effects of insulin
on VLDL secretion [231, 232]. In humans, VLDL is assembled and secreted
exclusively by the liver. The VLDL assembly process is complex, requiring the
synthesis of the 550 kDa structural protein apoB100, followed by the assem-
bly of lipoprotein particles with cholesterol, cholesterol ester, phospholipids,
and triglyceride [233]. The availability of lipids within the lumen of ER
appears to dictate the amount of apoB secreted extracellularly mostly via
co- and posttranslational mechanisms [234, 235]. In lipid-poor states, a major
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proportion of newly synthesized apoB is degraded by proteasomal and non-
proteasomal pathways [233, 236]. Thus, an important factor involved in the
assembly of apoB-containing lipoproteins is MTP, which catalyzes the trans-
fer of neutral lipids to the apoB molecule [237]. Chronic modulation of apoB
and VLDL secretion can be achieved via changes in MTP expression and
activity [237]. Insulin may control the rate of hepatic VLDL production
directly by influencing the rate of apoB synthesis and degradation [229, 238],
or modulation of MTP gene expression [239]. Insulin regulation of apoB
appears to involve the activation of the PI-3 kinase pathway which may medi-
ate the inhibitory effect of insulin on the VLDL assembly process [240, 241].

Links between Aberrant Free Fatty Acid Flux and Hepatic
Lipoprotein Production
Increased hepatic VLDL-triglyceride production in insulin resistance appears
to directly, or indirectly, result from decreased sensitivity to the inhibitory
effects of insulin on VLDL secretion. Increased FFA can thus further atten-
uate insulin signaling and therefore exacerbate insulin resistance. Therefore,
an increased FFA flux as is observed in insulin resistance may cause increased
TG availability that may, in turn, stimulate assembly and secretion of VLDL
in hepatocytes [242]. This has been observed in HepG2 cells [243–245] as well
as some primary hepatocyte cell models [246–248]. However, studies in other
primary systems including rat [249, 250], hamster [89, 92], and human [251]
hepatocytes have failed to demonstrate FFA-mediated stimulation of apoB
secretion, hence the matter of secretion remains controversial. Alternately,
increased levels of apoB may instead be due to alterations in apoB stability
as a result of changing FFA levels. Recently it has been shown that treatment
of HepG2 cells with antiretroviral protease inhibitor compounds can prevent
apoB degradation, despite increases in ubiquitinated apoB [252]. This
resulted in a significant accumulation of intracellular apoB, but without any
concurrent increase of secreted apoB. The impairment of apoB lipoprotein
secretion was attributed to a sharp decrease in intracellular synthesis of neu-
tral lipids. Secretion could only then be restored by the addition of exogenous
fatty acid, suggesting that the intracellular pool of apoB could be secreted
only upon lipid availability—as in the case of increased FFA flux to the liver
in insulin resistance. It is thus reasonable to postulate that in insulin-resistant
states, hepatocytes may respond to exogenous FFA by oversecreting VLDL.

De Novo Lipogenesis, SREBP-1c, MTP, and ER60 in
Hepatic VLDL Overproduction
Studies in several models of insulin resistance, suggest a complex relationship
between hepatic insulin resistance, hepatic FFA flux, SREBP-1c expression, de
novo lipogenesis, MTP gene expression, and VLDL overproduction in insulin-
resistant states (see Fig. 11.3) [253]. Development of insulin resistance in the
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fructose-fed hamster model was found to result in high plasma levels of FFA
and increased VLDL production, as well as higher MTP mass, mRNA, and
activity [84]. As there is a tight correlation between MTP levels and VLDL pro-
duction, increased MTP expression and activity would, therefore, be expected
to stimulate the assembly and secretion of apoB-lipoproteins [237]. Higher
MTP expression levels have also been observed in the liver of obese diabetic
mice, as well as the Otsuka Long-Evans Toskushima fatty rat model of type 2
diabetes that presents with visceral fat obesity—confirming observations seen
in the hamster model [254, 255]. The mechanisms stimulating MTP gene
expression in insulin resistance and type 2 diabetes is currently unknown.
Because insulin is a negative regulator of the MTP gene, MTP upregulation in

FIGURE 11.3. Molecular link between insulin resistance and metabolic dyslipidemia in
the hepatocyte. Insulin binding to the insulin receptor triggers a signaling cascade that
negatively regulate VLDL assembly and secretion principally via the PI-3 kinase path-
way. In insulin-resistant states, this negative regulation appears to be lost, thus lead-
ing to stimulation of VLDL production. The upregulation of key phosphatases,
including PTP-1B and PTEN, may play an important role in downregulation of PI-3
kinase signaling. Conversely, inflammatory and stress mechanisms result in stimula-
tion of the MAP kinase pathway which in turn can upregulate MTP, SREBP-1c, and
apoB, leading to increased de novo lipogenesis and increased VLDL secretion.
Increased free fatty acid flux into the liver in the insulin-resistant state also plays an
important role in activation of MTP and enhanced triglyceride synthesis. These fac-
tors collectively contribute to VLDL production and may exacerbate elevated circu-
lating VLDL.



insulin resistance is presumably due to the impaired insulin-regulatory system
[256, 257]. This regulation appears to occur via activation of SREBPs, which,
as mentioned previously, bind a putative SRE within the −124 to −116 of the 5′
MTP gene promoter [258]. Interestingly, the MTP promoter possesses overlap-
ping insulin response elements and SREs [257, 259]. Emerging evidence also
suggests that MTP gene expression is under the control of the MAP kinase cas-
cade [239]. While ERK signaling inhibits MTP promoter activity, p38 kinase
stimulates the promoter [239]. The signaling interactions are still unclear, but
since MAPK is known to activate SREBP-1c, it may be expected that MAPK
activation would also increase SREBP-1c.

SREBP-1c elevation would be expected to inhibit MTP gene expression,
since the MTP promoter has been suggested to have negative SRE elements
[258]. However, the opposite is observed; MTP gene expression is enhanced
in the fructose-fed hamster liver in the setting of elevated SREBP-1c. This
intriguing observation in the fructose-fed hamster compares well with obser-
vations in the obese diabetic mice, where MTP mRNA and activity were
enhanced in the presence of elevated levels of SREBP-1a and SREBP-1c
[254]. It has been suggested that increases in hepatic FFA flux and/or
increased TG stores may stimulate MTP gene expression [239], and in this
case, altered hepatic SREBP-1c may only play a minor role. Elevated
SREBP-1c levels in transgenic mice that overexpress cholesterol 7α-hydrox-
ylase (involved in bile acid metabolism) were also found to be associated
with both accelerated lipogenesis, as well as increased MTP gene expres-
sion—leading to apoB oversecretion [260]. These findings suggest that MTP
expression may be stimulated in insulin resistance by some unknown factors,
which may block SREBP-mediated inhibition of the promoter. Recent stud-
ies using MTP gene promoter constructs have clearly shown a stimulatory
effect of oleic acid on MTP promoter activity [261], despite earlier studies
suggesting that FFA may not affect MTP expression [262]. This provides
further evidence that external factors may generate stimulatory effects
on MTP promoter activity. Interestingly, oleate-mediated stimulation of the
MTP promoter was found to be independent of the SRE [261]. Since MAP
kinases are now known to regulate both SREBP-1c and MTP gene expres-
sion, a potential link may exist between chronic basal activation of the MAP
kinase cascade, the induction of de novo lipogenesis, and increased expres-
sion of MTP; which can together facilitate hepatic VLDL assembly and
secretion.

Another contributing factor to insulin resistance includes the effects of lipid
peroxidation on VLDL overproduction. High fructose-fed insulin-resistant
rats have shown less protection from lipid peroxidation with a prooxidant
effect, and have a hypertriglyceridemic phenotype [263]. It has been hypothe-
sized that prooxidant stress response pathways may mediate delayed clearance
and hepatic increases in VLDL secretion. Hypertriglyceridemic fructose-fed
rats treated with lipoxygenase inhibitors showed a reversal of lipid dysregula-
tions observed, and inflammatory protein activity responses [264]. Lipid
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peroxides, diene conjugates, and reactive substances are undeniably elevated in
fructose-fed insulin-resistant animals, resulting in oxidative stress often being
implicated in the pathology of insulin resistance—especially accompanying a
deficient antioxidant system. Evidence of this is illustrated by the fact that
administration of the antioxidant alpha-lipoic acid shows improvements in
insulin sensitivity, and prevention of such negative oxidative changes [265].
Lipoic acid treatment can also prevent the increases in cholesterol, TG, activ-
ity of lipogenic enzymes, and VLDL secretion evident in insulin resistance due
to fructose feeding; as well as prevent the reductions in LPL and HDL choles-
terol. Lipoic acid may also even normalize the dyslipidemic cholesterol distri-
bution of plasma lipoproteins [266]. Taken together, these studies show a clear
role of insulin-resistant peroxidative stress pathways possibly involved in
VLDL oversecretion.

In addition to the increased assembly and secretion of apoB, increased lev-
els of small dense LDL particles have also been observed in insulin-resistant
states [9]. Early evidence has shown that insulin resistance subsequent to fruc-
tose diets can alter the structure and function of VLDL particles causing an
increased total cholesterol and phospholipid content, and an increase in the
TG:protein ratio [267]. It has been found that higher TG levels can result in
smaller, denser, more atherogenic LDL particles, where LDL particle size is
inversely related to TG concentration [268]; this contributes to the morbidity
of metabolic disorders associated with insulin resistance.

Emerging evidence suggests a potential role for other cellular factors in
the fructose-induced dyslipidemia and enhanced hepatic VLDL production.
Changes in the insulin-signaling pathway upon fructose feeding coincide
with a drastic suppression of ER-60, a protein that potentially targets apoB
to a nonproteasomal degradation pathway. As expected, this reduction
in ER-60 is accompanied by an increase in the synthesis and secretion of
apoB. ER-60 is directly associated with apoB [269]. Decreases in apoB
secretion have been shown to occur via adenoviral-mediated overexpression
of ER-60—a decrease that is unaffected by the addition of proteasomal
inhibitors [270]. An important observation in the insulin resistant fructose-
fed hamster model was that compared to chow-fed control animals, the
hepatocytes of fructose-fed hamsters expressed a lower level of ER-60.
Interestingly, when these fructose-fed hamsters were treated with the insulin
sensitizing thiazolidinedione, rosiglitazone, normalization of the ER-60 pro-
tein in the liver occurred. In the same animal model, rosiglitazone signifi-
cantly ameliorated VLDL secretion, both in vivo and ex vivo [256]. This
suggests that ER-60 protein levels may be responsive to hepatic insulin sig-
naling. The 5′ promoter of the ER-60 gene has been analyzed, and found to
contain putative motifs that may mediate insulin and/or sterol regulation
of ER-60, namely IREs, SRE, SRE3, and NF-Y. The enhanced stability of
apoB in the livers of fructose-fed hamsters as a result of this downregula-
tion of the ER-60 protease may thus contribute to, and result in, higher
assembly and secretion of VLDL.

226 Rita Kohen Avramoglu et al.



Chapter 11. Lipoprotein Metabolism in Insulin-Resistant States 227

Intestinal ApoB48-Lipoprotein Overproduction in Insulin
Resistance
The dyslipidemia that accompanies insulin-resistant states is increasingly
being considered a postprandial phenomenon. Numerous reports have
shown an elevation in postprandial TG-rich lipoproteins in insulin-resistant
subjects, and that fasting hypertriglyceridemia may actually predict this
abnormal postprandial response to a fat load [271–277]. Postprandial TG-
rich lipoproteins and especially chylomicron remnants (CR) have been
implicated as risk factors for atherosclerosis, based on both experimental
work and clinical studies [278–282]. There is growing evidence that intes-
tinal lipoprotein overproduction is a major contributor to the fasting and
postprandial lipemia observed in insulin-resistant states [283]. Intestinal
secretion of apolipoprotein B48-containing lipoprotein particles, accompa-
nied by enhanced intestinal lipid synthesis in the form of free cholesterol,
cholesterol ester, and triglyceride have been documented upon insulin
resistance stimulated by chronic fructose feeding. Basal levels of lipopro-
tein secretion upon fructose feeding may enhance intestinal secretion
through increased de novo lipogenesis, as well as increased MTP availabil-
ity. Insulin-resistant animals fed a high-fructose diet, when compared to
chow-fed animals, showed a significant shift toward secretion of larger, less
dense chylomicrons [284]. Metabolic dyslipidemia is thus a common feature
of insulin-resistant states and appears to arise from aberrant metabolism of
apoB-containing lipoproteins produced not only in the liver, but also in the
small intestine.

Concluding Remarks

Over the last decade, a great deal of progress has been made in understanding
the molecular mechanisms of insulin resistance and its metabolic complica-
tions. The availability of both genetic and dietary animal models of this disor-
der has greatly facilitated this research effort. It is now clear that a strong link
exists between perturbations in insulin signal transduction and alterations in
lipid and lipoprotein metabolism. A central initiating factor appears to be
defects in FFA storage and oxidation, leading to enhanced FA flux in key
insulin sensitive tissues such as the liver and muscle. Emerging evidence
also implicate a direct role for perturbations in key modulators of insulin
signaling molecules and cascades leading to disordered lipoprotein metabo-
lism, either directly or indirectly via changes in FFA flux. These initial
abnormalities appear to lead to hepatic and intestinal overproduction of
highly atherogenic lipoprotein particles that result in the commonly
observed phenotype of hypertriglyceridemia, hyperapoB, and low HDL-
cholesterol levels. Dysregulation of key nuclear transcription factors including
LXR, PPARs, and SREBPs clearly play a central role in the transition from



normolipidemia to a metabolic dyslipidemic state. It is also of particular inter-
est that these major metabolic changes can be induced by relatively simple
changes in dietary intake of certain nutrients, particularly fructose. Recent
studies of the mechanisms by which fructose induces insulin resistance and
metabolic dyslipidemia have been particularly fruitful in delineating the under-
lying molecular and cellular mechanisms of this increasingly common meta-
bolic disorder. The recent explosion of interest in insulin resistance and its
health consequences should lead to further understanding of the link between
insulin insensitivity and lipoprotein dysregulation, and eventually to the devel-
opment of novel therapeutic approaches in the prevention and treatment of
the metabolic syndrome and its dyslipidemic complications.
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The Roles of Protein Glycation,
Glycoxidation, and Advanced
Glycation End-Product Formation 
in Diabetes-Induced Atherosclerosis

IMRAN RASHID, BRONWYN E. BROWN, DAVID M. VAN REYK,
AND MICHAEL J. DAVIES

Abstract
Diabetes is known to induce a range of micro- and macrovascular complications, with
the latter resulting in premature and accelerated atherosclerosis. Thus people with dia-
betes have a 2–4-fold increased risk of developing cardiovascular diseases which is
responsible for ca. 50% of deaths amongst people with diabetes. The mechanisms
behind this elevated risk are still not fully understood, though there is now increasing
evidence for a role of glycation and glycoxidation reactions induced by hyperglycemia.
This article reviews current knowledge of the role that these reactions play in diabetes-
induced atherosclerosis with particular emphasis on the molecular reactions that
result in the modification of lipoproteins, and the consequences of these reactions on
cellular metabolism.

Keywords: advanced glycation end products; aldehydes; atherosclerosis; carbonyl
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Diabetes, Atherosclerosis, and Hyperglycemia

Cardiovascular disease (CVD) and diabetes represent two of the largest pub-
lic health problems worldwide [1, 2]. More than 17 million people die from
CVD every year and over 150 million have been diagnosed with diabetes
[3, 4]. In Western countries and some non-Europid populations, such as
Native American and Canadian communities, Pacific and Indian Ocean com-
munities, and Australian Aboriginals [4], the prevalence of diabetes is higher
than in the general population, with many more people in a “prediabetic”
state [5]. Of further concern is that people with diabetes have an increased
risk of CVD, leading to decreased life expectancy and quality of life [1, 4].
The World Health Organisation has reported that CVD is responsible for ca.
50% of deaths among people with diabetes [1]. Many studies have demon-
strated that people with diabetes are at a 2–4-fold increased risk of CVD and
mortality (reviewed in [6]). The risk of CVD always appears to be higher in
people with diabetes than those without diabetes, regardless of geographical
variation in risk [7].

People with diabetes manifest a number of clinical features considered to
be CVD risk factors. Proatherogenic abnormalities in lipoprotein composi-
tion, subclass distribution, and lipoprotein metabolism have been identified
in humans with Type 2 and Type 1 diabetes, particularly in the former where
glycemic control is poor (reviewed in [8]). Notably, while the lipid profile of
people with Type 1 diabetes with moderate to good glycemic control is rela-
tively normal, the rate of CVD remains accelerated [8]. Hemostatic abnor-
malities indicative of hypercoagulability and increased platelet aggregation
and adhesion are also demonstrable in people with diabetes (reviewed in
[9, 10]). However, these abnormalities do not fully explain the increased risk
of CVD.

It is widely held that the hyperglycemia in diabetes contributes to the
increased incidence of atherosclerosis [10–12]. Large vessel disease appears at
around the time of the first diagnosis of Type 2 diabetes, therefore hyper-
glycemia in the prediabetic state may be important in the development of ath-
erosclerosis [10]. Tight hyperglycemic control has not been conclusively
linked with improved macrovascular outcomes, although there are clear
microvascular benefits. The Diabetes Control and Complications Trial
(DCCT) demonstrated that in people with Type 1 diabetes good blood
glucose control reduced the risk of retinopathy and cardiovascular events
[13]. However, the numbers used in this study were small and a relatively
young population was studied. A follow-up to the DCCT reported that inten-
sive glycemic control inhibited the increases in carotid-intima thickness
(a widely accepted predictor of atherosclerosis) detected in people with dia-
betes [14]. Glycated hemoglobin (HbA1c) concentration is an indicator of
average blood glucose over the previous 3 months and may be used as a mon-
itoring tool for diabetes [15]. The United Kingdom Prospective Diabetes
Study (UKPDS) provided clear evidence that decreasing HbA1c reduced



microvascular complications, but not macrovascular disease [16]. Indeed
Brownlee [12] has put forward the concept of hyperglycemic memory in
which there is a persistence or progression of hyperglycemic-induced vascu-
lar complications during periods of normoglycemia.

There are many possible mechanisms as to how hyperglycemia might
induce atherosclerosis. These include increased polyol pathway flux,
increased advanced glycation end-product (AGE) formation, activation of
protein kinase C (PKC), increased oxidative stress, and increased hexosamine
pathway flux. It has been suggested that these mechanisms may have a com-
mon element of overproduction of superoxide radicals by the mitochondrial
electron transport chain (reviewed in [12]).

Glycation, Glycoxidation, and the Formation
of Advanced Glycation End Products

Glycation of proteins involves reactions between a sugar, such as glucose or
another reactive aldehyde, and a nucleophilic group on the protein. Thus,
reaction occurs with the amine groups at the N-terminus and on Lys side
chains, at the guanidine group of Arg side chains, and with the thiol group of
Cys residues [17]. The extent of this spontaneous reaction is dependent on
the duration of exposure to the modifying species and leads to the formation
of a Schiff base (or thiohemiacetal in the case of Cys residues [18]). The
Schiff bases formed with nitrogen nucleophiles undergo rearrangement to
form an essentially irreversible ketoamine Amadori product [19]. Subsequent
reactions of these species result in the generation of a heterogenous group of
adducts collectively known as advanced glycation end products (AGE).
Aldehydes such as glycolaldehyde and methyglyoxal, the levels of which are
increased in diabetes (discussed later), can also glycate proteins, and the rates
of reaction of these compounds are known to be significantly greater than
that for glucose itself [17, 20]. Glucose and other aldehydes, whether free or
protein-bound, can also undergo autoxidation reactions which yield radicals
and other reactive intermediates (e.g., H2O2 and other peroxides) which can
also contribute significantly to AGE generation. These latter processes are
often termed glycoxidation [19, 21, 22].

Protein Glycation/Glycoxidation and AGE Accumulation 
in Diabetes
Modifications to proteins brought about by glycation and glycoxidation reac-
tions include increases in chromophores and fluorophores, modification of
Arg, Cys, and Lys side chains and the N-terminus, increases in net negative
charge, unfolding, cross-linking, and fragmentation [18, 20, 21, 23–26]. It has
been shown that the protein fragmentation and conformational changes
brought about by the reaction of proteins with glucose are dependent upon
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hydroxylating/oxidizing agents (probably hydroxyl radicals) produced from
H2O2, in the presence of metal ions, arising from glucose autoxidation and
ketoaldehyde formation [21, 23]. The magnitude of these changes is depend-
ent on the modifying agent used. Nagai et al. [26] have reported that the levels
of the AGE-carboxymethyl lysine (CML) are high on glyoxal-modified BSA,
low on glycolaldehyde-modified BSA, and undetectable on methylglyoxal-
modified BSA. A similar pattern was also observed for antibodies against
non-CML structures [26]. In contrast, the fluorescence spectra of the modi-
fied proteins were similar in all cases except for glyoxal-modified BSA, where
they were weak, and all had similar changes in negative charge [26]. Of these
modified species, only glucose- and glycolaldehyde-modified BSA were taken
up by receptor-mediated endocytosis by a macrophage-type cell line [26].
Recent work has suggested that glycation often precedes oxidative modifica-
tions with the concentrations of metal ions and modifying aldehydes likely to
be found in vivo [20].

These reactions are likely to be of relevance in vivo in people with diabetes
and its associated complications. The most recent data from the EPIC-
Norfolk study [27] indicate that in this cohort the risks of cardiovascular and
coronary heart disease increased with increasing HbA1c concentration and
this was largely independent of a number of cardiovascular risks factors.
HbA1c concentrations correlated with the risk of disease in the cohort mem-
bers with diagnosed diabetes. Previously, HbA1c and other measures of
hyperglycemia have been linked with increased mortality [28–33], cardiovas-
cular disease/events [29–33], carotid artery stenosis [14, 34], fatty streaks [30],
and endothelial dysfunction [35].

Levels of methylglyoxal [36–38] and 3-deoxyglucosone [39] have been
reported to be elevated in the blood of people with diabetes. Significant
increases in the levels of several AGE have been demonstrated in tissues,
plasma, and urine from people with diabetes (reviewed in [19]), and in patients
on hemodialysis [40].

The higher levels of AGE detected in urine, compared to plasma, suggest
substantial turnover of AGE-modified material although this may be deter-
mined by the extent of modification. It has been shown that although mod-
erately oxidized proteins are more sensitive to proteolytic attack, and are
endocytosed more quickly than native proteins, the opposite is the case for
heavily oxidized proteins [41, 42]. This may explain the observed accumula-
tion of oxidized proteins over time in some tissues and disease states (age,
atherosclerosis, diabetes) and contribute to these pathologies (reviewed in
[43, 44]). Similar behavior may occur with glycated/glycoxidized proteins.
Variation in the rates of protein turnover will also contribute to the level of
tissue AGE accumulation; proteins with low turnover such as collagen and
lens crystallins would therefore be expected to accumulate these materials
and this has been detected experimentally [45–51].

In diabetes-associated atherosclerosis, both glycation and oxidative
processes have been implicated in disease development and progression.
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However, antioxidant therapies in the treatment of atherosclerosis have met
with little success (reviewed in [52]). Baynes and Thorpe [53] and Knott et al.
[20] have argued that when considering diabetic complications, damage to
cell and tissue components via glycation reactions (“carbonyl stress”) may
precede and potentially lead to oxidative damage. These processes may also
however be divorced from each other. This has potentially important thera-
peutic significance [53], as it raises the question as to whether there is
increased benefit in using antioxidant therapies in the treatment of the vas-
cular complications of diabetes, in addition to approaches designed at
achieving glycemic control and prevention of glycation of cell and tissue
components.

Immunohistochemical Localization of AGE Structures
Diabetes and increasing age are associated with a loss of elasticity of lung,
skin, arterial, joint, and bone tissue. Collagen from the extracellular matrix
(ECM) of these tissues is subjected to increased nonenzymatic glycation, and
the extent of glycation correlates with the presence of late complications of
diabetes [54, 55]. CML epitopes are not uniformly distributed, with the elas-
tic fibres of blood vessels (and skin) staining more intensely than surround-
ing tissue [46]. CML formation is slow, and the accumulation of CML
epitopes in ECM is probably exacerbated by the slow turnover of these pro-
teins. Areas of intimal thickening and atherosclerotic plaques express more
CML epitopes than areas with less severe morphologic alterations [46]. The
cytoplasmic domains of foam cells also contain the CML epitope, which may
be due to receptor-mediated uptake and degradation of AGE-modified pro-
teins by macrophages within plaques [46, 56] (also discussed later). Serum
proteins from people with diabetes also have an increased level of CML,
which correlates with indices of glycemia such as HbA1c [46]. Since CML can
be formed from both glycation/glycoxidation and lipid oxidation reactions,
the observed increase in CML may be accounted for by either an increase gly-
cation or increased oxidative stress. However, the AGE product, pyrraline,
has been reported to be formed by a nonoxidative mechanism, and both this
material and CML levels are elevated in diabetic serum, supporting the
notion that the nonoxidative glycation of proteins may contribute to AGE
accumulation in diabetes [47, 57, 58].

Intracellular localization of glycolaldehyde-modified proteins and AGE in
macrophage foam cells in atherosclerotic plaques has been demonstrated in
several studies [56, 59, 60]. Protein modification by reactive carbonyl species
has been detected in the sera and tissue of people with diabetes, with greater
amounts of methylglyoxal-induced protein modification detected in people
with, compared to without, diabetes [61]. Immunoelectron microscopic obser-
vation of atherosclerotic plaques obtained after autopsy has revealed that
AGE-epitopes are located within the lysosomal lipid vacuoles or electron-
dense granules of foam cells consistent with the impaired degradation of these
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proteins [59]. This localization might be indicative of two means by which pro-
tein glycation/glycoxidation may contribute to foam cell generation in diabetes-
induced atherosclerosis (discussed in more detail later). Firstly, intracellular
accumulation of lipoprotein-derived cholesterol may be due to resistance of
the glycated (CML–protein adduct) or glycoxidation products on modified
low-density lipoprotein (LDL) to lysosomal degradation. In our laboratory,
glycated/glycoxidized proteins have been shown to inhibit a number of intra-
cellular enzymes including lactate dehydrogenase (LDH), glyceraldehyde-
3-phosphate dehydrogenase (GAPDH), glutathione reductase [62], and some
of the lysosomal cathepsins (Zeng and Davies, unpublished results). Inhibition
of the latter species may be of particular importance in modified protein
turnover. Secondly, glycation/glycoxidation of LDL may promote particle
uptake by macrophages. What follows is a consideration of mechanism of
foam cell generation and evidence supporting a role for protein glycation/
glycoxidation in this process.

The Macrophage Foam Cell in Atherosclerosis
Atherosclerosis is an inflammatory disease (reviewed [63]) and macrophages
are present at all stages of the disease (reviewed [64]). Animal studies, using sev-
eral different models of atherosclerosis, support a key role for macrophages in
the development and progression of atherosclerosis. The op defect is a defi-
ciency in macrophage colony-stimulating factor (M-CSF) that renders the host
severely deficient in blood monocytes and tissue macrophages. Apolipoprotein
E knockout (apoE–/–) mice also carrying the op defect were found to have ves-
sel lesions that were of smaller area with far fewer macrophages than those of
littermates that were replete with M-CSF [65]. This was also the case for E0

mice deficient in the monocyte chemoattractant protein-1 (MCP-1) receptor
CCR2 [66]; mice transgenic for human apolipoprotein B deficient in MCP-1
[67]; and bone-marrow-irradiated LDL receptor knockout mice reconstituted
with macrophages negative for the murine homolog of the interleukin-8 recep-
tor, CXCR-2 [68].

Modifications to LDL such as oxidation, aggregation, incorporation into
immune complexes and glycation, are strongly implicated in the pathogenesis
and progression of atherosclerosis (reviewed [52, 69]). Modified LDL has been
reported to be retained in the arterial wall (reviewed [70]). Macrophages, in
their role of scavenging tissue and cellular debris, will take up the modified
LDL. This is likely to involve several receptors, the expression of which are not
regulated by cellular cholesterol levels. The excess cholesterol is esterified as a
means of regulating cellular free cholesterol levels. Subsequent hydrolysis is
required for export of the cholesterol from the cell to suitable transporters.
Where export pathways are inhibited, deficient, or saturated, there would be an
accumulation of cholesterol as cytosolic droplets leading to “foam cell” gener-
ation (reviewed [63, 71, 72]). Macrophages may also contribute to modification
of LDL (reviewed [52, 63]).
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Whether lipid accumulation in macrophages contributes principally to the
development of a pro- or anti-inflammatory phenotype has not been fully
elucidated. A major obstacle to achieving this is that existing in vitro models
used to determine the pro- or anti-inflammatory effects of lipid loading often
suffer limitations in terms of the biological relevance of both the lipid deliv-
ery systems used and the intracellular lipid composition achieved. However,
other mechanisms may also come into play including matrix metallopro-
teinase activation and cytokine release. It has been reported that the accu-
mulation of lipid destabilizes atherosclerotic lesions and increases the
likelihood of rupture (e.g., [73]). Prolonged cholesterol accumulation is
known to lead to cell death that is likely to involve both apoptosis and (proin-
flammatory) necrosis (reviewed [71]).

AGE-Modified Lipoproteins
The characteristic lipid profile of people with Type 2 diabetes consists of nor-
mal to high LDL, reduced high-density lipoprotein (HDL), and increased
triglycerides. In contrast, the lipid profile of people with Type 1 diabetes with
good glycemic control is typically near normal though vascular disease is still
accelerated [8]. Glycation and AGE modification of LDL are increased in
people with both Type 1 and Type 2 diabetes, and therefore may play an
important role in the premature onset, and rapid progression, of atheroscle-
rosis observed in both forms of the disease.

The reaction between glucose and the apolipoprotein B-100 (apoB) of
LDL gives rise to similar modifications to those observed with other proteins.
Thus increases in net negative charge, modification of Arg, Lys, and Trp
residues, increases in fluorescence, enhanced cross-linking, and AGE genera-
tion have been reported. The formation of malondialdehyde, peroxides, and
other lipid peroxidation products has also been observed [20, 74–81]. Specific
AGE, such as CML, have also been identified in glucose-modified LDL, and
in macrophage foam cells of atherosclerotic plaques [56, 82].

The rate, and extent, of LDL alteration is more marked on reaction with
aldehydes, or mixtures of glucose plus Cu2+ ions, than with glucose alone [20].
A comparative study of the extent of alteration induced by aldehydes of dif-
ferent size and structure (glycolaldehyde, glyceraldehyde, erythrose, arabi-
nose, and glucose; 2, 3, 4, 5, and 6 carbons, respectively) has shown that the
lower the molecular mass of the aldehyde, the more rapid and more extensive
were the changes in derivatization of free amino groups and increases in neg-
ative charge [74]. Modification of LDL by methylglyoxal and glycolaldehyde
has also been shown to result in Arg, Trp, and Lys modifications, increases in
net negative charge, and cross-linking [20]. Some studies have also demon-
strated a stimulatory effect of glucose on Cu2+-mediated LDL oxidation
[77, 79], however this is dependent on the ratio of Cu2+ ions to LDL, and has
not been observed with the low levels of Cu2+ that are likely to be present in
the artery wall [20, 81, 83].
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As with hemoglobin (HbA1c), increased levels of glycated lipoproteins have
been detected in the serum of people with diabetes [84–87]. AGE-modified
LDL has been detected in the serum of people with diabetes, with the
amount of glycated/glycoxidized lipoprotein proportional to the level of
hyperglycemia as measured by HbA1c [88, 89]. Increases of up to twofold
have been detected [84, 85]. Steinbrecher and Witztum [90] reported that up
to 5% of the Lys residues present on the apoB protein of LDL from people
with diabetes was modified. Klein et al. [86] reported that the percentage of
glycated/glycoxidized LDL is higher in people with diabetes than controls
(21% and 5%, respectively). Interestingly, the levels of AGE-modified apoB
were also observed to be greater in normolipidemic patients with occlusive
atherosclerotic disease, but no diabetes, than in normal age-matched controls
suggesting there may also be a causal link between AGE modification of
lipoproteins and atherosclerosis in people without diabetes [91]. Bucala et al.
[92] have identified AGE-epitopes near the LDL receptor-binding site as key
sites of modification on apoB, though the exact nature of these modifications
remains to be resolved. Glycation and/or glycoxidation of LDL has been
reported to affect its catabolism and degradation [90, 93], and increase its
proteoglycan binding properties [94]. Thus, glycated/glycoxidized LDL
and/or AGE-modified LDL may contribute to diabetes-accelerated athero-
sclerosis by exacerbating dyslipidemia, enhancing LDL–ECM affinity,
immunogenicity, and macrophage endocytosis with resulting lipid loading of
cells (i.e., foam cell formation).

Dyslipidemia

In vitro experiments have revealed that glucose preferentially targets Lys
residues on the apoB protein of LDL and that this modification can interfere
with the binding of LDL to the LDL receptor [84, 87]. Impaired binding of
glucose- and AGE-modified LDL to the LDL receptor has been shown to
reduce LDL receptor-mediated clearance mechanisms of LDL with the
degree of impairment proportional to the amount of Lys derivatization [84,
87]. Glycation of LDL may therefore contribute to dyslipidemia in people
with diabetes by inhibiting the hepatic clearance of LDL, effectively increas-
ing the half-life of the lipoprotein. Administration of aminoguanidine, an
inhibitor of AGE formation, to people with diabetes has been shown to
decrease circulating LDL levels by up to 28% providing evidence for a con-
tribution of LDL glycation to diabetic dyslipidemia [89].

AGE-LDL is Immunogenic

Glycation and glycoxidation of lipoproteins may render them immunogenic.
Curtiss and Witztum [95] demonstrated that LDL glycated in the presence of
cyanoborohydride, which was heavily modified (60% of Lys residues modi-
fied), was a potent immunogen, stimulating antibodies that did not interact
with unmodified LDL. When LDL was glycated with glucose alone (6% of
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Lys residues modified), it was a less-potent immunogen. Differences in the
antibody response and subsequent clearance were found to be dependent on
the degree of modification.

Oxidized and glycated LDL are reported to elicit humoral immune
responses in experimental animals and in humans leading to the formation of
autoantibodies reactive to the modified forms of LDL [96]. The average avid-
ity of AGE-LDL autoantibodies is higher than that of ox-LDL autoanti-
bodies [97]. CML and carboxyethyl lysine (CEL) appear to be the major
modifications recognized by autoantibodies, but antibody specificity is also
dependent on the nature of the protein containing the AGE adducts [96]. It
is unclear whether the net effect of the humoral immune response to glycated-
or AGE-modified LDL is pro- or antiatherogenic. Autoantibodies to gly-
cated LDL may form immune complexes with modified LDL, which could
facilitate the uptake and removal of the complex constituting a possible
antiatherogenic effect. However, the formation of immune complexes of
LDL enhances cholesterol uptake by macrophages via Fc-γ receptors and
thus the formation of foam cells [98]. In addition to cholesterol uptake, LDL-
immune complexes stimulate the secretion of the proinflammatory cytokines
interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α) from macrophages,
that may contribute to the progression of atherosclerosis [97].

AGE-LDL: Enhanced Proteoglycan Binding

Glycation/glycoxidation of LDL has been shown to increase its proteoglycan
binding properties [94]. Enhanced binding of LDL to ECM components
such as proteoglycans may contribute to diabetes-induced atherosclerosis by
promoting LDL retention in the artery wall. LDL retention may in turn
enhance foam cell formation and the rate of atherosclerosis. Improved
glycemic control in diabetic patients has been shown to reduce the extent of
modification of LDL and decrease the binding capacity of LDL for proteo-
glycans [99]. In the same study, the extent of glycation was shown to be the
only compositional variable that correlated with proteoglycan binding and
removal of the glycated portion of LDL returned proteoglycan binding to
normal. Greater subendothelial retention of lipoproteins has been reported
in insulin-deficient rabbits [100], and thus perhaps contributes to atheroscle-
rosis in people with diabetes. The “response to retention” hypothesis is prob-
ably the most widely accepted to explain lesion initiation [70, 101]. If LDL is
retained in the intima, there is greater chance of uptake by macrophages, or
other cells, to yield lipid-laden foam cells, and it has been demonstrated that
macrophages in vitro can accumulate LDL isolated from human atheroscle-
rotic lesions [102].

AGE-HDL

Glycation or glycoxidation of HDL may contribute to the enhanced levels of
lipid present in the artery wall, by inhibiting reverse cholesterol transport
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(i.e., the process that removes excess cholesterol from lipid-laden cells).
Glycated/glycoxidized HDL has been reported to remove cholesterol either
to a similar extent [103], or less efficiently, from macrophages [104, 105] com-
pared to nonmodified HDL. Cholesterol efflux has also been reported to be
impaired in adipocytes [106] and fibroblasts [105] exposed to glycated (lipid
free or lipid poor) apolipoprotein A-I (apoA-I, a major protein of HDL) or
HDL itself. However the mechanism by which this occurs is unclear, and fur-
ther studies are needed to clarify the effects of diabetes on other components
of the reverse cholesterol pathway [107, 108]. HDL is known to have potent
anti-inflammatory effects at the level of vascular endothelium and has been
shown to reduce cellular adhesion molecule (CAM) expression and neu-
trophil infiltration into injured rabbit arteries [109]. In addition to glyca-
tion/glycoxidation potentially affecting the role of apoA-I and HDL in
cholesterol efflux (though the data on this is contradictory), it may also have
potential effects on the anti-inflammatory effects of HDL, and hence modu-
late the development of atherosclerosis via multiple pathways. It has recently
been established that methylglyoxal-induced modification of HDL inhibits
the ability of lecithin:cholesteryl acyl transferase (LCAT) to esterify free cho-
lesterol associated with apoA-I (Nobecourt et al., unpublished data). It there-
fore remains to be established whether HDL retains its antiatherogenic effects
in people with diabetes.

AGE-LDL and Foam Cell Formation
Modifications of LDL that result in the formation of AGE give rise to par-
ticles that promote lipid loading and foam cell formation. LDL isolated from
people with Type 1 diabetes has been shown to induce significantly higher
cholesterol ester accumulation in human macrophages than LDL isolated
from control subjects, with the extent of cholesterol ester accumulation cor-
relating with the extent of LDL glycation [85]. When the glycated/glycoxi-
dized LDL was separated from the nonmodified LDL using affinity
chromatography, the modified fraction induced significantly greater choles-
terol and cholesteryl ester accumulation when incubated with human
macrophages [86]. This modified LDL also significantly increased cholesteryl
ester synthesis rates. Interestingly, there were no significant differences in the
rates of cholesteryl ester synthesis for glycated/glycoxidized LDL obtained
from people with or without diabetes [86]. LDL obtained from people with
Type 2 diabetes has also been shown to induce greater macrophage uptake
and cholesterol ester synthesis than LDL obtained from controls [110].

The modification of LDL with glucose in vitro has also been shown to
induce cholesterol ester accumulation in human macrophages providing fur-
ther evidence for the importance of LDL glycation/glycoxidation in foam cell
formation in people with diabetes [85, 96, 110]. Using well-characterized,
minimally oxidized LDL preincubated with glucose for 7 days, we were
unable to induce in vitro foam cell formation in mouse [81] or human
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macrophages (Brown et al., unpublished data) whereas LDL modified by
aldehydes under the same conditions resulted in significant lipid loading in
both cell types ([81], Brown et al., unpublished results).

In vitro glycoxidation of LDL with glucose and metal ions can also affect
macrophages. One study has shown using staining methods that LDL glycoxi-
dized with glucose and iron can be taken up by mouse peritoneal macrophages,
and that this also results in the production of superoxide radicals [80]. Another
group has shown that human macrophages (that contain abundant scavenger
receptors, but few LDL receptors) show increased rates of degradation of gly-
coxidized LDL when compared to control LDL, and that fibroblasts (that con-
tain fewer scavenger receptors and more LDL receptors) show higher rates of
degradation of native LDL than glycated/glycoxidized LDL. These human
monocyte-derived macrophages (HMDM) also demonstrated enhanced
uptake of glycoxidized LDL. Millican et al. [78] demonstrated that LDL gly-
coxidized with glucose and Cu2+ results in an increase in electrophoretic mobil-
ity that correlated with lipid oxidation, and that both of these correlated with
the inhibition of DNA synthesis in macrophage-like cells. In recent work, LDL
exposed to a combination of glucose and low (potentially more physiologically
relevant) concentrations of Cu2+ was found not to induce in vitro foam cell for-
mation in cultured murine macrophages [81].

AGE products are also known to be formed on the lipid components of
LDL such as the amine groups of phospholipids. With glucose-modified
LDL, modified phosphatidylethanolamines have been detected, and enrich-
ment of LDL with these species has been shown to increase LDL uptake, and
cholesteryl ester and triglyceride accumulation, in macrophages [111, 112].

Reactive aldehydes can be formed in vivo by a number of pathways includ-
ing metabolic processes and the oxidation of glucose, lipids, and amino acids.
The rate of AGE formation from the reaction of these aldehydes with pro-
teins is orders of magnitude faster than glucose-induced AGE formation, and
it is probable that reactive aldehydes play a key role in AGE formation in vivo
[12]. Although many aldehydes have been identified that generate AGE, the
ability of these aldehydes to induce the modifications of LDL that lead
to LDL uptake and cholesterol accumulation in macrophages varies
greatly. Modification of LDL by α-hydroxy aldehydes increases uptake by
macrophages and glycolaldehyde modification appears to be particularly
effective in inducing LDL endocytosis and degradation ([26, 74, 113], Brown
et al., unpublished data). Endocytosis of α-hydroxy aldehyde-modified pro-
teins has been shown to be inversely proportional to the mass of the modify-
ing aldehyde [74]. Uptake of glycolaldehyde-modified LDL (and other
proteins) is competitively inhibited by acetylated LDL, and substantially
reduced in cells lacking the macrophage scavenger receptor A (MSR-A) sug-
gesting that this receptor plays a key role in the binding and endocytosis of
glycolaldehyde-modified proteins [26, 113].

Serum levels of glycolaldehyde have proven difficult to determine, probably
due to the highly reactive nature of this aldehyde leading to low serum
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concentrations in its free form, though it is clear that this material must be
present [60]. Methylglyoxal-modified LDL has been shown in one study to
cause significantly less cholesteryl ester synthesis in murine macrophages
when compared to native, oxidized, or acetylated LDL [75]. This is in con-
tradiction to our recent studies where methylglyoxal-modified LDL was
shown to increase the cellular cholesterol ester levels [81]. These differences
may arise from the different conditions used to modify the LDL. The extent
of cholesteryl ester accumulation detected with this methylglyoxal-modified
LDL was less than that detected with glycolaldehyde-modified LDL [81].
Interestingly, modification of LDL with α-oxoaldehyde dicarbonyl com-
pounds, such as methylglyoxal, gives rise to more modest increases in endo-
cytosis and degradation of the apoB protein of LDL than glycolaldehyde,
despite inducing a similar extent of protein charge modification (Brown et al.,
unpublished data). Modification of proteins by oxidation, glycation, or gly-
coxidation has been proposed to impair binding of LDL to the LDL receptor,
and increase binding and endocytosis by unregulated scavenger receptor path-
ways. It has been proposed that an increase in net negative charge of a protein
may be responsible for preferential binding to scavenger receptors [114].
Reaction with Lys and Arg residues, which are positively charged at physio-
logical pH, appear to be a key determinant of the change in overall particle
charge and are known to be key targets for modification. Glycolaldehyde has
been shown to induce a greater degree of Lys derivatization than methylgly-
oxal, which preferentially targets Arg residues [17, 26, 75]. However, the large
differences in uptake of glycolaldehyde- and methylglyoxal-modified LDL,
despite similar levels of charge modification, suggest that overall charge mod-
ification is not the sole determinant for scavenger receptor binding, with this
possibly related to the specific modifications induced on particular amino
acids [81].

Our recent studies suggest that there is a degree of interdependence of pro-
teolysis on lipolysis and vice versa, with perturbations in these processes,
induced by the endocytosis of glycated LDL, potentially contributing to
foam cell formation in diabetes-associated atherosclerosis. Thus a state of
“carbonyl stress” in people with diabetes may contribute to the accelerated
development of atherosclerosis. This has been further supported by studies
that have demonstrated that carbonyl-scavenging compounds can inhibit gly-
cation-induced changes and subsequent model foam cell formation using
mouse (Brown et al., unpublished data) or human macrophages (Rashid
et al., unpublished data).

Most studies that have tried to evaluate the extent of LDL glycation and
glycoxidation in people with diabetes have used serum-derived LDL.
Although lipoprotein glycation occurs within the vascular compartment, this
may not represent the true extent of LDL modification, as extravasated LDL
is likely to be subjected to further glycation and oxidation. Antioxidants such
as α-tocopherol and carotene have been shown to protect, under certain
circumstances, LDL (and other proteins) from oxidative modification [52].
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Oxidized LDL (ox-LDL) levels in atheroma, however, have been shown to be
70-fold higher than levels in the circulation suggesting that ox-LDL is either
formed, or preferentially accumulates, within the vessel wall [115]. Greater
extents of LDL glycation/glycoxidation within the vascular wall are therefore
a strong possibility. Intracellular hyperglycemia, particularly in the endothe-
lium, has been proposed to be the primary initiating event in the formation of
both intracellular and extracellular AGEs [45]. Glucose uptake by endothelial
cells is predominantly mediated by GLUT1 transporters, which have a high
affinity for glucose with Km values around 2 mM [116]. Glucose uptake by
such transporters is insulin-independent and the amount of glucose uptake is
dependent on blood glucose levels. Hyperglycemia in diabetes thus directly
increases endothelial intracellular glucose concentrations [116]. In vitro exper-
iments have demonstrated that incubation of endothelial cells in the presence
of glucose for 7 days results in an approximately 14-fold increase in intracel-
lular AGE content [117]. Reactive aldehydes and AGE species released from
endothelial cells may also react with extravasated LDL trapped in the suben-
dothelial matrix leading to a greater extent of modification than observed in
serum LDL. Furthermore, soluble AGE peptides released after macrophage-
mediated degradation of AGE proteins can covalently bind other proteins
forming “second generation” AGE [118]. AGE-peptides released from
macrophages in the arterial wall may then bind and modify LDL trapped in
the subendothelial matrix forming a cycle of AGE generation, endocytosis,
and degradation. Alternatively, circulating glycated LDL may be subjected to
oxidation on entering the vessel wall leading to elevated AGE modification of
LDL within the arterial wall.

Receptors that Bind Advanced Glycation End Products
AGE are ligands for a number of pattern recognition receptors such as the
receptor for advanced glycation end products (RAGE) and a number of so-
called scavenger receptors [119, 120].

RAGE

RAGE is a 35-kDa protein that belongs to the immunoglobulin superfamily
[121]. Low levels of RAGE expression are present in normal tissue and vas-
culature with higher levels of expression occurring in locations where RAGE
ligands accumulate [122]. Similar to the pattern recognition receptors of the
innate immune system, ligand binding to RAGE is dependent on the three-
dimensional structure of the ligand rather than its specific amino acid
sequence [123, 124]. RAGE has been shown to bind several peptides includ-
ing AGE, S100 proteins, amyloid β-peptide, and the high-mobility group pro-
tein B1 (HMGB1). These ligands are characterized by β-sheets or fibril
formation [122] and the AGE CML has been reported to bind RAGE and
activate cell-signaling pathways [125]. The binding of RAGE by its ligands
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results in the activation of several signaling pathways including erk1/2
(p44/p42) MAP kinases, p21ras, p38, SAPK/JNK MAP kinases, rho
GTPases, phosphoinositol-3-kinase and the JAK/STAT pathway (reviewed in
[126]). These signaling pathways can lead to the activation of downstream
effectors such as NF-κB and CREB, the former being able to stimulate adhe-
sion molecule expression [127]. The ligation and activation of RAGE has been
reported to lead to the formation of reactive oxygen species, and CML has
been reported to stimulate superoxide radical and H2O2 generation via activa-
tion of NADPH oxidase in human endothelial cells [128]. Unlike scavenger
receptors, the binding of AGE or other ligands to RAGE does not result in
endocytosis of the ligand [125]. Recent studies have suggested that although
AGE bind RAGE with high affinity, they do not uniformly induce CAM
expression [129, 130]. Furthermore, S100b has been shown to induce
CAM expression via RAGE with greater efficacy than AGE [130]. The ability
of different AGE species to bind and activate RAGE and the role of S100 pro-
teins in the pathogenesis of atherosclerosis requires further investigation.
Studies with homozygous RAGE-null mice (RAGE−/−) have provided insights
into the function of RAGE in vivo. RAGE−/− mice are more resistant to the
lethal effects of septic shock than wild-type mice suggesting that these recep-
tors play a role in the initiation and propagation of the innate immune
response in sepsis [131]. Deletion of the RAGE gene, however, does not com-
promise the adaptive immune response. RAGE itself has also been shown to
function as an endothelial adhesion receptor for leukocytes, which may con-
tribute to the increased inflammation observed in pathological conditions
associated with increased RAGE expression such as diabetes, atherosclerosis,
and chronic immune diseases [132].

Scavenger Receptors

Class A scavenger receptors (MSR-A) are expressed by macrophages and func-
tion as part of the host innate immune response. There are two subtypes of
MSR-A, Type 1 and Type 2, which have a broad specificity for polyanionic lig-
ands. Endogenous ligands for MSR-A include modified LDL, ox-LDL, and
AGE-modified proteins, whereas exogenous ligands include lipid A, lipotei-
choic acid, Neisseria meningitidis, and asbestos [133]. In vivo, MSR-A con-
tributes to the innate immune response to gram-positive microbial infections
and susceptibility to atherogenesis [133]. The uptake of acetylated LDL by
macrophages via MSR-A and subsequent formation of model foam cells was
first identified by Goldstein et al. [134]. Ox-LDL and AGE-modified proteins
have also been shown to be endocytosed by macrophages via MSR-A [135].
The AGE-structure CML, however, is not recognized by the MSR-A [26] and
uptake of proteins containing AGE adducts via this receptor is probably due
to modification of the biophysical properties of proteins by glucose or aldehy-
des rather than the binding of a specific AGE structure. One identified deter-
minant of MSR-A ligation is the modification of Lys residues, which play an
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important role in the maintenance of the tertiary structure of proteins [136].
Derivatization of protein Lys residues with oxidation products increases scav-
enger receptor binding, and blocking Lys residues by methylation prior to incu-
bation with oxidation products prevents this effect [136].

CD36 and SR-B1 are class B scavenger receptors that bind AGE-modified
proteins and unlike MSR-A, these receptors have two transmembrane domains
[137]. CD36 is an 88-kDa glycosylated protein that binds ligands such as
ox-LDL, fatty acids, collagen, anionic phospholipids, thrombospondin,
Plasmodium falciparum, and some gram-positive/negative bacteria [133]. In
vivo, macrophage CD36 appears to be responsible for the binding and uptake
of ox-LDL [137]. CD36 deficiency has been shown to markedly reduce ox-
LDL endocytosis in human macrophages and immunohistochemical studies
have demonstrated CD36 expression in core regions of atherosclerotic plaques
[138, 139]. Studies in mice lacking both MSR-A and CD36 have shown that
these receptors account for 75–90% of degradation of acetylated or ox-LDL
[140]. In the light of these findings, CD36 and MSR-A are regarded as the
major pathways for ox-LDL-induced foam cell formation in atherosclerosis. In
addition to ox-LDL, CD36 has demonstrated high affinity binding for AGE-
BSA [141]. Scavenger receptor B1 (SR-B1) binds HDL and can mediate the
transfer of cholesteryl esters without endocytic uptake of HDL. SR-B1 con-
tributes to reverse cholesterol transport by promoting cholesterol efflux from
peripheral cells such as macrophages and cholesterol uptake by hepatocytes
[137]. In addition to its function in reverse cholesterol transport SR-B1 has also
been shown to endocytose and degrade AGE-modified proteins [141].
Interestingly, AGE has been shown to inhibit SR-B1-dependent cholesterol
efflux [141].

The lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1) is a
scavenger receptor for ox-LDL that is highly expressed on endothelial cells
[142]. Upon binding to LOX-1, ox-LDL undergoes endocytosis and lysoso-
mal degradation. Like other scavenger receptors, LOX-1 preferentially binds
ligands that are negatively charged, and AGE-modified proteins have been
shown to bind LOX-1 with high affinity [143]. Methylglyoxal- and glyco-
laldehyde-modified proteins in particular are effective ligands for LOX-1
[143]. In endothelial cells, the binding of ox-LDL to LOX-1 can induce
increased expression of MCP-1, activation of NF-κB, and release of matrix
metalloproteinases, and as such ligation of LOX-1 may contribute to the
development of atherosclerosis [144–146].

Recent data suggests that LOX-1 may play a role in the development of
atherosclerosis associated with diabetes. Expression of LOX-1 is significantly
increased in the aorta of rats with diabetes compared to controls, with most
prominent expression occurring in endothelial cells located at aortic bifur-
cations [147]. Interestingly, the very low-density lipoprotein (VLDL)/LDL
fractions of diabetic serum were most effective at inducing LOX-1 expres-
sion, providing further evidence for the possible involvement of glycoxidized
LDL. Furthermore, LOX-1 expression is increased in human macrophages
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exposed to hyperglycemic conditions [148]. This increase in macrophage
LOX-1 expression is abrogated by antioxidants suggesting that LOX-1
expression may be increased by hyperglycemia-induced generation of reac-
tive oxygen species. Increased macrophage LOX-1 expression may therefore
contribute to cholesterol uptake and foam cell formation in people with
diabetes.

Galectin-3

p60 and p90 are AGE receptors that have been purified from rat liver and a
mouse macrophage-like cell line. Galectin-3 is a lectin-like protein that is a
component of p90 that binds cell surface/matrix glycoprotein β-galactoside
residues and is also capable of peptide–peptide associations [149]. Galectin-3
has been proposed to have a protective effect against diabetic glomerulopathy
as galectin-3 knockout mice that have been rendered diabetic show increased
renal AGE accumulation and accelerated glomerulopathy compared to wild-
type mice [150, 151].

The Effects of AGE on the Endothelium
Endothelial cells may be exposed to AGE on both basal and apical surfaces.
Furthermore, endothelial cells express RAGE and ligation of these receptors
by AGE induces the expression of CAM, tissue factor, cytokines, and MCP-1
[126, 127]. Taken together these effects stimulate vascular inflammation by
promoting inflammatory cell adhesion to the endothelium and migration
into the artery wall. Endothelial dysfunction caused by increased cellular glu-
cose or ligation of RAGE may contribute to diabetic atherosclerosis. RAGE
may also provide a pathway for AGE delivery to the subendothelial space,
other cells, and cross-linking with matrix components.

Elevated glucose has been shown to increase endothelial adhesion mole-
cule expression in vitro [152, 153]. Interestingly, oscillating high/low-glucose
concentrations simulating diabetic conditions have been shown to elicit more
CAM expression than sustained high glucose [154]. The hyperglycemia-
induced CAM expression coincides with increased concentrations of IκB-α
suggesting that this expression is due to increased NF-κB activity [153].
Inhibition of PKC-β completely abrogated hyperglycemia-induced CAM
expression, underscoring the importance of this enzyme [12].

Incubation of human umbilical vein endothelial cells (HUVEC) with AGE-
modified bovine serum albumin (BSA) increases endothelial vascular cellular
adhesion molecule-1 (VCAM-1) expression via activation of NF-κB [127].
This increase is completely attenuated by the administration of anti-RAGE
IgG, a soluble form of the receptor for AGE (sRAGE) and the antioxidant 
N-acetylcysteine indicating that increased oxidative stress following AGE–
RAGE interaction is essential for VCAM-1 induction. Furthermore, diabetic
plasma has been shown to contain elevated levels of soluble VCAM-1 antigen
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consistent with increased production of VCAM-1 possibly due to increased
activation of RAGE [127]. In support of this theory, the infusion of exoge-
nous-modified AGE-albumin into rabbits causes focal intimal proliferation
and increased expression of VCAM-1 and intracellular adhesion molecule-1
(ICAM-1) [155]. Concurrent administration of a cholesterol-rich diet with AGE
infusion leads to an even greater increase in CAM expression and the develop-
ment of lipid-rich atheromas containing foam cells. In this study, as observed in
the murine models of diabetic atherosclerosis, the combination of hyper-
glycemia and hyperlipidemia markedly increased atherosclerosis highlighting
the potential importance of the interaction of lipoproteins and elevated blood
sugars to the progression of diabetic atherosclerosis.

In people with Type 2 diabetes, increased serum levels of AGE are associ-
ated with decreased endothelial-dependent brachial artery dilation, independ-
ent of other CVD risk factors [156]. Endothelium-dependent vasodilation is
also abnormal in people with Type 1 diabetes with HbA1c levels correlating
with the level of impairment in response to acetylcholine [157]. These studies
show that significant endothelial dysfunction exists in both types of diabetes
with the level of impairment being proportional to indices of glycation such
as HbA1c/serum AGE concentration. Studies in our laboratory have demon-
strated that glycated LDL does not induce endothelial cell death or prolifera-
tion changes [81]. However, glycoxidized LDL has been shown to impair
endothelial function more than oxidized LDL, possibly due to enhanced nitric
oxide inactivation by superoxide radicals [158], but another study using
methylglyoxal-modified LDL demonstrated that this did not induce activation
of human endothelial cells [75]. There are few other studies that have exam-
ined the effects of glycoxidized LDL on endothelial cells.

AGE and Smooth Muscle Cells
Vascular smooth muscle cells may be exposed to subendothelial and circulat-
ing AGE by an increase in endothelial permeability. Vascular smooth muscle
cells show high levels of expression of receptors for AGE, which are unchanged
by increasing age or the presence of vascular disease [159]. The functional
significance of this is unclear, but the binding of AGE protein to smooth
muscle cells can be associated with increased cellular proliferation, perhaps
mediated by growth factors or cytokines [160, 161]. AGE-BSA has been
shown to be endocytosed by smooth muscle cells, and also can induce chemo-
tactic smooth muscle cell migration, but not their growth [162]. Glycoxidized
BSA may also be cytotoxic to smooth muscle cells, possibly due to reactive
oxygen species produced extracellularly by metal-ion-induced glycoxidation
[82]. Exposure of vascular smooth cells to glycated albumin has also been
reported to result in increased activation of NF-κB, increased activity of
mitogen-activated kinases (MAK) and extracellular signal-regulated kinase
(ERK), as well as increased expression of c-fos, c-jun, IL-6, and MCP-1 [163].
Glycated and glycoxidized LDL has also been shown to induce smooth
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muscle cell proliferation and migration [164, 165]. Studies in our laboratory
however have shown no cytotoxic or proliferative effects of glycated, but min-
imally oxidized, LDL on smooth muscle cells [81].

Animal Models of Diabetic Atherosclerosis
The development of animal models of diabetes-accelerated atherosclerosis has
lead to the elucidation of key processes in the pathogenesis of this disease. The
first murine model to demonstrate hyperglycemia-accelerated atherosclerosis
utilized BALB/c mice rendered diabetic with streptozotocin (STZ) [166] and
fed an atherogenic diet [167]. The diabetic mice displayed a 17-fold increase in
lesion area (fatty streaks) compared to nondiabetic mice fed the same athero-
genic diet. However, C57BL/6 mice subjected to the same experimental condi-
tions showed no differences in lesion size when compared to nondiabetic
controls underscoring the importance of genetic background to the develop-
ment of atherosclerotic lesions [167]. In another model of murine atheroscle-
rosis, hyperlipidemia was induced by deletion of the apolipoprotein E gene
(apoE−/−) with consequent development of atherosclerotic plaques [168, 169].
The induction of hyperglycemia in these mice by STZ injection (STZ/apoE−/−)
lead to a fivefold increase in mean lesion area at the aortic sinus compared to
nondiabetic apoE−/− mice, with lesions of STZ/apoE−/− mice being more
advanced than controls, with fibrous cap formation frequently observed.
STZ/apoE−/− mice also have increased levels of chylomicrons, LDL, interme-
diate density lipoprotein and enhanced formation of AGE [169]. Interestingly,
aortic lysates from STZ/apoE−/− had increased levels of non-AGE–RAGE lig-
ands, such as S100/calgranulin epitopes, compared with nondiabetic controls
raising the possibility of a link between hyperglycemia and expression of these
ligands [170]. Taken together, the increased plaque area observed in hyperlipi-
demic diabetic mice provides strong evidence for the involvement of hyper-
glycemia, and possibly the interaction between glucose and cholesterol, in the
pathogenesis of atherosclerosis.

RAGE ligation and activation was implicated in the pathogenesis and
progression of diabetic atherosclerosis when it was shown that infusion of
sRAGE containing the RAGE extracellular binding domain decreased
plaque area and number in the STZ/apoE−/− murine model of diabetic ather-
osclerosis [169]. The antiatherogenic effect of sRAGE is independent
of glycemia, insulinemia, and lipid profile. Furthermore, the plaques of
sRAGE-treated mice show less leukocyte infiltration and their plasma con-
tains sRAGE–AGE complexes, which would be subjected to accelerated
clearance [169]. Administration of sRAGE also inhibits the progression of
established plaques of STZ/apoE−/− mice [169, 171]. Interestingly, sRAGE has
been shown to decrease inflammation in RAGE knockout (RAGE−/−) mice
and as such sRAGE may inhibit the binding of AGE or other RAGE ligands
to other receptors, such as the MSRs [131]. Inhibition of pathways distinct
from RAGE may account for some of the antiatherogenic effects of sRAGE.
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Aortic tissue levels of the proinflammatory RAGE ligand S100 are also
decreased after administration of sRAGE to diabetic mice [170], suggesting
that sRAGE may bind and inhibit non-AGE ligands of RAGE. Recent stud-
ies suggest that S100b is a more potent activator of RAGE than AGE-mod-
ified proteins and the plasma concentration of S100A12 has been shown to
correlate with HbA1c [129, 172]. The possible contribution of S100 proteins
to the progression of diabetic atherosclerosis warrants further investigation.
As AGE and S100 proteins have been shown to accumulate in the vessel wall
in the absence of diabetes, it has been proposed that RAGE blockade may
also be a potential therapeutic target in euglycemic atherosclerosis [173].

The inhibitor of AGE formation, aminoguanidine, and ALT-711, a com-
pound suggested to be capable of cleaving AGE cross-links in proteins, have
been shown to inhibit the progression of atherosclerosis in STZ/apoE−/− mice
[174]. Both therapeutic interventions were shown to decrease total aortic col-
lagen accumulation, profibrotic cytokine expression, and α-smooth muscle
actin. The apparent efficacy of these interventions provides evidence for the
involvement of AGE in the progression of diabetic atherosclerosis. The pre-
cise mechanisms by which AGE interventions inhibit the progression of dia-
betic atherosclerosis and the relative importance of RAGE to this process are
still unknown.

Inhibition of angiotensin-converting enzyme (ACE) or blockade of type 1
angiotensin (AT1) receptors attenuates the progression of atherosclerosis in
STZ/apoE−/− mice [175, 176]. Induction of diabetes in the apoE−/− mice is
associated with a significant increase in aortic ACE gene/protein expression
and ACE binding density, linking diabetes to the activation of the vascular
renin–angiotensin system [176]. Although ACE inhibition causes a small
reduction in blood pressure, its antiatherogenic effects were shown to be inde-
pendent of blood pressure as calcium-channel blockers produced a similar
reduction in blood pressure but did not inhibit the progression of plaque for-
mation [175]. In support of this, ACE inhibition and AT1-receptor blockade
but not calcium-channel blockade are associated with decreased formation of
AGE in vitro [177]. Unlike inhibitors of AGE formation such as aminoguani-
dine, ACE inhibitors and AT1 blockers have not been shown to scavenge reac-
tive aldehydes but rather inhibit their formation by chelating transition
metals and inhibiting oxidative stress induced by radical formation [177, 178].

The thiazolidinedione class of drugs, such as rosiglitazone, are PPAR-γ
agonists that act to increase insulin sensitivity and are commonly used to
improve glycemic control in people with Type 2 diabetes [179]. Rosiglitazone
has also been shown to attenuate the progression of atherosclerosis in both
apoE−/− and STZ/apoE−/− mice [180]. In STZ/apoE−/− mice, rosiglitazone has
no effect on glycemia and reduces the correlation coefficient between plasma
glucose levels and atherosclerosis. Although the precise mechanisms by which
rosiglitazone exerts its antiatherogenic effects are unknown, PPAR-γ agonists
have been shown to stimulate cholesterol removal via increased receptor
(ABCA1)-mediated cholesterol efflux from macrophage foam cells [181, 182].
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Administration of PPAR-α and PPAR-γ agonists has also been shown to
inhibit endothelial cell adhesion molecule expression [183, 184]. Stimulation
of reverse cholesterol transport and inhibition of endothelial dysfunction may
contribute to the antiatherogenic effects of PPAR-modulating drugs.

Inhibitors of AGE Formation and Possible Therapeutic
Interventions
The formation of reactive intermediate products, such as the α-oxoaldehydes
and the α-hydroxyaldehydes, are important steps in the formation of AGE.
Under normal conditions, α-oxoaldehydes are metabolized by the glu-
tathione-dependent glyoxalase system or other detoxifying enzymes and very
little proceeds to form AGE [185]. Increased formation of reactive carbonyl
species and/or decreased metabolism can lead to increased concentrations of
these aldehydes, referred to as “carbonyl stress,” which in turn can lead to
increased AGE formation.

AGE are a heterogeneous group of products that can be formed by a variety
of pathways. Inhibition of AGE formation may be of therapeutic benefit to
various AGE-related diseases such as diabetes. As both glycation and oxidation
reactions contribute to AGE formation, inhibition of either process may
decrease AGE formation. Chelation of metal ions has been shown to inhibit
reactive oxygen species production, which in turn can inhibit the formation
of reactive carbonyls and AGE [186, 187]. Studies conducted by Brownlee and
coworkers [12, 188, 189] have shown that inhibition of mitochondrial-derived
reactive oxygen species using uncoupling protein-1 or manganese superoxide
dismutase inhibits glucose-induced activation of PKC, AGE formation, sor-
bitol accumulation, and NF-κB activation, identifying the critical importance
of mitochondrial-derived oxidants in AGE formation. Recently benfotiamine,
a lipid-soluble thiamine derivative that stimulates the pentose phosphate path-
way enzyme transketolase, was shown to inhibit the hexosamine-, AGE- and
diacylglycerol-PKC pathways by enhancing metabolism of glyceraldehyde-
3-phosphate and fructose-6-phosphate [190]. Furthermore, benfotiamine was
shown to inhibit experimental diabetic retinopathy and thus may be a potential
therapy for vascular complications [190].

One potential mechanism to inhibit AGE formation involves the use of com-
pounds that react rapidly with carbonyls, thereby preventing modification of
endogenous targets by these compounds [191]. In order to effectively inhibit
AGE formation in vivo, AGE inhibitors are required to stoichiometrically bind
low molecular mass, soluble, reactive intermediates of AGE formation with
greater affinity than natural targets of reactive aldehydes, such as lysine
residues, which are present at much higher concentrations in plasma than
achievable therapeutic concentrations of inhibitors [192]. Carbonyl-scavenging
compounds provide a means to inhibit AGE formation by detoxifying the
broad range of carbonyl-containing aldehydes that are produced by enzyme-
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independent pathways in the context of hyperglycemia and/or increased oxida-
tive stress. Inhibiting the formation of reactive carbonyl species or the progres-
sion of glycated proteins to AGE are two strategies to reduce AGE formation.
Furthermore, carbonyl-scavenging inhibitors of AGE formation need to bind
carbonyl groups without interfering with the function of coenzymes or precur-
sors that contain reactive aldehyde groups such as pyridoxal phosphate and
retinal [193].

Aminoguanidine is a prototype therapeutic agent that has been shown
to be a potent inhibitor of AGE formation in vitro and in vivo (reviewed in
[193]). The two key reaction centers of aminoguanidine include the nucle-
ophilic hydrazine group and the guanidino group, which react rapidly
with α,β-dicarbonyl compounds such as glyoxal, methylglyoxal, and 
3-deoxyglucosone, preventing them from binding protein Arg and Lys residues,
thus retarding the formation of AGE [193]. We have shown that aminoguani-
dine can inhibit glycolaldehyde-induced modification of LDL and subse-
quent macrophage cholesterol ester accumulation (Rashid et al., unpublished
data). Interestingly, aminoguanidine has no effects on hyperglycemia and
seems to preferentially bind short-chain reactive aldehydes than glucose [191].
Aminoguanidine was initially shown to inhibit cross-linking and fluorescence
in arterial collagen of rats with diabetes [194], and subsequent studies have
shown that this compound retards the progression of nephropathy, neuropa-
thy, vasculopathy, and atherosclerosis in animal models of diabetes (reviewed
in [174, 193]). Two double blinded, placebo-controlled, and randomized clin-
ical trials, ACTION I (in people with Type 1 diabetes) and ACTION II (in
people with Type 2 diabetes), have been conducted to elucidate the therapeu-
tic potential of aminoguanidine in human diabetic nephropathy [193, 195].
The primary end point for these two trials was the doubling of patient
serum creatinine. In ACTION I, aminoguanidine showed a tendency to
slow the doubling of serum creatinine but this did not reach significance.
Aminoguanidine treatment did, however, decrease triglycerides, LDL choles-
terol, and urinary protein. The ACTION II trial was prematurely halted due
to a lack of efficacy and safety issues arising from side effects including per-
nicious-like anemia and the development of antinuclear antibodies [196]. In
addition, aminoguanidine has been shown to inhibit nitric oxide synthases
and semicarbazide-sensitive amine oxidase, and react with pyridoxal phos-
phate, thereby potentially interfering with vitamin B6 metabolism [192]. These
side effects, and its rapid plasma clearance, preclude aminoguanidine from
being a suitable therapy for diabetic vascular disease. However, the inhibi-
tion of AGE accumulation, RAGE expression, and development of vascular
complications in animal models provides supportive evidence for the
involvement of reactive carbonyls in the development of diabetic vascular
complications, and highlights the potential efficacy of therapies that scavenge
such carbonyls. Thornalley [193] has suggested that hydrophobic derivatives
of aminoguanidine would have a longer plasma half-life, and that a possible
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prodrug of aminoguanidine that becomes activated at vascular sites would
increase its efficacy [193].

Pyridoxamine is an AGE inhibitor that is a structural analog of vitamin B6
[197]. Vitamin B6 is involved in the metabolism of carbonyl-containing com-
pounds in vivo and pyridoxamine was developed in the search for novel
inhibitors of AGE formation with fewer side effects than aminoguanidine
[192]. Interestingly, pyridoxamine not only inhibits AGE formation by scav-
enging reactive carbonyls, but also modulates the progression of glycated pro-
teins to AGE [192, 197]. It has therefore been described as a “post-Amadori
inhibitor” of AGE formation. Administration of pyridoxamine to STZ-treated
mice retards early nephropathy, inhibits dyslipidemia, and decreases the accu-
mulation of CML and CEL [198]. Clinical trials testing the efficacy of pyri-
doxamine (under the trade name “Pyridorin”) for diabetic nephropathy are
currently being conducted. A number of other carbonyl-scavenging inhibitors
of AGE formation are under development, which might circumvent the side
effects observed with aminoguanidine (reviewed in [191]).

Recently compounds have been developed that have been reported to cleave
AGE cross-links from proteins and thus potentially reverse AGE modifica-
tions. The first identified cross-link breaker, N-phenacylthiazolium bromide
(PTB), was identified by Vasan et al. [199] as a breaker of glucose-derived pro-
tein cross-links. ALT-711 (3-phenacyl-4,5-dimethylthiazolium chloride) is a
more stable cross-link breaker than PTB and has been shown to improve
carotid artery cross-sectional compliance, decrease left ventricular mass, and
increase collagen solubility in STZ-induced diabetic rats [200, 201]. It has also
been shown to improve arterial and ventricular function in aging monkeys and
enhanced cardiac diastolic compliance in aging dogs [202, 203]. Human trials
have been conducted, with ALT-711 treatment resulting in improved total
arterial compliance in aged humans with vascular stiffening and the drug was
well tolerated [204]. Taken together, these in vivo experiments suggest that
ALT-711 and AGE-breaking compounds may be of therapeutic value in dis-
eases where AGE accumulates. However, the precise mechanism of action of
ALT-711 in these animal and human studies remains uncertain. PTB has been
shown to be unable to increase the solubility of cross-linked collagen derived
from diabetic rats despite being able to cleave model AGE cross-links such as
phenylpropanedione [205]. It is possible that, like inhibitors of AGE forma-
tion, cross-link breakers may scavenge reactive carbonyl species, which may
contribute to observed effects in vivo.

Conclusions

Glycation and glycoxidation reactions appear to play a critical role in the
development and progression of diabetes-associated atherosclerosis. A sum-
mary of these processes and potential protective strategies is given in
Fig. 12.1. Such therapies, which have been designed to prevent or reverse
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FIGURE 12.1. AGE formation and modification of LDL effects on endothelial cells
and possible contribution to macrophage foam cell formation. Abbreviations: LDL,
low-density lipoprotein; gLDL, glucose-bound LDL; G-3-P, glyceraldehyde-3-phos-
phate; RCS, reactive carbonyl species; ROS, reactive oxygen species; AGE, advanced
glycation end product; NF-κB, nuclear factor-κB; RAGE, receptor for advanced gly-
cation end products; VCAM-1, vascular cell adhesion molecule-1; sRAGE, soluble
extracellular domain of RAGE; MSR-A, macrophage scavenger receptor-A; LOX-1,
lectin-like oxidized low-density lipoprotein receptor-1. Glycation and AGE modifica-
tion of LDL may occur within the bloodstream or in the subendothelial spaces.
Hyperglycemia leads to glycation of serum proteins (including LDL) and an increase
in endothelial glucose concentration via GLUT-1 transporters. Other cell types may
also be subjected to increased intracellular glucose concentrations. Increased intracel-
lular glucose leads to the formation of reactive carbonyl species such as methylglyoxal,
glyoxal, and 3-deoxyglucosone, which may be released into the bloodstream or the
subendothelial space and react with LDL to form AGE-LDL. RAGE ligation by
AGE-modified proteins and intracellular hyperglycemia can lead to increased produc-
tion of ROS, which induces NF-κB activation and increased expression of VCAM-1.
Increased VCAM-1 promotes monocyte migration into the intima where these cells
differentiate into macrophages. Uptake of AGE-LDL by macrophages via scavenger
receptors may lead to the accumulation of cholesteryl ester droplets and the formation
of foam cells. Scavengers of RCS, AGE-breakers, and antioxidants may inhibit the pro-
gression of hyperglycemia-accelerated atherosclerosis by decreasing AGE modification
of proteins and subsequent endothelial dysfunction/foam cell formation.



270 Imran Rashid et al.

these reactions, could play an adjunct role to existing approaches aimed at
optimizing glycemic control and treating lipid abnormalities [6].
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Molecular and Cellular Mechanisms
by Which Diabetes Mellitus Promotes
the Development of Atherosclerosis

GEOFF H. WERSTUCK

Abstract
Recent decades have witnessed a significant increase in the incidence of diabetes mel-
litus primarily driven by population trends toward weight gain and sedentary
lifestyles. Diabetes mellitus is a leading cause of blindness, renal failure, lower limb
amputation, and an independent risk factor for atherosclerotic cardiovascular disease
(CVD) and stroke. In fact, individuals with diabetes have a two- to fourfold increased
risk of myocardial infarction (MI) and stroke that accounts for over 65% of diabetic
mortality. Despite a vast amount of research, the molecular and cellular mechanisms
that predispose individuals with diabetes to the development and progression of ath-
erosclerosis are not understood. This chapter summarizes the current state of our
knowledge of these conditions as well as some of the animal models that are being
used to further increase our understanding. In addition, pathways and mechanisms
that may link diabetes, and hyperglycemia in particular, to the development and pro-
gression of atherosclerosis are discussed. The continued investigation of identified
pathways, linking hyperglycemia and diabetes mellitus to atherosclerosis, and the dis-
covery of novel mechanisms and targets will be important to the development of new
and effective antiatherosclerotic therapies tailored to individuals with diabetes.

Keywords: accelerated atherosclerosis; animal models; diabetes mellitus; hyperglycemia;
molecular mechanisms

Introduction

The last few decades have witnessed a dramatic, worldwide increase in the
incidence of diabetes mellitus. Driven by changes in lifestyle and an escalat-
ing rate of obesity, the number of individuals with diabetes is expected to
reach 300 million by the year 2025 [1, 2]. Therefore, the diabetes epidemic is,
and will continue to be, a global health crisis. Complications associated with
diabetes make it a leading cause of blindness, renal failure, and lower limb
amputations as well as an important, independent risk factor for atheroscle-
rotic cardiovascular disease (CVD). CVD accounts for over 65% of diabetic
mortality. In fact, diabetes mellitus is “a coronary heart disease risk equivalent”
meaning that individuals with diabetes have the same risk of myocardial
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infarction (MI) as nondiabetic persons who have had a previous MI [3–5].
Despite a tremendous amount of research, the treatment and prevention of
diabetes-associated CVD is currently limited by our lack of understanding of
the molecular and cellular mechanisms by which diabetes mellitus promotes
atherosclerosis. This chapter will focus upon our current understanding of
this problem, the model systems that are being used to further increase our
knowledge and the potential future directions of this research.

Diabetes Mellitus

Diabetes mellitus is currently defined as a condition with casual blood glu-
cose values are ≥11.1 mmol/L, or fasting plasma glucose ≥7.0 mmol/L, or
glucose levels ≥11.1 mmol/L 2 h after an oral glucose tolerance test [6].
Pathologically, the term diabetes mellitus describes a heterogeneous group of
metabolic disorders characterized by chronic hyperglycemia. These include
conditions under which the body cannot produce insulin and/or cannot effec-
tively respond to the insulin that is being produced. There are two major
forms of diabetes; type 1 (T1D), formerly known as juvenile diabetes or
insulin-dependent diabetes mellitus (IDDM) and type 2 (T2D), formerly
known as adult onset or noninsulin-dependent diabetes mellitus (NIDDM).
T1D and T2D are, in essence, two distinctly different diseases that present an
overlapping array of signs and symptoms.

T1D is characterized by an absolute insulin deficiency that results from an
autoimmune-mediated depletion of insulin secreting pancreatic β cells [7, 8].
Typically, T1D develops with a rapid onset in children, with a peak incidence
at 14 years of age. T1D makes up approximately 10% of the total number of
cases of diabetes mellitus. Recent breakthroughs in β cell transplantation
may lead to an eventual cure for T1D. Until that time, the only treatment is
the tight self-monitoring of plasma glucose and the administration of exoge-
nous insulin according to carbohydrate intake.

T2D accounts for the remaining 90% of cases of diabetes mellitus. T2D is
characterized by a relative insulin deficiency that arises from a combination
of peripheral tissue insulin resistance and impaired β cell function [9, 10].
Tissues expressing the insulin responsive GLUT4 glucose transporter, includ-
ing adipose, and skeletal muscle and liver are particularly relevant to insulin
resistance. The onset of T2D is relatively gradual and, until recently, with
rare exceptions, affected only adults. However with the dramatic increase in
childhood obesity, there has been an alarming increase in the diagnosis of
T2D in children. Depending on severity, T2D can be controlled by using a
combination of lifestyle modifications (diet and exercise), medications that
increase insulin sensitivity and exogenous insulin.

Despite their distinctly different etiologies, both T1D and T2D are charac-
terized by chronic hyperglycemia. Furthermore, there is a strong correlation
between hyperglycemia and both micro- and macrovascular disease [11–15].
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The negative effects of elevated glucose levels on vascular function can include
decreased proliferation of endothelial cells, the impairment of some parame-
ters of vascular responsiveness, and increased endothelial programmed cell
death [16–18]. It is well established that aggressive blood glucose lowering
significantly decreases the incidence and severity of microvascular disease
including retinopathy, renal failure, and peripheral nerve dysfunction [11, 12].
Recent evidence suggests that increased glycemic control also correlates with
a reduction in macrovascular disease, however the relationship between glu-
cose lowering and a decrease in CVD has been much more difficult to demon-
strate [12, 19, 20]. Several explanations have been put forth to rationalize the
inability to clinical trials to demonstrate a strong improvement in cardiovas-
cular outcomes through glycemic control including the possibilities that the
trials were underpowered, too short in duration or were too focused upon fast-
ing glucose rather than postprandial glucose levels. Alternatively, these find-
ings may indicate that the quality of glycemic control presently achievable is
insufficient to be effective in protecting against macrovascular disease.
Therefore, even short-term deviations in the control of blood glucose may pro-
mote vascular dysfunction.

The pathophysiology of T2D-associated CVD is further complicated by
multiple risk factors, collectively known as the metabolic syndrome, that
commonly accompany chronic hyperglycemia. The metabolic syndrome is
clinically defined as a combination of abdominal obesity, insulin resistance
(prediabetes), atherogenic dyslipidemia, and hypertension [21]. The metabolic
syndrome is a major cause of morbidity and mortality with CVD being the
primary clinical outcome [21]. Other complications can include respiratory
difficulties, chronic skeletal muscle problems, gallbladder disease, infertility,
hepatic steatosis, circulatory problems, and certain cancers [22, 23].

Therefore, while a role for hyperglycemia in the development and progres-
sion of atherosclerosis is supported by a great deal of basic research, the
clinical role of elevated glucose levels in macrovascular disease is less clear.
Furthermore, despite a great deal of research the mechanisms that may link
high glucose concentrations to the molecular and cellular pathways of dis-
ease development are not fully understood. This review will focus on poten-
tial direct proatherogenic consequences of hyperglycemia.

Model Systems

A major challenge facing researchers, who study the role of diabetes mellitus
in macrovascular disease, is the inherent resistance of most rodent strains to
atherosclerotic plaque development. In commonly used rodent strains, hyper-
glycemia and diabetes alone are not sufficient to promote the development
of lesions [24]. Even in strains that can develop vascular lesions, diabetes-
accelerated atherosclerosis appears, in many cases, to depend upon hyperlipi-
demia, either resulting from a high fat diet or a genetic deficiency, as with the
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ApoE-deficient or LDLR-deficient mouse [24, 25]. The general resistance
of mice to atherogenesis may result, at least in part, from the observation
that wild-type mice, in contrast with humans, have barely detectable low-
density lipoprotein (LDL) and very low-density lipoprotein (VLDL) levels.
The induction of hyperlipidemia, through dietary or genetic manipulation,
“humanizes” the lipid profiles of mice by significantly elevating both VLDL
and LDL [24–26].

Rodent models of diabetes mellitus and hyperglycemia can be generally cat-
egorized as; (i) models in which diabetes is chemically induced, (ii) strains that
have been inbred and selected for the existence of chronic hyperglycemia, or
(iii) genetically engineered mouse models of diabetes (reviewed in [27]). Each
model will possess a number of advantages and disadvantages depending upon
the particular study and the experimental design. In general, models of T1D
are useful to study the effects of chronic hyperglycemia in isolation whereas
T2D models may be more physiologically relevant, abet more complicated by
additional CVD risk factors such as obesity, dyslipidemia, hypertension, and
perhaps hyperinsulinemia [27].

Commonly used, inbred models of spontaneous, chronic hyperglycemia,
including the nonobese diabetic (NOD) mouse, the KK mouse, the Goto
Kakizaki rat, and the bio-breeding (BB) rat, which are very useful in the study
of hyperglycemia and many aspects of diabetes mellitus, including microvas-
cular complications, are resistant to the development of atherosclerosis.

Many researchers chemically induce hyperglycemia in existing models of
atherosclerosis such as the LDLR or ApoE knockout mouse models that
spontaneously develop atherosclerosis [28]. The most commonly used ani-
mal models involve the administration of compounds, such as alloxan or
streptozotocin (STZ), which are selectively toxic to pancreatic β cells.
Alloxan (2,4,5,6-tetraoxypyrimidine;5,6-dioxyuracil) can be administered
parentally, intravenously intraperitoneally, or subcutaneously [29]. It is rap-
idly taken up not only by pancreatic β cells but also by hepatocytes. Beta
cells are believed to be especially sensitive to the reactive oxygen species that
are produced in the cyclical interconversion of alloxan to dialuric acid [30].
The effective range of diabetogenic dose is relatively narrow and great care
must be taken to minimize the side effects of this compound [29]. STZ is
usually administered as a single large dose that is directly toxic to β cells or
by multiple low doses (e.g., five consecutive doses of 40 mg/kg body weight)
that appear to induce β cell destruction by an immune-mediated process.
STZ is a nitrosurea derivative that enters pancreatic β cell through the
GLUT 2 transporter [31]. In low-to-moderate doses, STZ is selectively toxic
to pancreatic β cells. STZ-induced diabetes accelerates atherosclerosis in
ApoE-deficient mice and BALBc mice fed an atherogenic diet [24, 25]. An
advantage of the alloxan and STZ-induced models of diabetes mellitus is
that they permit the examination of the effects of hyperglycemia in the
absence of other variables that are often associated with T2D including
obesity and hyperinsulinemia. One complication of chemically induced
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hyperglycemia is that, over time, dyslipidemia develops thereby making it
difficult to differentiate whether accelerated lesion development is a result of
elevated plasma glucose or lipid levels [25, 32, 33]. In fact, in at least some
models, the STZ-associated dyslipidemia appears to be essential for the
acceleration of atherosclerosis and STZ-induced hyperglycemia alone fails
to accelerate lesion development [33–35].

Transgenic models of T2D, such as the ob/ob mouse have been crossed
with atherosclerosis-prone strains including the LDLR knockout mouse.
Not surprisingly, these double knockout mice exhibit severe hypertriglyc-
eridemia, hypercholesterolemia, and accelerated atherosclerosis beyond
either model individually [36]. Recently a transgenic model of T1D has been
developed in which β cell death can be induced, at will, by viral infection in
an LDLR-deficient (proatherogenic) genetic background [32]. The advan-
tage of this model is that β cell death can be specifically induced at any time
and the uninfected mice act as a normoglycemic control. Hyperglycemia, in
the absence of dyslipidemia, is sufficient to accelerate atherosclerosis in this
model [32].

Potential Mechanisms by Which Hyperglycemia
Accelerates Atherosclerosis

Atherosclerosis is a disease of the walls of major muscular arteries that
involves inflammation and the accumulation of lipids (reviewed in [37, 38]).
It is believed to originate as a response to insult or injury to the endothelial
layer. The damaged endothelial cells increase the expression of adhesion pro-
teins (β2 integrin, PCAM-1, VCAM, ICAM, P-, and E-selectins) and chemo-
tactic factors (monocyte chemotactic protein, MCP-1) factors that actively
recruit monocytes and T lymphocytes to the vessel wall. Increased endothe-
lium permeability allows the infiltration of monocytes and T lymphocytes as
well as of lipoprotein particles, especially LDL, into the intima. The activated
monocytes differentiate into macrophages expressing scavenger receptors
(SR-A, CD36) that recognize oxidized, and otherwise modified, LDL parti-
cles. Scavenging macrophages become engorged with LDL-derived choles-
terol and take on the appearance of a foam cell. Early lesions consist almost
solely of foam cells and are known as fatty streaks. As lesion development
progresses, activated macrophages/foam cells and T lymphocytes further
simulate the inflammatory process through the secretion of matrix metallo-
proteases (MMPs) and cytokines (IFN-γ) that stimulate vascular smooth
muscle cell (VSMC) growth and migration into the intima. VSMCs produce
and secrete extracellular matrix that becomes a fibrous cap that covers the
lesion. Foam cell death leaves a growing mass of extracellular debris, known
as the necrotic core that includes lipids and many procoagulant proteins (tis-
sue factor). The action of MMPs on the components of the fibrous cap can
result in cap thinning and plaque instability. The majority of MIs and strokes
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are thought to occur when plaques rupture and the blood comes into contact
with the necrotic core, forming a thrombus or clot [37, 38].

In diabetic patients, the atherogenic process is thought to occur through an
identical series of events. Atherosclerotic lesions isolated from diabetic patients
are generally more advanced but otherwise indistinguishable from those
isolated from nondiabetic patients [39, 40]. Individuals with diabetes have a
two- to fourfold-increased risk of coronary heart disease and a fourfold-
increased risk of mortality from heart disease [4]. The reasons for this are not
clear. Diabetes/hyperglycemia may promote the development of CVD by
increasing the incidence or extent of endothelial injury, by accelerating the
development or growth of a plaque, and/or by decreasing plaque stability.

Several mechanisms by which hyperglycemia may promote atherosclerosis
have been proposed. In general these involve the effects of elevated levels of
intracellular glucose and the increased availability of glucose-derived mole-
cules in cells of the vascular wall (Fig. 13.1).

The Polyol Pathway
The conversion of glucose to sorbitol occurs at a low rate under normo-
glycemic conditions due to the high Km of aldose reductase for glucose. The
flux through this pathway is significantly elevated under diabetic conditions
as intracellular glucose concentrations rise [41]. High sorbitol concentration
may be directly toxic to some cell types. In others, increased aldose reductase
activity has been shown to lead the increased consumption of NADPH and

control diabetic diabetic + insulin

FIGURE 13.1. Streptozotocin (STZ)-induced hyperglycemia promotes accelerated ath-
erosclerosis in ApoE-deficient mice. ApoE-deficient mice were give ten intraperitoneal
injections of STZ (40 mg/kg body weight) or an equal volume of saline solution (con-
trol) before 8 weeks of age. Plasma glucose levels increase to approximately 20 to 25
mM in diabetic mice versus 7 to 9 mM in controls. Atherosclerotic lesions at the aor-
tic sinus (indicated by arrows), examined at 15 weeks of age, are significantly larger
and more advanced in the hyperglycemic mice than in nondiabetic mice or diabetic
mice with a subcutaneous, slow release insulin pellet (diabetic + insulin).
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depletion of GSH levels that can result in increased levels of reactive oxygen
species (ROS) and subsequent cellular damage [42]. It has also been proposed
that the conversion of sorbitol to 3-deoxyglucosone can feed into the pro-
duction of advanced glycation endproducts (AGEs—see below).

Although the link between the polyol pathway and atherogenesis has been
inferred, there is very little evidence to support a role in macrovascular dis-
ease. Studies focusing on the microvascular benefits of aldose reductase inhi-
bition have, to date, produced mixed results [43–45]. Zenarestat, a potent
aldose reductase inhibitor and potential treatment for diabetes-associated
neuropathy, did reach phase III before the trial was suspended due to signs of
renal toxicity in some patients [45, 46].

The Hexosamine Pathway
The shunting of excess intracellular glucose through the hexosamine pathway
may also be relevant to the development of macrovascular complications of
diabetes (Fig. 13.2). In a typical cell, under normoglycemic conditions, 1% to
3% of total glucose will be converted to glucosamine-6 phosphate by the
enzyme glutamine:fructose-6 phosphate amidotransferase (GFAT) [47].
When intracellular glucose levels rise, flux through this pathway increases. In

FIGURE 13.2. A summary of the potential links between diabetes mellitus, hyper-
glycemia, and accelerated atherosclerosis.



addition, increased GFAT expression and activity have been reported in tis-
sues from humans with diabetes [48]. Increased hexosamine pathway flux has
been implicated in several diabetes-associated complications including;
insulin resistance [47, 49], pancreatic β cell death [50], as well as atheroscle-
rosis [51]. While it is not entirely clear how hexosamine pathway byproducts
promote cellular dysfunction most research has focused on the modification
of proteins by O-linked glycosylation. The enzyme O-N-acetylglucosamine
transferase (OGT) catalyses the addition of N-acetylglucosamine to serine
and threonine residues of a variety of proteins. It is known that O-linked gly-
cosylation can act in competition with phosphorylation of the same serine
and threonine residues. It is well established that elevated glucosamine con-
centrations drive the O-linked glycosylation of proteins including transcrip-
tion factors [52], nuclear pore proteins [53], as well as signaling factors [54]
potentially altering their function, stability, and/or activity. Glucosamine has
been shown to desensitize insulin-stimulated glucose uptake in both
adipocytes [47] and skeletal muscle cells [55], probably by inhibiting the
translocation of the glucose transporter, GLUT4, to the cell surface [56]. In
addition, increased hexosamine pathway activity can promote the transcription
of proinflammatory and prothrombotic factors including TGF-α, TGF-β, and
PAI-1 [57, 58]. Therefore, the hyperglycemia-induced O-GlcNAc modifica-
tion of proteins may change gene expression patterns and alter the function
of specific factors that contribute to a proatherogenic, prothrombophilic vas-
cular environment. More studies are required to test this theory and to pre-
cisely determine the factors and downstream pathways that may be involved
in the acceleration of vascular disease.

Endoplasmic Reticulum Stress Pathways
Recently we have begun to investigate an additional intracellular effect of
glucosamine that has not previously been examined in the context of diabetes
and atherosclerosis—its ability to promote the accumulation of unfolded
proteins in the endoplasmic reticulum (ER), thereby leading to ER dysfunc-
tion and cell injury [59–62]. In eukaryotic cells, the ER provides a contained
environment for the synthesis and modification of membrane proteins and
proteins destined to be secreted. These co- and posttranslational modifica-
tions, including disulfide bond formation and N-linked glycosylation, play an
important role in the subsequent folding and oligomeric assembly of proteins
[63]. Misfolded polypeptides are retained in the ER and subsequently tar-
geted for degradation [64, 65]. Agents or conditions that disrupt ER home-
ostasis by interfering with glycosylation, disulfide bond formation, ER Ca2+

stores, and/or the general overloading of the ER with proteins will cause
the accumulation of unfolded or misfolded proteins in the ER, a condition
defined as ER stress (reviewed in [66, 67]).

In mammals, conditions of ER stress lead to the activation of the unfolded
protein response (UPR) through activation of three distinct, integral ER
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membrane proteins designated PERK, Ire1, and ATF6 [67]. Together, these
proteins signal (i) the general inhibition of protein expression, through the
phosphorylation of the translation initiation factor eIF2α [68], and (ii) the
specific induction of ER-resident chaperone expression including GRP78,
GRP94, PDI, and calreticulin, that function to assist in the folding of the
accumulated polypeptides [69–71]. The ER stress response also induces the
expression of the transcription factor, GADD153, which is known to play a
role in ER stress-induced growth arrest and programmed cell death [72]. The
ultimate fate of a cell is determined by the balance of protective (i.e., ER
chaperone expression) and proapoptotic signals triggered by ER dysfunction.
We have shown that glucosamine can induce ER stress in cells that are rele-
vant to atherogenesis—including human macrophages, aortic SMCs,
endothelial cells as well as hepatocytes (Ref. [62] and unpublished data).

In recent years additional cellular responses to ER stress have been iden-
tified (Fig. 13.3). Our lab and others have shown that ER stress can activate
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FIGURE 13.3. Links between the hexosamine pathway and atherothrombosis. The rate
limiting enzyme of the hexosamine pathway, glutamine:fructose-6 phosphate amido-
transferase (GFAT) converts fructose-6 phosphate to glucosamine 6-phosphate
(GlcN-6P). Glycosylation of serine and threonine residues of intracellular proteins is
catalyzed by OGT, a reaction that is reversed by O-GlcNAcase. The O-linked glyco-
sylation of transcription factors including SP-1 have been shown to increase expres-
sion levels of PAI-1, TGF-α, and TGF-β. Glucosamine and/or downstream
metabolites of glucosamine can also promote endoplasmic reticulum (ER) stress lead-
ing to lipid accumulation and activation of intracellular inflammatory pathways
through the activation of the transcription factors SREBP and NF-κB, respectively.



and dysregulate the sterol regulatory element binding proteins (SREBPs),
transcription factors that control lipid biosynthesis and uptake [62, 73, 74].
ER stress-inducing agents have been shown to promote the activation of
NF-κB, the transcription factor that is responsible for promoting the expres-
sion of genes involved in inflammatory processes [75]. Finally, ER stress has
been shown to induce the activation of caspases and promote apoptosis of
human aortic endothelial cells and hepatocytes [62, 76]. Together, the dys-
regulation of lipid metabolism, activation of inflammatory pathways, and
the induction of cell-specific apoptosis represent the hallmark features of
atherosclerosis. In addition to glucosamine, other independent cardiovascu-
lar risk factors including homocysteine [73] and obesity [77] as well as the
accumulation of intracellular free cholesterol [78] have been shown to induce
ER stress. Thus ER stress pathway may be a common mechanism of general
atherogenesis.

The potential role of ER stress-induced cellular dysfunction in the devel-
opment and/or progression of human disease make this pathway a plausible
therapeutic target. Studies are underway to develop and test potential
antiatherogenic interventions that target ER stress pathways in models of
diabetes mellitus.

Protein Kinase C Activation
The ubiquitous protein kinase C (PKC) family of signaling factors are known
to play an important role in vascular function and in the pathogenesis of
micro- and macrovascular disease. Specifically, glucose-induced PKC activa-
tion has been implicated in decreased endothelial vasodilation [79] and
increased production of ROS [80] that could contribute to endothelial dys-
function. PKC inhibition blocks endothelial expression and activity of a
number of adhesion molecules, including ICAM-1, P-, and E-selectins, under
conditions of elevated glucose concentration [81]. AngII- and oxLDL-
induced VSMC proliferation is dependent upon PKC activity [82, 83]. PKC
may also be involved in foam cell formation through its involvement in the
induction of receptors for oxidized LDL macrophages [84]. Most PKC iso-
forms can be activated by diacylglycerol (DAG), an intermediary of glucose
and fat metabolism, and conditions of diabetes and high glucose concentra-
tion have been shown to increase membrane-associated PKC activity via the
DAG activation pathway in cultured VSMCs and in animal models [85].
In addition, it has been proposed the PKC may also be activated by
AGE–RAGE signaling pathways (see below). Selective inhibitors of PKC
have shown promise in blocking nephropathy and retinopathy in animal
models of diabetes [86]; however, there is no direct evidence that these
inhibitors affect atherogenesis. The ubiquitous nature of expression, the large
number of PKC isoforms and the lack of isoform-specific inhibitors
are complicating factors in determining the potential role of this kinase in
atherogenesis.
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Advanced Glycation Endproducts
AGEs are formed through a nonenzymatic process, known as the Maillard
reaction, involving the reaction of the aldehyde groups of reducing sugars
with the amino groups of proteins [87, 88] (Fig. 13.4). Because the reaction is
nonspecific, requiring only a free amine, AGEs are a very heterogeneous
group of compounds. The final step in the reaction, the conversion of
Amidori products into cross-linked advanced glycation products, occurs very
slowly in vivo, and therefore AGEs are predominantly composed of stable
proteins with long half-lives such as collagen, laminin, and lens crystallins.

AGEs gradually accumulate during the natural aging process and have
been implicated in characteristic changes associated with aging including the
loss of collagen elasticity and flexibility, the formation of cataracts and β
amyloid plaques [89]. Formation of AGEs has been noted during the heating
of food however, in healthy individuals, AGEs are poorly absorbed by the gut
and rapidly cleared by the kidney [90]. Individuals with impaired renal func-
tion, a common complication of diabetes, are especially prone to the accu-
mulation of dietary AGEs and therefore exogenous sources of AGEs may
play a significant role in this population [91, 92].

In vivo, the Maillard reaction rate is directly proportional to the prevailing
glucose concentration resulting in the enhanced levels of AGEs and AGE
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FIGURE 13.4. The formation of advanced glycation endproducts (AGE) by the
Mallaird reaction. AGEs are produced by a multistep reaction involving the sequen-
tial formation of Schiff bases, Amidori products, and finally a heterogenous popula-
tion of cross-linked advanced glycation endproducts. AGEs can interact with cellular
receptors (RAGE) that activate intracellular inflammatory pathways and the produc-
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elimination by aminoguanidine and the cross-link breaker, ALT-711, are indicated.



intermediates in individuals with diabetes mellitus. This is clearly demon-
strated by the routine clinical use of the Amadori-intermediate, glycated
hemoglobin (HbA1c), as a diagnostic marker of chronic hyperglycemia.

The association of AGEs with chronic hyperglycemia has attracted a great
deal of interest into the possible role of AGEs in diabetic complications.
There are several potential ways that AGE-modified proteins could be dam-
aging; the formation of AGEs may alter protein function [93], disrupt extra-
cellular matrix [94, 95], and/or lead to the modification of lipoprotein
particles thereby increasing their atherogenicity. However it now appears that
the predominant vascular effect of AGEs occurs through their interaction
with RAGE (receptor for AGE) found on macrophages, endothelial, and
SMCs [96–98]. The AGE–RAGE interaction triggers a signal transduction
cascade that results in the production of intracellular reactive oxidative
species that can initiate an inflammatory response [99, 100]. The presence of
ROS also feed back to accelerate the formation of AGEs.

There is a great deal of evidence supporting a role for AGEs in microvas-
cular disease. AGEs accumulate in the kidney, retina, and peripheral nerve
of diabetic rats [101]. Nephropathy can be induced in nondiabetic animals
by the administration of AGEs [91, 92]. Neutralizing antibodies against
RAGE also slow the progression of nephropathy in diabetic mice [102]. The
administration of compounds that block AGE cross-linking (aminoguani-
dine and pyridoxamine) or interventions that break established cross-links
(3-phenacyl-4,5-dimethylthiazolium chloride or ALT-711) have been shown
to be protective against nephropathy and cardiovascular stiffness in diabetic
models [93, 103].

There is a growing body of evidence supporting a role for AGEs in the
development of atherosclerosis. AGEs have been localized to atherosclerotic
plaques and RAGE is expressed by vascular endothelial cells, SMCs, and
macrophages [104, 105]. Administration of both aminoguanidine and the
AGE cross-link breaker, ALT-711, are associated with a significant decrease in
plaque area and complexity in diabetic ApoE–/– mice [106]. The strongest evi-
dence in support of the AGE–RAGE pathway comes from experiments that
focus upon interfering with receptor function. This has been accomplished
using a soluble form of RAGE (sRAGE) that retains its ligand binding abil-
ity [107]. Daily intraperitoneal injections of sRAGE into STZ-induced dia-
betic mice showed dose-dependent attenuation of early lesion development in
terms of lesion area at the aortic root and lesion complexity relative to con-
trols. Importantly, plasma glucose and lipid levels were not affected by
sRAGE treatment suggesting the effect was glycemia and lipid independent
[107]. It has further been demonstrated that sRAGE can block the progression
and even induce the regression of established lesions in diabetic mice [108]. In
support of these findings, in vascular damage assays RAGE null mice show
[109] decreased intimal/medial thickening. As of yet there have been no pub-
lished reports to show the effects of the RAGE knockout genotype on plaque
development in mouse models of diabetes-accelerated atherosclerosis.
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Interventions that interfere with AGE formation and action have shown
some beneficial effects at the clinical level [110]. ALT-711 (under the com-
mercial name, Alagebrium) has demonstrated safety and efficacy in a phase
II clinical trial in the treatment of systolic hypertension and heart failure,
conditions associated with vascular stiffening likely resulting from collagen
cross-linking [111].

Some controversy still remains regarding the role of AGEs in atheroscle-
rosis, in part due to the ability of other ligands, including cytokines of the
S100/calgranulin family, to interact with and activate RAGE [112, 113]. The
role of AGE–RAGE is further complicated by the fact that virtually every
large, well-controlled clinical trial has shown that antioxidant supplementa-
tion has no positive impact on cardiovascular risk in diabetic patients
[114–117]. This paradox supports the possibility that other, AGE-independent,
mechanisms and pathways may play an important role in the atherogenic
process.

It is important to note that the above mechanisms are not mutually exclu-
sive. Atherosclerosis is a complex disease that involves the interaction of sev-
eral different cell types and many different molecular factors. Therefore, it is
very possible that atherogenesis is regulated and affected by several inde-
pendent and interdependent pathways that are altered under conditions of
hyperglycemia. Furthermore, diabetes mellitus, especially T2D, is often asso-
ciated with a cluster of conditions including hypertension, obesity, and dys-
lipidemia—each a CVD risk factor in its own right. Thus the interplay
between this combination of risk factors in the context of a particular genetic
background and modulated by a myriad of environmental influences will all
contribute to the development and progression of the disease.

Conclusions

Because of the cardiovascular risks of diabetes and the increasing prevalence
of T2D, it is essential that we further increase our knowledge of how and why
diabetes mellitus and hyperglycemia promote CVD. Currently, and for the
near future, the primary strategy for managing CVD in the diabetic popula-
tion will be through the control of hyperglycemia and through the treatment
of associated complications such as hypertension and dyslipidemia using
established medications such as ACE inhibitors, statins, and fibrates.

The continued identification and investigation of existing and novel
pathways linking hyperglycemia and diabetes mellitus to atherosclerosis is
important to the development of new and effective antiatherosclerotic ther-
apies that are tailored to individuals with diabetes. A great deal of research
has been focused upon the role of hyperglycemia in the development and
progression of atherosclerosis in cell culture and animal model systems.
Several mechanisms have been identified that appear to link glucose to
proatherogenic processes. The most promising of these; the polyol pathway,
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PKC activation, the hexosamine pathway, and the AGE–RAGE interaction
show potential and are actively being evaluated as targets for putative
antiatherogenic therapies. Thus far, however, all interventions targeting the
effects of hyperglycemia, including direct glucose lowering, appear to show
greater effect in the treatment of microvascular complications than in the con-
trol of macrovascular disease. This is likely due, at least in part, to the complex-
ities of atherosclerosis and current limitations of the animal models available to
researchers who study the development and progression of atherosclerosis.
Additional studies are obviously required to further improve our understanding
of this important disease.

Acknowledgments: G.H. Werstuck is supported by a New Investigator Award
from the Heart and Stroke Foundation of Canada and research grants from
the Canadian Institutes of Health Research (MOP-62910) and the Heart and
Stroke Foundation of Ontario (NA5556).

References
1. King H, Aubert RE, Herman WH: Global burden of diabetes, 1995–2025: preva-

lence, numerical estimates, and projections. Diabetes Care 21: 1414–1431, 1998.
2. Zimmet P, Alberti KGMM, Shaw J: Global and societal implications of the

diabetes epidemic. Nature 414: 782–788, 2001.
3. Kannel WB, McGee DL: Diabetes and cardiovascular disease. The Framingham

study. JAMA 241: 2035–2038, 1979.
4. Haffner SM, Lehto S, Ronnemaa T, Pyorala K, Laakso M: Mortality from coro-

nary heart disease in subjects with type2 diabetes and in nondiabetic subjects
with and without prior myocardial infarction. N Engl J Med 339: 229–234, 1998.

5. Resnick HE, Howard BV: Diabetes and cardiovascular disease. Annu Rev Med
53: 345–367, 2002.

6. Canadian Diabetes Association Clinical Practice Guidelines Experts
Committee: Definition, classification and diagnosis of diabetes and other dysg-
lycemic categories. Canadian J Diabetes 27: S7–S9, 2003.

7. Tisch R, McDevitt H: Insulin dependent diabetes mellitus. Cell 85: 291–297, 1906.
8. Mathis D, Vence L, Benoist C: β cell death during progression to diabetes.

Nature 414: 792–798, 1998.
9. Ginsberg HN: Insulin resistance and cardiovascular disease. J Clin Invest 106:

453–458, 2000.
10. Bell GI, Polonsky KS: Diabetes mellitus and genetically programmed defect in

β-cell function. Nature 414: 788–791, 2001.
11. The Diabetes Control and Complications Trial/Epidemiology of Diabetes

Interventions and Complications Research Group: Intensive diabetes therapy
and carotid intima-medial thickness in type 1 diabetes mellitus. New Engl J Med
348: 2294–2303, 2003.

12. UK Prospective Diabetes Study (UKPDS) Group: Intensive blood-glucose
control with sulphonylureas or insulin compared with conventional treatment
and risk of complications in patients with type 2 diabetes (UKSPDS 33). Lancet
352: 837–853, 1998.



298 Geoff H. Werstuck

13. Haffner SM: The importance of hyperglycemia in the nonfasting state to the
development of cardiovascular disease. Endocrine Rev 19: 583–592, 1998.

14. Standl E, Balletshofer B, Dahl B, Weichenhain B, Steigler H, Hormann A, Holl
R: Predictors of 10-year macrovascular and overall mortality in patients with
NIDDM: the Munich General Practitioner Project. Diabetologia 39: 1540–1545,
1996.

15. Lehto S, Ronnemaa T, Haffner SM, Pyorala K, Kallio V, Laakso M: Dyslipidemia
and hyperglycemia predict coronary heart disease events in middle-aged patients
with NIDDM. Diabetes 46: 1354–1359, 1997.

16. Santilli SM, Fiegel VD, Aldridge DE, Knighton DR: The effect of diabetes on
the proliferation of aortic endothelial cells. Ann Vasc Surg 6: 503–510, 1992.

17. Huvers FC, De Leeuw PW, Houben AJ, De Haan CH, Hamulyak K, Schouten H,
Wolffenbuttel BH, Schaper NC: Endothelium-dependent vasodilatation, plasma
markers of endothelial function, and adrenergic vasoconstrictor responses in type
1 diabetes under near-normoglycemic conditions. Diabetes 48: 1300–1307, 1999.

18. Quagliaro L, Piconi L, Assaloni R, Martinelli L, Motz E, Ceriello A:
Intermittent high glucose enhances apoptosis related to oxidative stress in
human umbilical vein endothelial cells: the role of protein kinase C and
NAD(P)H-oxidase activation. Diabetes 52: 2795–2804, 2003.

19. Nathan DM, Lachin J, Cleary P, Orchard T, Brillon DJ, Backlund JY, O’Leary
DH, Genuth S; Diabetes Control and Complications Trial, Epidemiology of
Diabetes Interventions and Complications Research Group: Intensive diabetes
therapy and carotid intima-media thickness in type 1 diabetes mellitus. N Engl J
Med 348: 2294–2303, 2003.

20. Lawes CM, Parag V, Bennett DA, Suh I, Lam TH, Whitlock G, Barzi F,
Woodward M; Asia Pacific Cohort Studies Collaboration: Blood glucose and
risk of cardiovascular disease in the Asia Pacific region. Diabetes Care 27:
2836–2842, 2004.

21. Grundy SM, Brewer HB Jr, Cleeman JI, Smith SC Jr, Lenfant C; American
Heart Association; National Heart, Lung, and Blood Institute: Definition of
metabolic syndrome: Report of the National Heart, Lung, and Blood
Institute/American Heart Association conference on scientific issues related to
definition. Circulation 109: 433–438, 2004.

22. World Health Organization: Obesity: preventing and managing the global epi-
demic. (WHO Technical Report Series, No. 894), 2003.

23. Grundy SM: Metabolic complications of obesity. Endocrine 13: 155–165, 2000.
24. Kunjathoor VV, Wilson D, LeBoeuf RC: Increased atherosclerosis in streptozo-

tocin-induced diabetic mice. J Clin Invest 97: 1767–1773, 1996.
25. Park L, Raman KG, Lee KJ, Lu Y, Ferran LJ Jr, Chow WS, Stern D, Schmidt

AM: Suppression of accelerated diabetic atherosclerosis by the soluble receptor
for advanced glycation endproducts. Nat Med 4: 1025–1031, 1998.

26. Fazio S, Linton MF: Mouse models of hyperlipidemia and atherosclerosis. Front
Biosci 6: D515–D525, 2001.

27. Rees DA, Alcolado JC: Animal models of diabetes mellitus. Diabet Med 22:
359–370, 2005.

28. Breslow JL: Mouse models of atherosclerosis. Science 272: 685–688, 1996.
29. Szkudelski T: The mechanism of alloxan and streptozotocin action in B cells of

the rat pancreas. Physiol Res 50: 537–546, 2001.



Chapter 13. Molecular and Cellular Mechanisms 299

30. Winterbourn CC, Munday R: Glutathione-mediated redox cycling of alloxan.
Mechanisms of superoxide dismutase inhibition and of metal-catalyzed OH.

formation. Biochem Pharmacol 38: 271–277, 1989.
31. Schnedl WJ, Ferber S, Johnson JH, Newgard CB: STZ transport and cytotoxi-

city. Specific enhancement in GLUT2-expressing cells. Diabetes 43: 1326–1333,
1994.

32. Renard CB, Kramer F, Johansson F, Lamharzi N, Tannock LR, Herrath MG,
Chait A, Bornfeldt KE: Diabetes and diabetes-associated lipid abnormalities
have distinct effects on initiation and progression of atherosclerotic lesions.
J Clin Invest 114: 659–668, 2004.

33. Reaven P, Merat S, Casandra F, Sutphin M, Palinski W: Effect of streptozotocin-
induced hyperglycemia on lipid profiles, formation of advanced glycation end-
products in lesions, and extent of atherosclerosis in LDL receptor-deficient mice.
Arterioscler Thromb Vasc Biol 17: 2250–2256, 1997.

34. Kako Y, Huang L-S, Yang J, Katopodis T, Ramakrishnan R, Goldberg IJ:
Streptozotocin-induced diabetes in human apolipoprotein B transgenic mice:
effects on lipoproteins and atherosclerosis. J Lipid Res 40: 2185–2194, 1999.

35. Goldberg IJ, Isaacs A, Sehayek E, Breslow JL, Huang L-S: Effects of streptozo-
tocin-induced diabetes in apolipoprotein AI deficient mice. Atherosclerosis 172:
47–53, 2004.

36. Hasty AH, Shimano H, Osuga J, Namatame I, Takahashi A, Yahagi N, Perrey
S, Iizuka Y, Tamura Y, Amemiya-Kudo M, Yoshikawa T, Okazaki H, Ohashi K,
Harada K, Matsuzaka T, Sone H, Gotoda T, Nagai R, Ishibashi S, Yamada N:
Severe hypercholesterolemia, hypertriglyceridemia, and atherosclerosis in mice
lacking both leptin and the low-density lipoprotein receptor. J Biol Chem 276:
37402–37408, 2001.

37. Ross R: Atherosclerosis—an inflammatory disease. New Engl J Med 340: 115–126,
1999.

38. Lusis AJ: Atherosclerosis. Nature 407: 233–241, 2000.
39. Drielsma RF, Burnett JR, Gray-Weale AC, Byrne K, Lusby RJ: Carotid artery

disease: the influence of diabetes mellitus. J Cardiovasc Surg (Torino) 29: 692–696,
1988.

40. Silva JA, Escobar A, Collins TJ, Ramee SR, White CJ: Unstable angina. A com-
parison of angioscopic findings between diabetic and nondiabetic patients.
Circulation 92: 1731–1736, 1995.

41. Srivastava SK, Ansari NH, Hair GA, Jaspan J, Rao MB, Das B: Hyperglycemia-
induced activation of human erythrocyte aldose reductase and alterations in
kinetic properties. Biochim Biophys Acta 870: 302–311, 1986.

42. Chung SS, Ho EC, Lam KS, Chung SK: Contribution of polyol pathway to dia-
betes-induced oxidative stress. J Am Soc Nephrol 14: S233–S236, 2003.

43. Greene DA, Arezzo JC, Brown MB, the Zenarestat Study Group: Effect of
aldose reductase inhibition on nerve conduction and morphometry in diabetic
neuropathy. Neurology 53: 580–591, 1999.

44. Sorbinil Retinopathy Trial Research Group: The Sorbinil Retinopathy Trial:
Neuropathy results. Neurology 43: 1141–1149, 1993.

45. Engerman RL, Kern TS, Larson ME: Nerve conduction and aldose reductase
inhibition during 5 years of diabetes or galactosaemia in dogs. Diabetologia 37:
141–144, 1994.



300 Geoff H. Werstuck

46. Brown MJ, Bird SJ, Watling S, Kaleta H, Hayes L, Eckert S, Foyt HL; Zenarest
study: Natural progression of diabetic peripheral neuropathy in the Zenarestat
study population. Diabetes Care 27: 1153–1159, 2004.

47. Marshall S, Bacote V, Traxinger RR: Discovery of a metabolic pathway mediat-
ing glucose-induced desensitization of the glucose transport system. J Biol Chem
266: 4706–4712, 1991.

48. Nerlich AG, Sauer U, Kolm-Litty V, Wagner E, Koch M, Schleicher ED:
Expression of glutamine:fructose-6-phosphate amidotransferase in human tis-
sues: evidence for high variability and distinct regulation in diabetes. Diabetes
47: 170–178, 1998.

49. Herbert LF, Daniels MC, Zhou J, Crook ED, Turner RL, Simmons ST, Neidigh
JL, Zhu JS, Baron AD, McClain DA: Overexpression of glutamine: fructose-
6-phosphate amidotransferase in transgenic mice leads to insulin resistance.
J Clin Invest 98: 930–936, 1996.

50. Lui K, Paterson AJ, Chin E, Kudlow JE: Glucose stimulates protein modifica-
tion by O-linked GlcNAc in pancreatic beta cells: linkage of O-linked GlcNAc
to beta cell death. Proc Natl Acad Sci USA 14: 2820–2825, 2000.

51. Stender S, Astrup P: Glucosamine and experimental atherosclerosis. Increased
wet weight and changed composition of cholesterol fatty acids in aorta of rab-
bits fed a cholesterol-enriched diet with added glucosamine. Atherosclerosis 26:
205–213, 1977.

52. Han I, Kudlow JE: Reduced O glycosylation of SP1 is associated with increased
proteasome susceptibility. Mol Cell Biol 17: 2550–2558, 1997.

53. Han I, Oh E, Kudlow JE: Responsiveness of the state of O-linked N-acetyl-
glucosamine modification of nuclear pore protein p62 to the extracellular glucose
concentration. Biochem J 350: 109–114, 2000.

54. Du XL, Edelstein D, Dimmeler S, Ju Q, Sui C, Brownlee M: Hyperglycemia
inhibits nitric oxide synthase activity by posttranslational modification at the
Akt site. J Clin Invest 108: 1341–1348, 2001.

55. Hawkins M, Angelov I, Liu R, Barzilai N, Rossetti L: The tissue concentration
of UDP-N-acetylglucosamine modulates the stimulatory effect of insulin on
skeletal muscle glucose uptake. J Biol Chem 272: 4889–4895, 1997.

56. Ross SA, Chen X, Hope HR, Sun S, McMahon EG, Broschat K, Gulve EA:
Development and comparison of two 3T3-L1 adipocyte models of insulin resist-
ance: increased glucose flux vs glucosamine treatment. Biochem Biophys Res
Commun 273: 1033–1041, 2000.

57. James LR, Fantus IG, Goldberg H, Ly H, Scholey JW: Overexpression of GFAT
activates PAI-1 promoter in mesangial cells. Am J Physiol Renal Physiol 279:
F718–F727, 2000.

58. Du X-L, Edelstein D, Rossetti L, Fantus IG, Goldberg H, Ziyadeh F, Wu J,
Brownlee M: Hyperglycemia-induced mitochondrial superoxide overproduc-
tion activates the hexosamine pathway and induces plasminogen activator
inhibitor-1 expression by increasing Sp1 glycosylation. Proc Natl Acad Sci
USA 97: 12222–12226, 2000.

59. Morin MJ, Porter CW, McKernan P, Bernacki RJ: The biochemical and ultra-
structural effects of tunicamycin and D-glucosamine in L1210 leukemic cells.
J Cell Physiol 114: 162–172, 1983.

60. Lin H, Masso-Welsh P, Di Y, Cai J, Shen J, Subjeck JR: The 170-kDa glucose-
regulated stress protein is an endoplasmic reticulum protein that binds
immunoglobulin. Mol Biol Cell 4: 1109–1119, 1993.



61. Miskovic D, Salter-Cid L, Ohan N, Flajnik M, Heikkila JJ: Isolation and char-
acterization of a cDNA encoding a Xenopus immunoglobulin binding protein,
BiP (GRP78). Comp Biochem Physiol 116: 227–234, 1997.

62. Kim AJ, Shi YY, Austin RC, Werstuck GH: Valproate protects cells from endo-
plasmic reticulum stress-induced lipid accumulation and apoptosis by inhibiting
glycogen synthase kinase 3. J Cell Sci 118: 89–99, 2005.

63. Helenius A: How-linked oligosaccharides effect protein folding in the endoplas-
mic reticulum. Mol Biol Cell 5: 253–265, 1994.

64. Travers KJ, Patil CK, Wodicka L, Lockhart DJ, Weissman JS, Walter P: Functional
and genomic analyses reveal an essential coordination between the unfolded protein
response and ER-associated degradation. Cell 101: 249–258, 2000.

65. Friedlander R, Jarosch E, Urban J, Volkwein C, Sommer T: A regulatory link
between ER-associated protein degradation and the unfolded-protein response.
Nat Cell Biol 2: 379–384, 2000.

66. Pahl HL: Signal transduction from the endoplasmic reticulum to the cell
nucleus. Physiol Rev 79: 683–701, 1999.

67. Kaufman RJ: Stress signalling from the lumen of the endoplasmic reticulum:
coordination of gene transcriptional and translational controls. Genes Dev 13:
1211–1233, 1999.

68. Harding HP, Zhang Y, Ron D: Protein translation and folding are coupled by an
endoplasmic-reticulum-resident kinase. Nature 397: 271–274, 1999.

69. Cox JS, Shamu CE, Walter P: Translational induction of genes encoding endo-
plasmic reticulum resident proteins requires a transmembrane protein kinase.
Cell 73: 1197–1206, 1993.

70. Wang X-Z, Harding HP, Zhang Y, Jolicoeur EM, Kuroda M, Ron D: Cloning of
mammalian Ire1 reveals diversity in the ER stress response. EMBO J 17:
5708–5717, 1998.

71. Yoshida H, Haze K, Yanagi H, Yura T, Mori K: Identification of the cis-acting
endoplasmic reticulum stress response element responsible for the transcrip-
tional induction of mammalian glucose-regulated proteins. J Biol Chem 273:
33741–33749, 1998.

72. Zinszner H, Kuroda M, Wang X-Z, Batchvarova N, Lightfoot RT, Remotti H,
Stevens JL, Ron D: CHOP is implicated in programmed cell death in response
to impaired function of the endoplasmic reticulum. Genes Dev 12: 982–995,
1998.

73. Werstuck GH, Lentz SR, Dayal S, Shi Y, Hossain GS, Sood SK, Krisans SK,
Austin RC: Homocysteine causes dysregulation of the cholesterol and fatty acid
biosynthesis pathways. J Clin Invest 107: 1263–1273, 2001.

74. Lee JN, Ye J: Proteolytic activation of SREBP induced by cellular stress through
the depletion of Insig-1. J Biol Chem 279: 45257–45265, 2004.

75. Jiang H-Y, Wek SA, McGrath BC, Scheuner D, Kaufman RJ, Cavener DR, Wek
RC: Phosphorylation of the alpha subunit of eukaryotic initiation factor 2 is
required for activation of NF-kappaB in response to diverse cellular stresses.
Mol Cell Biol 23: 5651–5663, 2003.

76. Hossain GS, van Thienen JV, Werstuck GH, Zhou J, Sood SK, Dickhout JG,
de Koning AB, Tang D, Wu D, Falk E, Poddar R, Jacobsen DW Zhang K,
Kaufman RJ, Austin RC: TDAG51 is induced by homocysteine, promotes
detachment-mediated programmed cell death and contributes to the deve-
lopment of atherosclerosis in hyperhomocysteinemia. J Biol Chem 278:
30317–30327, 2003.

Chapter 13. Molecular and Cellular Mechanisms 301



77. Özcan U, Cao Q, Yilmaz E, Lee A-H, Iwakoshi NN, Özdelen E, Tuncman G,
Görgun C, Glimcher LH, Hotamisligil GS: Endoplasmic reticulum stress links
obesity, insulin action, and type 2 diabetes. Science 306: 457–461, 2004.

78. Li Y, Schwabe RF, Devries-Seimon T, Yao PM, Gerbod-Giannone MC, Tall AR,
Davis RJ, Flavell R, Brenner DA, Tabas I: Free cholesterol-loaded macrophages
are an abundant source of TNF-alpha and IL-6. Model of NF-kappa B- and
MAP kinase-dependent inflammation in advanced atherosclerosis. J Biol Chem
280: 21763–21772, 2005.

79. Tesfamariam B, Brown ML, Cohen RA: Elevated glucose impairs endothelium-
dependent relaxation by activating protein kinase C. J Clin Invest 87:
1643–1648, 1991.

80. Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, Imamura M, Aoki T, Etoh T,
Hashimoto T, Naruse M, Sano H, Utsumi H, Nawata H: High glucose level and
free fatty acid stimulate reactive oxygen species production through protein
kinase C—dependent activation of NAD(P)H oxidase in cultured vascular cells.
Diabetes 49: 1939–1945, 2000.

81. Omi H, Okayama N, Shimizu M, Okouchi M, Ito S, Fukutomi T, Itoh M:
Participation of high glucose concentrations in neutrophil adhesion and surface
expression of adhesion molecules on cultured human endothelial cells: effect of
antidiabetic medicines. J Diabetes Complications 16: 201–208, 2002.

82. Yang CM, Chien CS, Hsiao LD, Pan SL, Wang CC, Chiu CT, Lin CC:
Mitogenic effect of oxidized low-density lipoprotein on vascular smooth muscle
cells mediated by activation of Ras/Raf/MEK/MAPK pathway. Br J Pharmacol
132: 1531–1541, 2001.

83. Greene EL, Lu G, Zhang D, Egan BM: Signaling events mediating the additive
effects of oleic acid and angiotensin II on vascular smooth muscle cell migration.
Hypertension 37: 308–312, 2001.

84. Li L, Sawamura T, Renier G: Glucose enhances human macrophage LOX-1
expression: role for LOX-1 in glucose-induced macrophage foam cell formation.
Circ Res 94: 892–901, 2004.

85. Inoguchi T, Xia P, Kunisaki M, Higashi S, Feener EP, King GL: Insulin’s effect
on protein kinase C and diacylglycerol induced by diabetes and glucose in vas-
cular tissues. Am J Physiol 267: E369–E379, 1994.

86. Ishii H, Jirousek MR, Koya D, Takagi C, Xia P, Clermont A, Bursell SE, Kern
TS, Ballas LM, Heath WF, Stramm LE, Feener EP, King GL: Amelioration of
vascular dysfunctions in diabetic rats by an oral PKC beta inhibitor. Science 272:
728–731, 1996.

87. Wells-Knecht KJ, Zyzak DV, Litchfield JE, Thorpe SR, Baynes JW: Mechanism
of autoxidative glycosylation: identification of glyoxal and arabinose as inter-
mediates in the autoxidative modification of proteins by glucose. Biochemistry
34: 3702–3709, 1995.

88. Degenhardt TP, Thorpe SR, Baynes JW: Chemical modification of proteins by
methylglyoxal. Cell Mol Biol 44: 1139–1145, 1998.

89. Ulrich P, Cerami A: Protein glycation, diabetes, and aging. Recent Prog Horm
Res 56: 1–21, 2001.

90. Sgarbieri VC, Amaya J, Tanaka M, Chichester CO: Nutritional consequences of
the Maillard reaction. Amino acid availability from fructose-leucine and fruc-
tose-tryptophan in the rat. J Nutr 103: 657–663, 1973.

302 Geoff H. Werstuck



91. Makita Z, Radoff S, Rayfield EJ, Yang Z, Skolnik E, Delaney V, Friedman EA,
Cerami A, Vlassara H: Advanced glycosylation end products in patients with
diabetic nephropathy. N Engl J Med 325: 836–842, 1991.

92. Koschinsky T, He C-J, Mitsuhashi T, Bucala R, Liu C, Buenting C, Heitmann
K, Vlassara H: Orally absorbed reactive glycation products (glycotoxins): an
environmental risk factor in diabetic nephropathy Proc Natl Acad Sci USA 94:
6474–6479, 1997.

93. Liu J, Masurekar MR, Vatner DE, Jyothirmayi GN, Regan TJ, Vatner SF,
Meggs LG, Malhotra A: Glycation end-product cross-link breaker reduces
collagen and improves cardiac function in aging diabetic heart. Am J Physiol
Heart Circ Physiol 285:H2587–H2591, 2003.

94. Tanaka S, Avigad G, Brodsky B, Eikenberry EF: Glycation induces expansion of
the molecular packing of collagen. J Mol Biol 203: 495–505, 1988.

95. Haitoglou CS, Tsilibary EC, Brownlee M, Charonis AS: Altered cellular inter-
actions between endothelial cells and nonenzymatically glucosylated lamin/type
IV collagen. J Biol Chem 267: 12404–12407, 1992.

96. Neeper M, Schmidt AM, Brett J, Yan SD, Wang F, Pan YC, Elliston K, Stern D,
Shaw A: Cloning and expression of a cell surface receptor for advanced glyca-
tion end products of proteins. J Biol Chem 267: 14998–15004, 1992.

97. Li YM, Mitsuhashi T, Wojciechowicz D, Shimizu N, Li J, Stitt A, He C, Banerjee
D, Vlassara H: Molecular identity and cellular distribution of advanced glyca-
tion endproduct receptors: relationship of p60 to OST-48 and p90 to 80K-H
membrane proteins. Proc Natl Acad Sci USA 93: 11047–11052, 1997.

98. Smedsrod B, Melkko J, Araki N, Sano H, Horiuchi S: Advanced glycation end
products are eliminated by scavenger-receptor-mediated endocytosis in hepatic
sinusoidal Kupffer and endothelial cells. Biochem J 322: 567–573, 1997.

99. Hofmann MA, Lalla E, Lu Y, Gleason MR, Wolf BM, Tanji N, Ferran LJ Jr,
Kohl B, Rao V, Kisiel W, Stern DM, Schmidt AM: Hyperhomocysteinemia
enhances vascular inflammation and accelerates atherosclerosis in a murine
model. J Clin Invest 107: 675–683, 2001.

100. Lander HM, Taurus JM, Ogiste JS, Hori O, Moss RA, Schmidt AM: Activation
of the receptor for advanced glycation end products triggers a p21(ras)-dependent
mitogen-activated protein kinase pathway regulated by oxidative stress. J Biol
Chem 272: 17810–17814, 1997.

101. Karachalias N, Babaei-Jadidi R, Ahmed N, Thornalley PJ: Accumulation of
fructosyl-lysine and advanced glycation end products in the kidney, retina and
peripheral nerve of streptozotocin-induced diabetic rats. Biochem Soc Trans 31:
1423–1425, 2003.

102. Flyvbjerg A, Denner L, Schrijvers BF, Tilton RG, Mogensen TH, Paludan SR,
Rasch R: Long-term renal effects of a neutralizing RAGE antibody in obese
type 2 diabetic mice. Diabetes 53: 166–172, 2004.

103. Forbes JM, Thallas V, Thomas MC, Founds HW, Burns WC, Jerums G, Cooper
ME: The breakdown of pre-existing advanced glycation end products is associated
with reduced renal fibrosis in experimental diabetes. FASEB J 17: 1762–1764, 2003.

104. Meng J, Sakata N, Takebayashi S, Asano T, Futata T, Araki N, Horiuchi S:
Advanced glycation end products of the Maillard reaction in aortic pepsin-
insoluble and pepsin-soluble collagen from diabetic rats. Diabetes 45: 1037–1043,
1996.

Chapter 13. Molecular and Cellular Mechanisms 303



105. Brett J, Schmidt AM, Yan SD, Zou YS, Weidman E, Pinsky D, Nowygrod R,
Neeper M, Przysiecki C, Shaw A: Survey of the distribution of a newly
characterized receptor for advanced glycation end products in tissues. Am J
Pathol 143: 1699–1712, 1993.

106. Forbes JM, Yee LT, Thallas V, Lassila M, Candido R, Jandeleit-Dahm KA,
Thomas MC, Burns WC, Deemer EK, Thorpe SM, Cooper ME, Allen TJ:
Advanced glycation end product interventions reduce diabetes-accelerated ath-
erosclerosis. Diabetes 53: 1813–1823, 2004.

107. Park L, Raman KG, Lee KJ, Lu Y, Ferran LJ, Chow WS, Stern D, Schmidt AM:
Suppression of accelerated diabetic atherosclerosis by the soluble receptor for
advanced glycation endproducts. Nat Med 4: 1025–1031, 1998.

108. Bucciarelli LG, Wendt T, Qu W, Lu Y, Lalla E, Rong LL, Goova MT, Moser B,
Kislinger T, Lee DC, Kashyap Y, Stern DM, Schmidt AM: RAGE blockade
stabilizes established atherosclerosis in diabetic apolipoprotein E-null mice.
Circulation 106: 2827–2835, 2002.

109. Sakaguchi T, Yan SF, Yan SD, Belov D, Rong LL, Sousa M, Andrassy M,
Marso SP, Duda S, Arnold B, Liliensiek B, Nawroth PP, Stern DM, Schmidt
AM, Naka Y: Central role of RAGE-dependent neointimal expansion in arterial
restenosis. J Clin Invest 111: 959–972, 2003.

110. Williams ME: Clinical studies of advanced glycation end product inhibitors and
diabetic kidney disease. Curr Diab Rep 4: 441–446, 2004.

111. Little WC, Zile MR, Kitzman DW, Hundley WG, O’Brien TX, Degroof RC:
The effect of alagebrium chloride (ALT-711), a novel glucose cross-link breaker,
in the treatment of elderly patients with diastolic heart failure. J Card Fail 11:
191–195, 2005.

112. Valencia JV, Mone M, Koehne C, Rediske J, Hughes TE: Binding of receptor for
advanced glycation end products (RAGE) ligands is not sufficient to induce
inflammatory signals: lack of activity of endotoxin-free albumin-derived
advanced glycation end products. Diabetologia 47: 844–852, 2004.

113. Valencia JV, Zhang MM, Weetall M, Buxton FP, Hughes TE: Divergent path-
ways of gene expression are activated by the RAGE ligands S100b and AGE-
BSA. Diabetes 53: 743–751, 2004.

114. Heart Outcomes Prevention Evaluation Study Investigators: Effects of ramipril on
cardiovascular and microvascular outcomes in people with diabetes mellitus: results
of the HOPE study and MICRO-HOPE substudy. Lancet 355: 253–259, 2000.

115. Lonn EM, Yusuf S, Dzavik V, Doris CI, Yi Q, Smith S, Moore-Cox A, Bosch J,
Riley WA, Teo KK, for the SECURE Investigators: Effects of Ramipril and
vitamin E on atherosclerosis. The study to evaluate cartotid ultrasound changes
in patients treated with ramipril and vitamin E (SECURE). Circulation 103:
919–925, 2001.

116. McQuillan BM, Hung J, Beilby JP, Nidorf M, Thompson PL: Antioxidant vita-
mins and the risk of carotid atherosclerosis. The Perth carotid ultrasound disease
assessment study (CUDAS). J Am Coll Cardiol 38: 1788–1784, 2001.

117. Lonn E, Bosch J, Yusuf S, Sheridan P, Pogue J, Arnold JM, Ross C, Arnold A,
Sleight P, Probstfield J, Dagenais GR, HOPE and HOPE-TOO Trial Investigators:
Effects of long-term vitamin E supplementation on cardiovascular events and can-
cer: a randomized controlled trial. JAMA 293: 1338–1347, 2005.

304 Geoff H. Werstuck



Biochemistry of Atherosclerosis edited by S.K. Cheema, Springer, New York, 2006

14

Hypertension and Atherosclerosis:
Advanced Glycation End 
Products—A Common Link

SUDESH VASDEV AND VICKI GILL

Abstract
The vascular diseases, hypertension and atherosclerosis, affect millions of individuals
worldwide accounting for a large number of deaths globally. They share similar risk
factors, and modify vascular structure and function. Although increased blood pres-
sure itself can contribute to vascular injury, the relationship between hypertension
and atherosclerosis likely has a biochemical component. We suggest that aldehyde
conjugates, formed as a result of insulin resistance found in these two disorders, may
be the common link. In insulin resistance, alterations in glucose metabolism lead to
production of excess aldehydes including methylglyoxal. These aldehydes react
nonenzymatically with free sulfhydryl (SH) and amino (NH2) groups of proteins
forming stable conjugates, also known as advanced glycation end products (AGEs).
AGEs may act directly or via receptors to alter the function of cellular proteins
including calcium channels, metabolic and antioxidant enzymes, receptors and struc-
tural proteins leading to endothelial dysfunction, inflammation, and increased oxida-
tive stress. Alteration of vascular protein structure and function due to AGEs have
been implicated in both hypertension and atherosclerosis. Therapies, which attenuate
insulin resistance and lower AGEs, should be effective in the treatment of these con-
ditions. Antioxidants including vitamin E and vitamin C, and thiols such as lipoic
acid and cysteine, which improve glucose metabolism and lower AGEs, have been
shown to prevent hypertension in animal models and humans with essential hyper-
tension. Appropriate combinations of these antioxidants may also prevent athero-
sclerosis. A well-balanced diet containing these nutrients, such as one rich in fruits and
vegetables, low in salt and sugar, with nuts and lean meats, and preventative measures
such as not smoking, limiting alcohol, and participating in moderate exercise may also
be effective in the treatment of these conditions.

Keywords: advanced glycation end products; aldehydes; atherosclerosis; hypertension;
insulin resistance

Abbreviations: AGEs, advanced glycation end products; ALEs, advanced lipoxidation
end products; BH4, tetrahydrobiopterin; [Ca2+]i, cytosolic free calcium; EGFR,
endothelial growth factor receptor; eNOS, endothelial nitric oxide synthase; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; G3P, glyceraldehyde-3-phosphate;
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HSA, human serum albumin; H2O2, hydrogen peroxide; HOCl, hypochlorous acid;
LDL, low-density lipoprotein; NAC, N-acetylcysteine; NAD+/NADH, nicotinamide
adenine dinucleotide, oxidized/reduced; NADPH, nicotinamide adenine dinucleotide
phosphate, reduced; NH2, amino; NO, nitric oxide; O2

−, superoxide radical; .OH,
hydroxyl radical; RAGEs, receptors of AGEs; ROO-/ROOH, free radical/nonradical;
ROS, reactive oxygen species; SH, sulfhydryl; VSMC, vascular smooth muscle
cell; WKY, Wistar-Kyoto

Introduction

Hypertension is a disease associated with the vascular system. It is generally
symptomless and although the definition continues to evolve, the World
Hypertension League characterizes hypertension as consistently elevated
blood pressure greater than 140/90 [1]. Hypertension affects more than 600
million people worldwide and results in 13% of the total deaths globally [2].
Approximately 90% of all hypertension is classified as “essential” meaning that
the cause is not known. Essential hypertension likely develops through a com-
bination of genetic and lifestyle factors. Risk factors for hypertension include
family history, diabetes, obesity, smoking, excessive alcohol intake, and a diet
high in salt or low in antioxidant nutrients. Most of these risk factors are mod-
ifiable through lifestyle changes such as participating in moderate physical
activity and eating a well-balanced diet. Healthy lifestyle choices also include
not smoking and limiting alcohol intake [2, 3] (Table 14.1). Essential hyper-
tension involves endothelial dysfunction with alterations in nitric oxide (NO)

TABLE 14.1. Risk factors common to hypertension and atherosclerosis, and 
interventions to reduce them.

Risk factors Interventions

Hypertension Family history Eat a well-balanced diet low in salt and 
Obesity fat, rich in fruits and vegetables, with 
Diabetes lean meats and low fat dairy (DASH diet)
Smoking Participate in regular moderate physical 
Excessive alcohol activity to decrease obesity, improve 

consumption carbohydrate metabolism and reduce 
Diet high in salt, low in oxidative stress

antioxidant nutrients Stop smoking
Limit alcohol intake to 1–2 drinks per day

Atherosclerosis Family history Be aware of family history and screen early 
Hypertension for blood pressure, glucose, and lipid
Dyslipidemias abnormalities
Obesity Supplement with antioxidant combinations 
Diabetes and if necessary, treat with 
Smoking antihypertensive, antidiabetic, or lipid-
Diet high in fat lowering medications



bioavailability, alterations in calcium handling, smooth muscle cell prolifera-
tion, thickening of the vessel walls, and increased peripheral vascular resist-
ance [4–7]. Individuals with hypertension are at increased risk for
atherosclerotic diseases such as stroke, and heart and kidney disease. About
50% of people who have first myocardial infarction and two thirds with first
stroke have blood pressures greater than 160/95 [8]. Long-term diastolic blood
pressure decreases of 5–6 mm Hg are associated with 35–40% less incidence of
stroke and 20–25% less coronary heart disease [9].

Atherosclerosis is a leading cause of death in the world. In 1996, it resulted
in one third of total mortality in industrialized countries. Risk factors for
atherosclerosis include hypertension, smoking, diabetes mellitus, obesity, dys-
lipidemias, and a diet high in saturated fat [2, 10] (Table 14.1). Atherosclerosis
is an inflammatory condition of the blood vessels [11]. Damage to, or activa-
tion of the endothelium promotes low-density lipoprotein (LDL) entry into
the intima, a process enhanced by an elevation in circulating levels of LDL.
This alteration in endothelium also increases the expression of adhesion mol-
ecules on the cell surface resulting in recruitment of monocytes and platelet
adhesion. The monocytes transmigrate to the subendothelial space where
they differentiate into macrophages. Oxidized or modified LDL is scavenged
by macrophages in the interstitial space transforming over time into foam
cells. Accumulation of foam cells and other cellular debris evolve into ather-
osclerotic plaques [11–14]. As they grow, these plaques may cause narrowing
and occlusion of the vessel, or may erupt into the vessel causing thrombosis.
Atherosclerosis also involves increased smooth muscle cell migration and
proliferation. Stiffening of the vessel walls may hinder elasticity exacerbating
hypertension. Atherosclerotic lesions generally occur at junctions of large-
and medium-size vessels but can arise throughout the vasculature [8].
Through stenosis or embolytic occlusion, lesions within the coronary, cere-
bral, or renal vessels result in the clinical manifestations of myocardial infarc-
tion, stroke, or renal failure [15]. Peripheral arterial disease is a condition
where atherosclerotic lesions afflict the peripheral vessels, most commonly the
superficial femoral and popliteal arteries, effecting widespread impairment in
blood flow and oxygen deprivation in tissues. This condition manifests itself
as muscle pain or weakness in the extremities including intermittent claudica-
tion and in extreme cases, ulceration, or gangrene [8, 16].

Hypertension and atherosclerosis share similar risk factors and both mod-
ify vascular structure and function [17] (Table 14.1). Increased blood pressure
itself can contribute to vascular injury making vessels more susceptible to the
inflammatory process leading to atherosclerosis. However, studies show that
lowering blood pressure alone does not completely eliminate the risk of car-
diovascular disease [18, 19] suggesting that the relationship of hypertension
to atherosclerosis also has a biochemical component. Alteration of protein
structure and function due to aldehyde conjugates/advanced glycation end
products (AGEs) have been implicated in both hypertension and atheroscle-
rosis [20–27]. In this chapter, we will focus on the origin of these aldehyde
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conjugates/AGEs and their role in the development and progression of
hypertension and atherosclerosis. It has been proposed that insulin resistance
with altered glucose metabolism may be the link between these two vascular
disorders [28, 29] and we suggest that it may be the common source of alde-
hyde conjugates/AGEs (Fig. 14.1) .

Insulin Resistance

Insulin resistance is characterized by an inadequate glucose uptake in periph-
eral tissues at a given concentration of plasma insulin. It involves an impair-
ment of the nonoxidative (glycolytic) pathways of intracellular glucose
metabolism [30]. Humans with essential hypertension and normotensive off-
spring of essential hypertensives have insulin resistance [30–33].
Abnormalities in glucose metabolism exist in up to 80% of subjects with
essential hypertension [30, 34]. Insulin resistance has also been documented
in humans with atherosclerosis [28, 29, 35–37]. It has been suggested that
hypertensives who are insulin resistant are at increased risk for cardiovascu-
lar disease [28, 38]. In metabolic syndrome, also known as syndrome X or
insulin resistance syndrome, primary insulin resistance is linked to a group of
coexisting conditions including hypertension, dyslipidemias, diabetes, and
atherosclerotic cardiovascular disease [29].
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Insulin resistance

Altered glucose metabolism with
increased formation of reactive aldehydes

Increased aldehyde conjugates/advanced
glycation end products (AGEs)

Hypertension

-Inflammatory reaction

-SMC proliferation

-Vascular endothelial
  dysfunction

Increased oxidative stress

Atherosclerosis
- Coronary artery disease
- Renal disease
- Stroke
- Peripheral artery disease

Genetic Lifestyle factors

FIGURE 14.1. A schematic diagram of the common mechanism for hypertension and
atherosclerosis showing the formation of advanced glycation end products (AGEs)
from methylglyoxal.



Formation of Aldehydes due to Insulin Resistance
Under normal physiological conditions, glucose is metabolized via the gly-
colytic pathway to glyceraldehyde-3-phosphate (G3P), which is converted to
1,3-diphosphoglycerate by the enzyme glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), with further metabolism to pyruvate. Any factor which
affects GAPDH, whether through inhibition or upregulation, has an impact
on the rate of glucose metabolism. It has been shown that GAPDH is upreg-
ulated by insulin [39]. In insulin resistant states like essential hypertension,
altered insulin function may downregulate GAPDH, slowing glucose metab-
olism through the glycolytic pathway, thus increasing metabolism via the
polyol pathway. This may result in a buildup of G3P leading to an increase in
the highly reactive aldehyde, methylglyoxal [40–43]. Methylglyoxal itself has
been shown to inhibit GAPDH, likely via sulfhydryl (SH) groups, resulting in
further abnormalities in glucose metabolism [44]. Methylglyoxal also induces
aldose reductase in rat aortic vascular smooth muscle cells (VSMCs). Aldose
reductase stimulates a further flux of glucose through the polyol pathway
with increased formation of methylglyoxal [45]. Oxidative stress has also been
shown to inhibit GAPDH and thus has the capacity to further exacerbate
abnormalities in glucose metabolism [46].

Formation of Aldehyde Conjugates/Advance Glycation
End Products (AGEs)

AGEs are formed when reactive aldehydes (e.g., methylglyoxal, glyoxal, glu-
cose) react nonenzymatically with free SH and amino (NH2) groups of amino
acids including cysteine, arginine, or lysine, of proteins forming stable conju-
gates [47–51] (Fig. 14.2). This modification to protein structure results in
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FIGURE 14.2. Methylglyoxal reacts nonenzymatically with free sulfhydryl (SH) and
amino (NH2) groups of amino acids of proteins forming irreversible compounds
called adehyde conjugates or advanced glycation end products (AGEs). (R1 and R2

represent amino acids of protein)



functional changes [44, 52–55]. These conjugates are also known as AGEs
and some have been identified and linked to complications of diabetes [52,
55, 56]. Aldehyde conjugates/ AGEs have also been shown to act on receptors
of AGEs (RAGEs) and various scavenger receptors to influence protein func-
tion and expression [57–59]. Several aldehyde conjugates/AGEs including
carboxymethyl-lysine, carboxyethyl-lysine, argpyrimidine, and glycoalde-
hyde-pyridine, have been identified, and have been implicated in hypertension
and atherosclerosis [27, 60–63].

Under normal physiological conditions, methylglyoxal is formed but kept
at a low level through catabolism via the glutathione-dependent glyoxalase
enzyme system or by binding to cysteine and being excreted in bile and urine
[49]. It has been suggested that aldehyde conjugates/AGEs formed under
these conditions contribute to the regulation of normal tissue remodeling
[64]. However, when there is an excess of methylglyoxal and other aldehydes,
more conjugates/AGEs are formed leading to altered structure and function
of tissue proteins. High levels of methylglyoxal also lead to a depletion of
cysteine and glutathione resulting in increased oxidative stress.

Oxidative stress exists when there is an imbalance between the level of reac-
tive oxygen species (ROS) and the body’s antioxidant capacity. ROS include
single electron oxidants such as superoxide radicals (O2

−) and hydroxyl radi-
cal (.OH), and the two-electron oxidants hydrogen peroxide (H2O2),
hypochlorous acid (HOCl), and peroxynitrite [65]. Under normal conditions,
ROS play a role in several processes; for example, they act as signaling mole-
cules in regulating VSMC contraction–relaxation and VSMC growth [66].
However, excess ROS have the capacity to exert toxic effects. They can lead
to a further formation of aldehydes including malondialdehyde and hydrox-
ynonenal, through lipid peroxidation [49, 66–71]. These lipid-derived aldehy-
des have been shown to react with cysteine or lysine residues of proteins to
form a type of AGE known as advanced lipoxidation end products (ALEs)
[50, 72–74]. The myeloperoxidase system produces HOCl, which has been
shown to form the AGE, glycoaldehyde pyridine, found in atherosclerotic
lesions [27]. ROS also oxidize sugars, proteins, and nucleic acids leading to
membrane dysfunction, tissue remodeling, enzyme inhibition, and alteration
of gene expression [66, 75]. Levels of ROS are controlled by antioxidants or
antioxidant enzymes, which neutralize or scavenge them. The antioxidant
enzyme glutathione reductase acts to ensure that reduced glutathione is avail-
able to neutralize O2

-. Another antioxidant enzyme, glutathione peroxidase,
scavenges H2O2, preventing its reduction to .OH [66]. Endogenous antioxi-
dants such as glutathione, and antioxidant nutrients like vitamin C and vita-
min E, lipoic acid, and coenzyme Q10, also function to control oxidative
stress [21]. There is strong evidence that oxidative stress contributes to the
progression of essential hypertension and the development of its complica-
tions including atherosclerosis [5, 66, 75–79]. For the purpose of uniformity,
we will use the term AGEs throughout this chapter to denote aldehyde con-
jugates, AGEs, and ALEs.
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Causative Role of AGEs in Hypertension and
Atherosclerosis

We have shown that methylglyoxal given in the diet to Wistar-Kyoto
(WKY) rats increased tissue AGEs and caused hypertension [80]
(Fig. 14.3). Levels of tissue methylglyoxal and AGEs are higher in sponta-
neously hypertensive rats and sugar-induced hypertensive rats [22, 23, 62,
81, 82]. Although research on AGEs in human essential hypertension is
scant, in preeclampsia, a hypertensive condition of pregnancy, RAGE
expression was increased in vascular tissue [83]. There is strong evidence in
human diabetes, another insulin resistance state, that AGEs are responsible
for cellular protein modifications, which contribute to diabetic complica-
tions [52, 55, 56, 84–86]. AGE-mediated cross-links in collagen and elastin,
also contribute to arterial stiffening, hindering vessel elasticity, and exacer-
bating hypertension [87]. Treatments which lower AGEs also lower the
blood pressure [23, 81, 82, 88].

There is increasing evidence of a causative role for AGEs in atherosclero-
sis either through a hypertension-mediated increase in oxidative stress, and/or
directly via stimulation of various inflammatory processes. AGEs have the
capacity to adversely influence the function and expression of many of the
body’s proteins including calcium channels, metabolic, and antioxidant
enzymes, receptors, and structural proteins. In the following section, we will
discuss these adverse effects and their possible contribution to hypertension
and atherosclerosis (Table 14.2).

AGEs and Increased Oxidative Stress
In addition to depleting glutathione, methylglyoxal, and AGEs may affect
antioxidant enzyme activity. The antioxidant enzymes, glutathione peroxi-
dase and glutathione reductase contain SH and NH2 groups at their active
sites [89, 90]. Formation of AGEs at these sites may result in inhibition of
these enzymes. In rat VSMCs in culture, methylglyoxal inhibited these
enzymes, leading to oxidative stress, low levels of reduced glutathione and
increased levels of oxidized glutathione [22]. Vascular ROS are produced in
endothelial, adventitial, and VSMCs by reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase [66]. AGEs have been shown to acti-
vate RAGEs resulting in a NADPH oxidase-mediated increase in
intracellular reactive oxygen intermediates and extracellular H2O2 [59]. AGE-
modified bovine serum albumin increased O2

− production in human platelets
in vitro [91]. As discussed above, increased oxidative stress promotes further
formation of aldehydes and thus AGEs. This creates a cycle where AGEs and
ROS perpetuate a prooxidant state, which contributes to the development
and progress of vascular disease.
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AGEs and Increased Cytosolic Free Calcium
Vascular calcium channels are dependent on SH groups for normal function
[49, 92] and their alteration can lead to increased cytosolic free calcium
[Ca2+]i, abnormal contractile activity, and increased peripheral vascular
resistance. AGEs impaired type 2 ryanodine receptor calcium release chan-
nels (calcium receptors which regulate cardiac contractility) during chronic
diabetes [93]. ROS have been shown to increase intracellular calcium in
VSMC and endothelial cells [66, 94]. Oxidized LDL was shown to enhance
vasoconstriction likely via increased calcium influx into VSMCs [95]. AGE-
modified human serum albumin (AGE-HSA) increased ROS and intracellu-
lar calcium in neonatal mesengial cells [96]. AGE-HSA also acts via RAGEs
to produce ROS and increase the release of calcium from intracellular stores
in human neutrophils [97]. In essential, human hypertensives and hyperten-
sive animals, cytosolic [Ca2+]i levels in VSMCs are elevated [98, 99]. We have
shown elevated vascular tissue AGEs and increased platelet [Ca2+]i in sponta-
neously hypertensive rats, a genetic model of hypertension, and in methylgly-
oxal and fructose-treated WKY rats, dietary models of hypertension [80–82]
(Fig. 14.3). In addition to its role in vascular contractility and blood pressure
homeostasis, calcium is a major determinant of platelet activation and aggre-
gation, and increased levels may also contribute to enhanced atherogenic
conditions [100].

AGEs and Endothelial Dysfunction
Maintaining normal endothelial function is essential to blood pressure home-
ostasis and vessel integrity. One of the major factors involved in regulation of
endothelial function is NO. Endothelium-derived NO is not only a potent
vasodilator but also inhibits platelet aggregation, VSMC migration and pro-
liferation, monocyte adhesion, and adhesion molecule expression, thus regu-
lating blood pressure and protecting vascular function [101]. Therefore,
abnormalities in NO bioavailability impair endothelial function. This has
been demonstrated in both hypertension and atherosclerosis [4, 102].

NO is synthesized from arginine by the thiol-containing endothelial nitric
oxide synthase (eNOS) and cofactor tetrahydrobiopterin (BH4), and its pro-
duction is regulated in part by insulin acting on specific receptors on the cell
surface [40, 103–105]. Thus, the ability to form adequate amounts of NO
depends on the availability of arginine, active eNOS, and BH4, and appro-
priate insulin response. Excess methylglyoxal and other aldehydes may limit
substrate by forming AGEs with arginine [84]. Methylglyoxal has been shown
to react with arginine residues to form several AGEs including argpyrimidine,
which has been demonstrated in human serum and kidney [63, 106, 107]. The
importance of SH groups in normal catalytic activity of eNOS has been
demonstrated [104] and corroborates evidence that alteration of cysteine
residues (c184) of human eNOS results in loss of activity [108]. AGEs inhibit
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eNOS activity and expression [109–111]. We have shown that methylglyoxal
given in the diet to WKY rats increased tissue AGEs, decreased plasma NO,
and caused hypertension [80] (Fig. 14.3). NOS activity requires the presence
of BH4. It has been suggested that insulin stimulates BH4 synthesis and that
this insulin action is impaired in insulin resistant states [102]. Also, oxidation
of BH4 by ROS promotes uncoupling of eNOS therefore decreasing produc-
tion of NO [102, 105]. Superoxide reacts with NO, also reducing bioavail-
ability, forming peroxynitrite. Peroxynitrite and peroxynitrous acid are
powerful and cytotoxic oxidants, also referred to as reactive nitrogen species,
which may cause further damage to vascular tissue [112].

AGEs and Atherosclerotic Lesion Formation
Shear stress caused by elevated blood pressure results in endothelial injury
enhancing formation of atherosclerotic plaques, particularly at junctions of
vessels where turbulence is greatest. Subsequent oxidative stress will also con-
tribute to this atherogenic environment. Oxidized LDL is recognized as a key
component in atherosclerotic lesions and hypertensive subjects exhibit an
enhanced susceptibility to LDL oxidation [13, 113]. AGEs may contribute to
atherosclerosis in various ways. AGE-LDL caused cholesterol and choles-
terol ester accumulation in macrophages in vitro [25] and has been identified
in the cytoplasm of foam cells and extracellularly in the core of atheroscle-
rotic lesions in humans and animals [14, 26, 27]. AGE-LDL and AGE-
modified protein are ligands for scavenger receptors. Binding to these recep-
tors leads to endocytic uptake of LDL and accumulation in human 
monocytes–macrophages [57, 114]. AGEs also bind to RAGEs generating a
cascade of intracellular signals, which result in inflammatory responses
including an increased expression of NF-κB, endothelin-1, vascular cell
adhesion molecule-1, insulin-like growth factors, and interleukin-6. These
changes result in monocyte recruitment and vascular adhesion, cell prolifer-
ation, and vasoconstriction [22, 58, 59, 64, 115, 116]. Endothelial growth fac-
tor receptor (EGFR) is involved in the regulation of multiple cellular
processes such as cell growth, motility, differentiation, survival, and death. It
is a common receptor shared by several growth factors. Methylglyoxal and
glyoxal directly inhibit EGFR autophosphorylation and tyrosine kinase
activity, by forming AGEs with the free NH2 group of EGFR protein thus
impairing downstream signaling [117]. ROS may also affect this signaling
pathway by oxidation of the cysteine residue of tyrosine phosphatase, thus
influencing receptor protein tyrosine kinases including EGFR [66]. This
AGE-induced alteration in signaling may play a role in the cellular changes
associated with hypertension and atherosclerosis.

AGEs may contribute to platelet aggregation and thrombus formation.
AGEs increased O2

− production and aggregation in human platelets in vitro
[91]. Alterations due to AGEs reduce NO bioavailability resulting in an
increase in platelet aggregation. It has been suggested that AGEs stimulate
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externalization of phosphatidylserine, which activates clotting factors leading
to platelet adhesion [118].

Antioxidants in the Treatment of Hypertension 
and Atherosclerosis

We have presented evidence that insulin resistance leading to increased forma-
tion of AGEs and oxidative stress contributes to the etiology of essential hyper-
tension and subsequent development of atherosclerosis. It is likely that by
attenuating insulin resistance and decreasing levels of AGEs and ROS it should
be possible to prevent or treat these diseases (Fig. 14.4). The protective effect of
individual antioxidants and antioxidant combinations has been investigated in
humans and animals. Supplementation with antioxidants including vitamin C,
E, or B6, lipoic acid and coenzyme Q10 has been shown to lower blood pres-
sure in animal models and humans with essential hypertension [21]. However,
evidence supporting their efficacy in the treatment of atherosclerosis is some-
what less conclusive [119]. This may have less to do with the potential of these
compounds to achieve antiatherosclerotic effects and more to do with factors
such as the nature of the atherosclerotic lesion and degree of damage already
incurred, and which antioxidants were used and in what combinations.

Cardiovascular research usually entails monitoring the effect of dietary
intervention on the occurrence of hypertensive or atherosclerotic events such
as myocardial infarction, stroke, and kidney failure. If subjects have been
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hypertensive for a number of years and atherosclerosis is well established,
antioxidant therapy may prevent further damage from AGEs and ROS but
may not be able to completely restore vasculature to normal. The nature of
atherosclerotic plaque itself may not be conducive to physical infiltration or
repair by antioxidants. Tissue proteins already altered by AGEs will require
time to regenerate and some tissues have long turnover times.

Typically, studies of cardiovascular disease use either high doses of single
antioxidants, for example vitamin E, or combinations including β-carotene
or vitamin C. Many of these studies have given variable results. Recent dis-
cussions, which suggest that vitamin E supplementation may be detrimental
to cardiovascular health, may be an example of this [120]. Most of these
studies do not consider that antioxidants in their oxidized form have the
capacity to act as radicals and that it is necessary to maintain an adequate
antioxidant balance such that these radicals are regenerated back into their
reduced states. Antioxidants have been shown to regenerate each other from
their oxidized to reduced forms [121–123] (Fig. 14.5). For example, vitamin E
radical (oxidized) is regenerated to vitamin E (reduced) by vitamin C (ascor-
bate) or coenzyme Q10 (reduced). These antioxidants are in turn regenerated
by dihydrolipoic acid. Thus, supplementation with vitamin E in high doses
without the benefit of other regenerating antioxidants in the diet could con-
ceivably result in damage from vitamin E radical. When choosing antioxidant
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combinations for cardiovascular studies, it may be as important to consider
how these antioxidants work with each other, as it is to contemplate their
mechanism of action with regards to the disease state. Studies using combi-
nations of standard or moderate doses of combinations of antioxidants may
show better efficacy in the treatment of hypertension and atherosclerosis.
Choosing an antioxidant with high electronegativity (i.e., more reducing
power) such as lipoic acid as one of the component antioxidants may ensure
that radicals created from those antioxidants of lower electronegativity will
be regenerated (Table 14.3). Using a combination of antioxidants, which are
effective against both one- and two-electron radicals, should confer protec-
tion against a broader spectrum of radical agents. Lipoic acid, as well as cys-
teine, also improve glucose metabolism and in addition have the capacity to
bind aldehydes directly preventing AGE formation and subsequent increase
in ROS, making these antioxidants a more versatile treatment [124].

Therapies targeting insulin resistance, AGEs and oxidative stress should be
effective in the treatment of hypertension and atherosclerosis (Fig. 14.4). A
first line approach to these vascular disorders would include preventative
measures such as participating in moderate physical activity, and eating a
well-balanced diet rich in fruits and vegetables, low in salt and sugar, with
nuts and lean meats. Healthy lifestyle choices include not smoking and limit-
ing alcohol intake. Since antioxidants including vitamin E, vitamin C, and
lipoic acid have been shown to improve glucose metabolism, lower AGEs and
oxidative stress, reduce inflammatory response, and prevent hypertension,
they will likely prevent subsequent damage due to atherosclerosis [21, 125,
126]. Considering the greater likelihood of benefit than harm, we suggest that
an antioxidant combination supplement, as an additive to a well-balanced
diet, is appropriate for most adults as a preventative measure. Early screening
to evaluate blood pressure, glucose, and lipid abnormalities will also allow
timely diagnosis and increase the opportunity to limit tissue damage and halt
or slow disease progress (Table 14.1).

318 Sudesh Vasdev and Vicki Gill

TABLE 14.3. Redox potentials of antioxidants in mammalian oxidation systems
(Redox pairs given at increasing electronegativity and antioxidant activity).
Redox pair Redox potential (E’

O Volts)

Oxygen/water +0.82
Vitamin E oxidized/reduced +0.37
Ubiquinone oxidized/reduced +0.10
Vitamin C oxidized/reduced +0.08
Cystine/cysteine −0.22
Glutathione oxidized/reduced −0.24
Lipoate oxidized/reduced −0.29
Nicotinamide adenine dinucleotide oxidized/reduced −0.32

(NAD+/NADH)
Nicotinamide adenine dinucleotide phosphate 

oxidized/ reduced (NADP+/NADPH) H+/H2 −0.42
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Conclusion

Hypertension and atherosclerosis share similar risk factor conditions and
both involve structural and functional changes of the vasculature. Increased
blood pressure contributes to atherosclerosis but it is likely that these two con-
ditions also have a common biochemical causation. We suggest that AGEs,
formed as a result of insulin resistance found in these two disorders, may be
the common link. AGEs and subsequent oxidative stress have the capability to
alter calcium channels, metabolic and antioxidant enzymes, receptors and
structural proteins resulting in hypertension and atherosclerosis. We suggest
that lifestyle choices and appropriate antioxidant supplements which atten-
uate insulin resistance, reduce the formation of aldehydes and AGEs and
lower oxidative stress will prevent or attenuate these two vascular diseases.
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Abstract
Elevated plasma homocysteine is an independent risk factor for atherosclerotic vas-
cular disease as well as for Alzheimer’s disease and fractures. Since homocysteine
arises as a result of S-adenosylmethionine-dependent methylation reactions, the
major methyltransferases play an important role in determining the plasma level of
this molecule; these include methyltransferases involved in the synthesis of phos-
phatidylcholine and creatine. Homocysteine removal is affected either by the remethy-
lation pathway (which converts homocysteine back to methionine) or by the
transsulfuration pathway, which produces cysteine. A number of B vitamins (in par-
ticular folic acid, pyridoxal, and vitamin B12) are involved in homocysteine metabo-
lism so that deficiencies of these vitamins are among the most common causes of
hyperhomocysteinemia. Decreased renal function is also an important contributor 
to hyperhomocysteinemia. The effects of genetic polymorphisms, hormones, and
drugs on plasma homocysteine are discussed. Plasma homocysteine encompasses a
heterogeneous group of molecular species. The importance of these individual species
to pathology remains to be determined.

Keywords: S-adenosylmethionine; end-stage renal disease; homocysteine thiolactone;
methyltransferase; remethylation; transmethylation; transsulfuration; vitamins

Abbreviations: tHcy, total homocysteine; SAM, S-adenosylmethionine; MAT,
methionine adenosyltransferase; SAH, S-adenosylhomocysteine; GNMT, glycine
N-methyltransferase; MTHFR, methylenetetrahydrofolate reductase; BHMT,
betaine:homocysteine methyltransferase; CBS, cystathionine β-synthase; CGL,
cystathionine γ-lyase; L-DOPA, L-3,4-dihydroxyphenylalanine; COMT, catechol-
O-methyltransferase; GAA, guanidinoacetic acid; AGAT, L-arginine:glycine 
amidinotransferase; GAMT, guanidinoacetate methyltransferase; PEMT, phos-
phatidylethanolamine N-methyltransferase; PE, phosphatidylethanolamine; PC,
phosphatidylcholine

The original hypothesis, linking hyperhomocysteinemia with atherothrom-
botic vascular disease, was proposed after the observation of severe arte-
riosclerotic lesions in two children with elevated plasma homocysteine
concentrations and homocysteinuria [1]. This led to the proposal that even
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less severe increases in plasma homocysteine may pose a risk. Since then, a
plethora of prospective, retrospective, and cross-sectional studies have
appeared that link moderate hyperhomocysteinemia to atherosclerotic dis-
ease. These studies show that patients with coronary, cerebrovascular, or
peripheral arterial occlusive disease have mean plasma total homocysteine
(tHcy) levels greater than control subjects. Kang et al. [2] reported mean
plasma tHcy to be significantly higher both in male and female patients with
coronary artery disease when compared to controls with angiographically
normal coronary arteries. Since cross-sectional studies deal with patients who
already exhibit disease characteristics, they do not answer the question
whether hyperhomocysteinemia gives rise to the coronary artery disease or
vice versa [3]. Two large prospective studies address this question. The
Physicians’ Health Study, which studied male physicians in the USA, showed
that a plasma homocysteine concentration of only 1.7 µmol/L or 12% greater
than the upper normal level was associated with a 3.4-fold increase in the risk
of myocardial infarction [4]. The Tromso study, which investigated over
21,000 subjects between the ages of 12 and 61, showed an increase in the rel-
ative risk for coronary heart disease of 1.32 after adjusting for possible con-
founders [5]. Meta-analyses confirm homocysteine’s status as an independent
risk factor although they disagree on its strength. A meta-analysis of 27 stud-
ies relating homocysteine to coronary, cerebrovascular, and peripheral arte-
rial vascular disease showed a very strong relationship between these diseases
and tHcy [6]. It was concluded that a 5 µmol/L increment in tHcy was com-
parable to a 0.5 mmol/L increment in cholesterol in increasing the incidence
of coronary artery disease. A more recent meta-analysis that examined 30
prospective and retrospective studies confirmed that increased plasma homo-
cysteine is an independent predictor of ischemic heart disease but of only
moderate strength [7]. The same group [8] has reported a meta-analysis of the
MTHFR 677TT polymorphism, which tends to increase plasma homocys-
teine, particularly in the context of low folate. They found that individuals
with the MTHFR 677TT genotype had a significantly higher risk of cardio-
vascular disease especially when found in conjunction with a low-folate sta-
tus. The uncertainty about the degree of risk associated with elevated plasma
homocysteine may be attributed to a number of factors, but Stamm and
Reynolds [9] have emphasized one important factor: tHcy in plasma may not
be the most appropriate marker of cardiovascular disease risk. In particular,
risk may be more closely linked either to cellular homocysteine or to a par-
ticular component of plasma homocysteine.

There are certain situations in which the risk attributable to homocysteine
may be elevated. Certainly, there is evidence that hyperhomocysteinemia is a
stronger risk factor in patients with type 2 diabetes [10] and in patients with
existing coronary disease. In this latter group, Nygard et al. [11] found a
direct relationship between plasma homocysteine levels and overall mortal-
ity; at 4 years, Kaplan–Meier estimates of mortality were 3.8% for patients
with tHcy levels less than 9 µmol/L, 8.6% for patients with homocysteine



level between 9 and 14.9 µmol/L, and 24.7% for those with levels 15 µmol/L
or higher (Fig. 15.1).

There is considerable evidence that the cardiovascular risk posed by homo-
cysteine is graded; there does not appear to be a threshold effect. A cross-
sectional study of elderly subjects from the Framingham Heart Study clearly
demonstrated a graded increase in the level of extracranial carotid artery steno-
sis with increasing plasma Hcy [12]. Similar observations were made in several
other studies with regard to different cardiovascular disease states [5, 13].

Plasma Forms of Homocysteine

Although the term homocysteine is used generically, plasma contains several
different forms of this amino acid. Plasma tHcy is made up of free and pro-
tein-bound homocysteine. The free homocysteine consists of homocysteine,
homocystine, and cysteine–homocysteine-mixed disulfides [2] and a protein-
bound fraction is linked to proteins by disulfide linkage, principally to cys-
teine 34 of albumin (Fig. 15.2). Typically, in humans, the protein-bound
fraction makes up the bulk of plasma tHcy accounting for >70%, homocys-
tine and cysteine–homocysteine-mixed disulfides make up 5–15% each, while
only trace amounts (≤ 1%) are found as free reduced homocysteine [14].
These different forms of homocysteine along with reduced, free oxidized, and
protein-bound forms of cysteine and cysteinylglycine comprise a dynamic
system [15]. A change in any one of these species leads to alterations in the
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thiol redox status [15]. Despite the existence of these different forms, typically
the parameter measured is “total plasma homocysteine,” since assays for the
separate forms are not yet satisfactory for routine clinical measurement.
Hyperhomocysteinemia is categorized as being moderate, intermediate, or
severe with basal tHcy values of between 15 and 30, between 31 and 100, and
greater than 100 nmol/mL, respectively [2].

“Total plasma homocysteine” does not encompass all forms of homocys-
teine in plasma. Homocysteine thiolactone (Fig. 15.2) can be formed in all
human cell types; in general, its concentration is markedly increased under
conditions of elevated plasma homocysteine. It is a cyclic thioester formed as
a result of an error-correcting process in aminoacyl-tRNA synthetase [16].
Protein homocysteinylation, by means of the formation of an amide 
bond between the carboxyl group of homocysteine thiolactone and the 
ε-amino group of lysyl side chains in cellular and extracellular proteins, also 
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occurs and can change the function of the protein so modified [17]. Such
homocysteinylation of proteins, such as low-density lipoproteins, has been
proposed as the basis for some of the pathological consequences of hyper-
homocysteinemia. The N-linked homocysteine, which can account for up
to 23% of plasma homocysteine, is not included in the calculation of
plasma tHcy [18]. Homocysteine thiolactone is hydrolyzed to homocysteine
by homocysteine thiolactonase, an enzyme associated with high-density
lipoprotein [19].

Metabolism

The liver has been shown to play a significant role in the regulation of
plasma homocysteine levels [20] because of its full complement of enzymes
involved in methionine and homocysteine metabolism. Homocysteine is an
intermediate in the pathway of methionine metabolism. The only dietary
essential sulfur-containing amino acid in mammals, methionine, contributes
to a variety of fundamental biological processes, including protein synthesis,
methylation reactions involving S-adenosylmethionine (SAM), formation 
of the polyamines spermine and spermidine, and the synthesis of cysteine.
Homocysteine is a key substrate in three essential biological processes: (1)
recycling of intracellular folates; (2) catabolism of choline and betaine; and
(3) formation of the nonessential amino acid cysteine and the antioxidant
glutathione through the transsulfuration pathway [21].

The pathway of methionine metabolism (Fig. 15.3) consists of the ubiqui-
tous methionine cycle and the transsulfuration pathway which has a more
limited distribution. The methionine cycle is made up of the transmethyla-
tion and the remethylation pathways. In transmethylation, methionine is con-
verted to the high-energy sulfonium compound, SAM in a reaction catalyzed
by methionine adenosyltransferase (MAT) (EC 2.5.1.6). ATP provides the
source of the adenosyl moiety. MAT exists in three isoenzymic forms MAT
I, MAT II, and MAT III, which are products of two different genes MAT 1A
and MAT 2A [22]. MAT 1A is expressed in mature liver while MAT 2A is
expressed in all tissues and is induced during liver growth and dedifferentia-
tion. The liver-specific isoenzymes, MAT I and MAT III are coded for by
MAT 1A. MAT I, a tetramer, is also designated as an “intermediate Km”
isozyme (Km for methionine ~40 µM) and is slightly inhibited by SAM. MAT
III, a dimer, which appears to be derived from MAT I by a posttranslational
modification [23] is designated as a “high Km” isoform (Km for methionine
~200 µM) and is activated by its product SAM, demonstrating a strong, pos-
itive cooperative modulation at physiological methionine and SAM concen-
trations. MAT III allows the liver to adjust immediately to an excess influx of
methionine with increased SAM formation. MAT II, found in extrahepatic
tissues and fetal liver and encoded by the gene MAT 2A, has a low Km (~8
µM) for methionine and is inhibited by SAM [24].
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SAM, once formed, appears to be retained by the cell of origin and serves
as the methyl donor for virtually all known biological methylation reactions.
This transfer of the methyl group of SAM to a suitable methyl acceptor is
catalyzed by any one of a large number of methyltransferases, leading to the
formation of such diverse cellular components as creatine, epinephrine, car-
nitine, phospholipids as well as methylated proteins, DNA, and RNA [25].
Essentially all these methyltransferases are inhibited by the common prod-
uct, S-adenosylhomocysteine (SAH). However, glycine N-methyltransferase
(GNMT), which converts glycine to sarcosine, has unique kinetic properties.
It is only weakly inhibited by SAH, has a relatively high Km for SAM, and
shows a sigmoidal dependence on SAM concentration [26]. GNMT thus
functions as a benign high-capacity, SAM-dependent methyltransferase that
is able to convert excess methionine/SAM to sarcosine, a nontoxic product.
Sarcosine is then transported into mitochondria where its metabolism regen-
erates glycine.

The inhibition (albeit to different degrees) of essentially all of the different
methyltransferases by SAH necessitates its rapid removal. SAH hydrolase,

FIGURE 15.3. The pathway of methionine metabolism.
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which occurs in all cells, converts SAH to homocysteine and adenosine [21].
Although the equilibrium of this reaction favors the formation of SAH, it is
driven forward under physiological conditions due to the rapid removal of
the products, homocysteine and adenosine. Adenosine can be removed by
either of two enzymes, adenosine deaminase (EC 3.5.4.4) or adenosine kinase
(EC 3.5.4.4). Homocysteine, on the other hand, occupies a central position in
the pathway of methionine metabolism, lying at a crossroad between the
transsulfuration and the remethylation pathways. SAH can also be removed
by intracellular binding to specific, saturable protein sites and by export from
the cell [21]. Once exported, the kidney appears to be active in the removal of
SAH from the extracellular fluid [21]. Homocysteine can also bind to intra-
cellular proteins and can be exported from cells [27]. However, unlike SAH,
homocysteine can be taken up by many tissues including the liver [21].
Plasma homocysteine, therefore, represents homocysteine that has been
exported from the cells of origin, to be transported to other cells/tissues that
would catabolize it.

The remethylation of homocysteine to methionine completes the methionine
cycle and in turn functions to conserve the carbon skeleton of methionine.
Interestingly, the methylation of homocysteine to methionine is one exception
where SAM does not provide the methyl group. Two different methyl donors,
N5-methyltetrahydrofolate and betaine, provide the methyl group necessary to
convert homocysteine to methionine by two independent pathways. Methionine
synthase, which transfers a methyl group from N5-methyltetrahydrofolate to
homocysteine, is widely distributed in mammalian tissue and contains methyl-
cobalamin as an essential cofactor. The methyl group of N5-methyltetrahydro-
folate is synthesized by the folate coenzyme system using serine as the
major donor of the one-carbon units [28]. N5-methyltetrahydrofolate is formed
by the irreversible reduction of N5,10-methylenetetrahydrofolate, catalyzed by
the flavoenzyme N5,10-methylenetetrahydrofolate reductase (MTHFR) (EC
1.1.1.68) which uses NADPH as the reducing agent.

Betaine:homocysteine methyltransferase (BHMT) catalyzes a second route
by which homocysteine is converted to methionine, using preformed methyl
groups from betaine to methylate homocysteine [29]. BHMT, a zinc metal-
loenzyme [30], has a more limited distribution, being present only in liver,
kidney, and lens in humans [29]. BHMT is feedback inhibited by its product
N,N-dimethylglycine [31]. Dimethylglycine is converted to glycine in a series
of reactions by which the methyl groups are oxidized and provide the meth-
ylene groups of N5,10-methylenetetrahydrofolate.

If the carbon chain of methionine is not to be conserved, homocysteine
can be irreversibly converted to cysteine through the transsulfuration path-
way which is catalyzed by two pyridoxal 5′-phosphate (PLP)-containing
enzymes, cystathionine β-synthase (CBS) (EC 4.2.1.22), and cystathionine 
γ-lyase (CGL) (EC 4.4.1.1). CBS catalyzes the condensation of homocys-
teine with serine to form cystathionine and commits the homocysteine moi-
ety to the transsulfuration pathway [21]. Cystathionine is hydrolyzed by
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CGL to form cysteine, α-ketobutyrate, and ammonia, thereby making cys-
teine a nonessential amino acid. Both the pyruvate dehydrogenase complex
and the branched-chain α-keto acid dehydrogenase complex can catalyze the
oxidative decarboxylation of α-ketobutyrate to propionyl CoA, which
enters the Krebs’ cycle at succinyl CoA [20]. Cysteine is a precursor of sev-
eral essential molecules (e.g., glutathione, taurine, coenzyme A) as well as
inorganic sulfate.

The transsulfuration pathway has a limited tissue distribution in rat tis-
sues; only liver, kidney, pancreas, and small intestine are capable of synthe-
sizing cysteine from methionine or homocysteine [32]. CBS is absent from
heart, lung, testes, adrenal, and spleen in rats [21]. In humans, CBS was
shown to be absent from heart muscle and primary aortic endothelial cells
[33]. The highest levels of CBS mRNA expression in human tissues have been
observed in adult liver and fetal liver and fetal brain [34]. Although CBS is
present in the brain and adipose tissue of rats, CGL is absent from these tis-
sues [21]. In agreement with this finding, very high levels of cystathionine
have been found in human brains [35]. It may be that the function of CBS in
the brain is to catalyze the production of H2S, a neuromodulator and a
smooth muscle relaxant [36].

Factors Influencing Methionine and Homocysteine
Metabolism

Gender and Age
Plasma homocysteine has been shown to increase throughout life in both
sexes [37]. In early childhood, both males and females have similar low
plasma homocysteine levels, but sex differences become apparent at puberty
[38]. The skewed distribution among the genders continues from puberty
into adulthood with plasma homocysteine levels being 1–2 µmol/L higher in
men than in women, and with a steady increase in both sexes with increas-
ing age [38].

The gender differences could arise in a number of ways. It is possible that
the differences are due to the higher formation of homocysteine in connec-
tion with increased creatine synthesis. Creatine synthesis is proportional to
muscle mass and, therefore, is higher in men than in women [39]. A second
possibility could be effects of sex steroids, as estrogens have been shown to
lower plasma homocysteine levels [40]. This is also consistent with the obser-
vation that, after menopause, the gender difference in plasma homocysteine
concentrations is attenuated. Postmenopausal women have been shown to
have higher levels of plasma homocysteine than premenopausal women [41].
The changes in the plasma homocysteine levels that have been observed in the
male-to-female and female-to-male transsexuals treated with sex steroids also
show the effect of sex hormones on plasma homocysteine levels [42]. Plasma
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homocysteine was reduced in male–to-female transsexuals treated with ethinyl
estradiol in combination with an antiandrogen while the female-to-male trans-
sexuals treated with testosterone esters displayed an elevation in their plasma
homocysteine [42]. Women who are pregnant have significantly reduced
plasma homocysteine levels with tHcy decreasing between the first and the
second trimesters and remaining low through the rest of the pregnancy [43].
Malinow et al. [44] suggested an increased uptake of maternal homocys-
teine by the developing fetus as the reason for this lowered plasma homo-
cysteine in the mother.

A number of studies, conducted in different ethnic populations, have all
demonstrated an age-related increase in plasma homocysteine, the increase
being most marked in the oldest age group [45]. Plasma homocysteine is
about 30% lower in children than in adults [38]. The age-dependent increase
in plasma homocysteine could arise in a number of ways. Renal function is
known to decline with age [46]. It is well established that renal disease is asso-
ciated with increased plasma homocysteine [47]. This may be due to metabo-
lism of homocysteine by the kidneys [48], although the clear-cut data
obtained in rats are not evident in humans [49]. Suboptimal vitamin status, in
particular impaired folate status [50] and cobalamin deficiency [51], may also
play major roles.

Lifestyle
Several lifestyle factors are also known to affect plasma homocysteine levels.
Chronic, high ethanol consumption [52], smoking [53], and consumption of
caffeinated coffee [54] are all associated with an increase in the concentration
of plasma homocysteine. Interestingly, a moderate consumption of alcohol
appears to lower the plasma homocysteine concentration [55]. The consump-
tion of beer has also been shown to lower plasma homocysteine, probably
because beer contains folate [56]. Hyperhomocysteinemia associated with
chronic alcoholism may arise due to impaired folate, vitamin B12, and vitamin
B6 intake [51]. Acute alcohol intoxication in alcoholics leads to a transient
increase in plasma homocysteine, which may be a direct result of inhibition
of methionine synthase by acetaldehyde [57]. In the Hordaland homocysteine
study, individuals who consumed more than six cups of coffee per day exhib-
ited 2 to 3 µM higher level of homocysteine than individuals who did not
consume coffee [54]. Decaffeinated coffee does not have the same effect on
plasma homocysteine as does regular coffee [54].

Physical training has been shown to play a positive role in the reduction of
plasma homocysteine [53]. The difference in homocysteine levels between
subjects doing heavy training and those having a sedentary lifestyle was
greater in the older age group where exercise was associated with an approx-
imately 1 µmol/L reduction in homocysteine whereas those aged 40–42 years
exhibited a reduction of 0.76 µmol/L. Acute exercise, however, does not have
any effect on the plasma homocysteine levels [58].
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Diet
SAM and SAH play a major role in the regulation of plasma homocysteine
levels by affecting the distribution of homocysteine among competing path-
ways. Both these metabolites activate CBS [59, 60]. Finkelstein et al. [59] also
showed that SAH is capable of inhibiting BHMT. Kutzbach and Stokstad
[61] demonstrated that SAM is a strong allosteric inhibitor of MTHFR,
while SAH functioned to partially reverse this inhibition. This inhibition will
lead to reduced synthesis of N5-methyltetrahydrofolate which itself is a mod-
ulator of methionine metabolism by its ability to bind and inhibit GNMT
[62].

These mechanisms can combine to regulate methionine and homocysteine
metabolism with regard to nutritional status, especially in response to pro-
tein and methionine intake, since increased methionine concentrations in the
liver will lead to increased SAM levels. The fact that SAM activates MAT III
[23] makes this system highly sensitive to methionine concentrations. The
increased SAM will promote disposal via the transsulfuration pathway by
activation of CBS and will inhibit remethylation by inhibiting both BHMT
and MTHFR. A quantitative study of the methionine cycle in vivo, in
healthy young men who were supplied with methionine at a rate of 198
µmol/kg/day, revealed a homocysteine synthesis through transmethylation
of 238 µmol/kg; 38% of this homocysteine was channeled into remethyla-
tion and 62% underwent transsulfuration [63]. These data agreed with the
labile methyl balances conducted by Mudd and Poole [39] who showed that
remethylation could vary from 70% to 40% when changing from a restricted
methionine intake to a diet containing increased amounts of methionine and
choline.

Methylation Demand

The contribution of the different reactions involved in the formation of
homocysteine must also be considered. SAM is the methyl donor of virtually
all known biological methylation reactions, ranging from such diverse pro-
cesses as metal detoxification, biosynthesis of many small molecules, and
gene regulation via DNA methylation. Thirty nine different species of SAM-
dependent methyltransferases have been well characterized in mammals [25],
with the possibility that many more will be identified by means of genomic
approaches which use conserved sequence motifs to detect methyltransferases
in genomic open reading frames [64]. In fact, Katz et al. [64] calculated that
class I methyltransferases make up ~0.6–1.6% of the genes in the yeast,
human, mouse, Drosophila melanogaster, Caenorhabditis elegans, Arabidopsis
thaliana, and Escherichia coli genomes.

The first demonstration of the importance of methylation to plasma
homocysteine levels was provided by studies in patients with Parkinson’s 

338 Enoka P. Wijekoon et al.



disease undergoing treatment with L-3,4-dihydroxyphenylalanine (L-DOPA).
Parkinson’s disease is characterized by a severe depletion of nigrostriatal
dopaminergic neurons resulting in the deficiency of dopamine in the basal
ganglia and melanin in the substantia nigra [65]. These patients are treated
with L-DOPA alone or in combination with a peripheral decarboxylase
inhibitor [66]. The dopamine deficiency is relieved by the decarboxylation 
of L-DOPA in the brain. Parkinson’s patients undergoing treatment with 
L-DOPA have been shown to have plasma homocysteine levels that are about
50% higher than controls [67]. This increase in plasma homocysteine arises
from the wasteful methylation of L-DOPA by catechol-O-methyltransferase
(COMT), which catalyzes the SAM-dependent methylation of aromatic
hydroxyl groups [66]. Due to the removal of the administered L-DOPA
through this reaction, patients need to be given quite high doses (up to sev-
eral grams per day) to achieve therapeutic levels of L-DOPA. This phenome-
non was also evident in rats; the increased plasma tHcy was accompanied by
decreased tissue levels of SAM [68]. Pretreatment with a COMT inhibitor
was shown to alleviate or attenuate this response. These studies showed that
plasma homocysteine levels were sensitive to the methylation of an exoge-
nous substance.

Thereafter, studies conducted by the Brosnan group addressed the issue of
the role of methylation demand imposed by physiological substrates on
plasma homocysteine. Creatine synthesis, where SAM is used to methylate
guanidinoacetic acid (GAA), has been considered to use more SAM than all
of the other physiological methyltransferases combined [39] accounting for
about 75% of homocysteine formation. Creatine synthesis is an interorgan
pathway in which the two enzymes involved in creatine synthesis occur in two
different organs: L-arginine:glycine amidinotransferase (AGAT) occurs in the
kidney (EC 2.1.4.1) and guanidinoacetate methyltransferase (GAMT; EC
2.1.1.2) is localized to the liver. Stead et al. [69] studied the effect of changes
in the methylation demand by modulating the rate of creatine synthesis by
feeding rats GAA- or creatine-supplemented diets for 2 weeks. They found
that homocysteine was significantly elevated in the plasma of rats fed GAA
and that it was decreased by ~25% in the rats on a creatine-supplemented diet
[69] (Fig. 15.4). Supplementation by either GAA or creatine resulted in a
decrease in the activity of kidney AGAT. Incubation of hepatocytes with
GAA resulted in the export of significantly higher levels of homocysteine,
giving further evidence for the dependence of the plasma homocysteine level
on the demand for methylation by physiological substrates. A separate series
of studies showed that creatine supplementation was able to lower the plasma
level of GAA as well as its arterio–venous difference across the kidney (E.E.
Edison, M.E. Brosnan, and J.T. Brosnan, unpublished observations).

Noga et al. [70] demonstrated the importance of another physiological
methylation reaction on the plasma homocysteine level. Phosphatidylethano-
lamine N-methyltransferase (PEMT), a liver-specific enzyme, is involved in 
the conversion of phosphatidylethanolamine (PE) to phosphatidylcholine
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(PC) [71]. 70% of hepatic PC is produced from choline by the activity of the
enzymes of the Kennedy pathway; PEMT is responsible for the formation of
the remaining 30% [72]. The synthesis of one molecule of PC through the
PEMT pathway requires three successive SAM-dependent methylations. Plasma
homocysteine in pemt–/– mice was decreased by about 50% [70] (Fig. 15.5).
Hepatocytes isolated from the pemt–/– mice secreted ~50% less homocysteine
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than the cells isolated from the wild-type mice. McArdle RH7777 (rat
hepatoma) cells, overexpressing PEMT, produced significantly more homocys-
teine than the wild-type cells. These results clearly demonstrated PC synthesis
through the PEMT pathway to be a major contributor to the plasma homocys-
teine levels.

Hormonal Regulation of Plasma Homocysteine

Most of the early literature on homocysteine metabolism focused on tradi-
tional factors such as nutrition and genetics. However, studies conducted in
many laboratories have now added to our understanding of the hormonal
regulation of homocysteine metabolism. Diabetes mellitus, both type 1 and
type 2, leads to increased plasma levels of homocysteine when accompanied
by renal insufficiency [73, 74]. However, type 1 diabetic patients with normal
plasma creatinine levels have been shown to have plasma tHcy levels signifi-
cantly lower than healthy subjects [75]. Studies conducted in our laboratory
confirmed this observation in streptozotocin-diabetic rats (type 1 model) [76].
In these rats, the decreased homocysteine was accompanied by concomitant
increases in the activities of the hepatic transsulfuration enzymes, CBS and
CGL, which were restored to normal by insulin treatment, suggesting regu-
lation of plasma homocysteine by insulin. Administration of glucagon to rats
was shown to reduce plasma homocysteine and was accompanied by
increased flux of methionine through the transsulfuration pathway and by
increases in the activities of the transsulfuration enzymes [77]. The concur-
rent increase in the activity and the mRNA of CBS suggested that glucagon
may act at the level of gene transcription to alter homocysteine metabolism.
This was directly confirmed by the experiments of Ratnam et al. [78].
Glucocorticoids or cAMP increased, and insulin attenuated, the CBS mRNA
and protein levels in H4IIE cells, a rat hepatoma cell line, while insulin treat-
ment of HepG2 cells, a human hepatoma cell line, led to a decreased level of
CBS protein. The 70% reduction in CBS-1b promoter activity after insulin
treatment further confirmed the effect of insulin, while the nuclear run-on
experiments provided definitive evidence that both insulin and glucocorti-
coids act at the level of gene transcription (Fig. 15.6).

MAT is also under hormonal regulation. Adrenalectomy results in a
three-fold decrease in its enzyme activity, immunoreactive protein, and
mRNA levels in the liver; these effects could be reversed by triamcinolone
treatment [79]. MAT mRNA content was increased, in a time- and dose-
dependent manner, by both triamcinolone and dexamethasone, which effect
was blocked by insulin. A direct effect of triamcinolone on the transcription
of this gene was evident from experiments in which a luciferase reporter
gene was driven by 1.4 kb of the 5′-flanking region of the hepatic MAT
gene. Triamcinolone treatment resulted in a three-fold increase in the pro-
moter activity [79].
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A recent study described the modulation of GNMT by insulin and gluco-
corticoids [80]. Pretreatment with insulin prevented the induction of GNMT
by dexamethasone in rat pancreatic AR42J cells or in hepatoma H4IIE cells.
It was also found that induction of diabetes by injection of streptozotocin
leads to increased activity and abundance of GNMT.

Early studies conducted by Finkelstein et al. [81] showed that hydrocorti-
sone increased the activity of BHMT threefold, whereas thyroxin treatment
significantly reduced its activity. Methionine synthase was also shown to be
responsive to hormones in tissues other than the liver; the kidney enzyme was
increased by 151% by estrogen and decreased by 60% by growth hormone.
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Hydrocortisone treatment led to a two-fold increase in the specific activity of
methionine synthase in the pancreas [81].

It is evident therefore that glucagon and glucocorticoids function to
increase the disposal of methionine and/or homocysteine, whereas insulin
counteracts these effects.

Redox Regulation

CBS is a unique enzyme, in that it depends on both heme and PLP for its func-
tion [82]. The 63-kDa CBS subunit binds a molecule each of heme and PLP,
and the presence of heme is required for PLP binding. Recently, Taoka et al.
[83] found evidence for redox-linked regulation of CBS, dependent on heme.
Under reducing conditions generated by the addition of titanium citrate, they
observed a 41% decrease in the activity of CBS. Reoxidation of the ferrous
enzyme with ferricyanide reversed the inhibition. Transsulfuration, catalyzed
by the two enzymes, CBS and CGL, leads to the synthesis of cysteine, which
is required for glutathione synthesis. The homocysteine-dependent transsulfu-
ration pathway plays a major role in the maintenance of the intracellular glu-
tathione pool under oxidative stress conditions and, indeed, the flux through
the transsulfuration pathway responds to the oxidant load [84]. Approxi-
mately 50% of the intracellular glutathione pool in human liver cells is derived
from cysteine produced by the transsulfuration pathway; thus the cellular
redox environment may affect plasma homocysteine concentrations [84].

Two other enzymes in the homocysteine metabolic pathway have also been
shown to be responsive to redox changes. S-Nitrosylation by nitric oxide,
under conditions of septic shock or hypoxia, leads to the inactivation of both
isoforms of MAT, MAT I and MAT III [85]; this inactivation can be reversed
by millimolar concentrations of glutathione. H2O2 also inactivates MAT by
reversibly and covalently oxidizing cysteine 121, located at a “flexible loop”
over the active site cleft of MAT [86]. The GSH/GSSG ratio also modulates
the redox state of MAT [87]. The second enzyme responsive to redox condi-
tions, methionine synthase, is inhibited by oxidative conditions, potentially
due to the oxidation of the cob(I)alamin form of the cobalamine cofactor
[88] This curtailment of remethylation can be understood as a means of
increasing the conversion of homocysteine to cysteine for GSH synthesis.

Nonphysiological Causes of Hyperhomocysteinemia

Vitamin Deficiency
The original report linking hyperhomocysteinemia to the occurrence of car-
diovascular disease involved a patient who developed homocysteinuria due to
a defect in cobalamin metabolism, now recognized as Cb1 C deficiency [89].
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Since then, many studies have confirmed the relationship between vitamins
and plasma homocysteine levels. Inadequate plasma concentrations of one or
more of the B vitamins are responsible for the hyperhomocysteinemia in
about two thirds of hyperhomocysteinemic cases [90].

The ability of folate supplementation to decrease urinary homocysteine
excretion was documented in patients with homocystinuria and mental retar-
dation as early as 1968 [91]. Kang et al. [92] showed that depletion of tissue
folate leads to hyperhomocysteinemia in nonhomocystinuric subjects. Isolated
deficiency of vitamin B12 also leads to moderate to intermediate fasting hyper-
homocysteinemia, with homocysteine levels exceeding that found in the obli-
gate heterozygotes for CBS deficiency [93]. Vitamin B6, the cofactor for both
enzymes of the transsulfuration pathway, is important in determining post-
methionine load plasma homocysteine levels [94]. Data from the Framingham
Heart Study cohort showed that plasma homocysteine exhibits a strong
inverse association with plasma folate and weaker associations with plasma
vitamin B12 and PLP [90]. Vitamin intervention therapy with the three B vita-
mins alone and various combinations of them has been shown to reduce both
basal plasma homocysteine as well as levels after a methionine load [95].

A few recent studies have tried to explain the mechanisms behind the
homocysteine-lowering effects of these B vitamins. Supplementation with
vitamin B12 was shown to increase the activity of methionine synthase, an
effect ascribed by Gulati et al. [96] to a posttranslational regulation of
methionine synthase by vitamin B12 since the induction of activity of this
enzyme correlates with increased levels of protein. They were later able to
show that B12 supplementation induces translational upregulation by shifting
the mRNA from the ribonucleoprotein to the polysome pool. The B12
responsive element was localized to the 70-bp region located at the 3′ end of
the 5′-untranslated region of methionine synthase mRNA [97]. Miller et al.
[98] postulated that deficiency of folate leads to increased plasma homocys-
teine not only through the impairment of homocysteine remethylation but
also by impairing homocysteine removal via the transsulfuration pathway
due to lowered tissue SAM levels which are inadequate to stimulate CBS.

Genetic Disorders
The most frequently described genetic defects of hyperhomocysteinemia are
associated with the enzymes of transsulfuration. Plasma homocysteine levels
are quite elevated in patients with homozygous CBS deficiency resulting in
homocystinuria [99]. However, this is a rare disorder with a frequency esti-
mated between 1:58,000 and 1:1,000,000 in newborns and a worldwide birth
prevalence of 1:300,000. Heterozygosity for CBS in the general population is
less than 1% [100]. The fasting homocysteine level in these individuals
appears to be normal or only slightly elevated, although post-methionine
load levels may be elevated [101]. Genetically determined defects have also
been described in CGL, which leads to cystathioninuria [102].
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On the other side of the spectrum are the patients with Down syndrome.
Down syndrome or trisomy 21 is characterized by the failure of chromosome
21 to segregate normally during meiosis [103]. The gene for CBS is located on
chromosome 21 and as a result is overexpressed in children with Down syn-
drome. A 157% increase in CBS enzyme activity in patients with Down 
syndrome is associated with reduced levels of plasma homocysteine [104].
However, the reduction in plasma homocysteine leads to a concurrent reduction
in the folate-dependent resynthesis of methionine, creating a functional intra-
cellular folate deficiency known as the “methyl trap” [105].

MTHFR mutations are also associated with hyperhomocysteinemia.
Severe MTHFR deficiency (less than 2% of normal enzyme activity) is rare
[106]. However, Kang et al. [107] identified a new variant of MTHFR, which
displayed a distinctive thermolability with about 50% of the enzyme activity.
This variant is associated with significantly higher levels of plasma homo-
cysteine and is inherited as an autosomal recessive trait [107]. Patients who
were postulated to be compound heterozygotes of the allele for the severe
mutation and the allele for the thermolabile mutation have also been identi-
fied [108].

Two common functional polymorphisms of the MTHFR gene were 
later identified. C677T polymorphism in exon 4, resulting in an alanine to valine
substitution at codon 222 [109], gives rise to the thermolability. Homozygotes
for the C677T polymorphism (TT genotype) have about 30% of normal enzyme
activity and frequently exhibit intermediate hyperhomocysteinemia [110]; het-
erozygotes have about 65% of normal activity [109]. The phenotypic expres-
sion of the TT genotype appears to relate to the folate status. In the Hordaland
homocysteine study, a majority of subjects with intermediate hyperhomo-
cysteinemia exhibited the TT genotype; 88% of these were folate deficient.
[111]. The C677T mutation displays ethnic variability. Caucasians have a high
(40%)-allele frequency [112], while it is almost absent in African Americans
[113]. A second polymorphism, A1298C in exon 7, results in a substitution of
glutamate with alanine at codon 429 [114]. Individuals with 1298CC genotype
display 60% of the activity of those with AA genotype but it does not seem to
give rise to hyperhomocysteinemia.

Cobalamin is bound to methionine synthase and acts as a methyl carrier
between methyltetrahydrofolate and homocysteine. The methyl group of
methyltetrahydrofolate is first transferred to the cobalamine cofactor to 
form methylcob(III)alamin, which in turn becomes cob(I)alamin after trans-
fer of the methyl group [115]. Over time, cob(I)alamin may be oxidized 
to cob(II)alamin which renders the enzyme inactive. Cob(II)alamin needs to
undergo a reductive methylation with SAM acting as the methyl donor to be
converted back to its active state [116].

Two forms of methionine synthase deficiency are known which lead to the
development of hyperhomocysteinemia [117]. Patients from the cblG com-
plementation group of folate/cobalamin metabolism have mutations in the
methionine synthase gene [118]. The second complementation group, cblE,
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shows reduced methionine synthase activity, due to a defect in the reducing
system, which keeps the enzyme in the functional state [119]. cblE patients
have been shown to have defective NADPH-dependent reducing activity.
Leclerc et al. [120] isolated the cDNA corresponding to the reductive activa-
tion enzyme which they named methionine synthase reductase and also iden-
tified a number of mutations in three cblE patients, a 4-bp frame shift in two
and a 3-bp deletion in one.

Renal Disorders
Patients with diabetes mellitus, either type 1 or type 2, have decreased plasma
homocysteine levels when kidney function is normal [75, 76, 121]. However,
with decreasing kidney function the concentration of plasma homocysteine
changes and is elevated compared to controls. This has been observed in both
type 1 and type 2 diabetes mellitus [73, 74]. Patients with end-stage renal dis-
ease with no diabetes also exhibit elevated plasma homocysteine [47]. These
observations agree with the finding of Bostom et al. [48] that the rat kidney
is a major organ involved in homocysteine metabolism. They showed a posi-
tive renal arteriovenous difference for homocysteine slightly greater than 20%
of the mean arterial plasma homocysteine concentration, which suggested
that the loss of the homocysteine metabolizing capacity of the kidneys may
be a major cause of the increased plasma homocysteine in renal patients. The
transsulfuration pathway was shown to be the major route of catabolism of
homocysteine taken up by rat kidneys, accounting for 78% of the disappear-
ance of homocysteine [122]. The important role played by the kidneys in
maintaining plasma homocysteine homeostasis was shown by the ability of
the kidneys to handle acute increases in plasma homocysteine [123]. Kidneys
were able to significantly increase the uptake of homocysteine from the
plasma and still manage to metabolize it with no change in urinary excretion,
demonstrating the capacity of the kidneys for homocysteine catabolism.

Pharmacological Intervention

Intervention with a variety of pharmacological agents has been shown to dis-
rupt plasma homocysteine metabolism. Many of these drugs act through their
disruption of the absorption or the metabolism of the various vitamins of
homocysteine metabolism. Methotrexate, used in a variety of diseases, interferes
with folate metabolism by inhibiting dihydrofolate reductase [124], thereby
reducing methyltetrahydrofolate levels in cells. The time course for the develop-
ment of hyperhomocysteinemia depends on the dose of methotrexate used;
thus it varies in patients with different diseases such as cancer [125], psoriasis
[126], and rheumatoid arthritis [127]. Anticonvulsants also interfere with
folate metabolism, thereby leading to hyperhomocysteinemia [128]. They are
thought to deplete liver folate stores through inhibition of polyglutamation
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[129]. Bile acid sequestrants interfering with the absorption of folate also
cause hyperhomocysteinemia. This has been observed in coronary patients
treated with niacin and colestipol as they exhibit significantly higher homo-
cysteine levels when compared with similar patients receiving a placebo [130].
Cholestyramine [131], a bile acid sequestrant, and the antidiabetic drug met-
formin [132] interfere with the absorption of cobalamine and folate, leading
to the development of hyperhomocysteinemia with long-term use of these
drugs.

The anesthetic, nitrous oxide, is a well-known pharmacological agent that
causes rapid (within 90 min) elevations in plasma homocysteine [133]. It is
known to oxidize cob(I)alamin to cob(II)alamin, thereby inactivating methio-
nine synthase irreversibly [134]. Azuridine, which is no longer in use, caused
hyperhomocysteinemia in humans as well as animals probably through its
interference with pyridoxal 5′-phosphate [135]. Isoniazid [136], niacin [137],
and theophylline [138] also cause increases in plasma homocysteine by their
interference with vitamin B6 metabolism. The treatment of Parkinson’s disease
with L-DOPA leads to increased plasma homocysteine, the mechanism of
which was discussed in the section on Methylation Demand.

Treatment with some other drugs has been shown to lead to reduction 
in plasma homocysteine. Oral penicillamine has been shown to reduce both
free and plasma protein-bound homocysteine in homocystinuria patients
[139]. Patients with acute lymphoblastic leukemia treated with 2-deoxyco-
formycin also have markedly reduced plasma homocysteine levels [140].
2-Deoxycoformycin indirectly inhibits SAH hydrolase by blocking adenosine
deaminase. The use of estrogen-containing oral contraceptives has also been
shown to lower plasma homocysteine levels [141]. Cyclic variations in plasma
homocysteine have been shown in oral contraceptive users with the variation
in hormone levels in the contraceptives.

Perspective

The epidemiological evidence that links elevated plasma homocysteine to a
number of chronic diseases, including atherosclerotic vascular disease, ade-
quately justifies the many studies that seek to understand how plasma tHcy
is determined. We have now reached the point where we have a good under-
standing of the determinants of plasma tHcy. As with the plasma level of any
constituent, tHcy is determined both by its rate of production and its rate of
removal. New information highlights the role of the major methyltrans-
ferases, in particular those involved in PC and creatine synthesis, in deter-
mining tHcy [142]. Classical work has always emphasized the role played by
the homocysteine removal pathways—remethylation and transsulfuration.
These studies emphasized the role of vitamin deficiencies, mutations, and
polymorphisms. New data have also emphasized the effects of hormones and
a number of drugs.
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However, there are also significant areas of ignorance where work is urgently
needed. What is the relation between renal function and tHcy? In most popu-
lation studies, tHcy correlates quite well with plasma creatinine. It is clear that
the kidney is a major organ for homocysteine removal in the rat but the bal-
ance of evidence on the human kidney does not support such a conclusion.
However, it should be recognized that the high proportion of protein-bound
(and, therefore, unfilterable) homocysteine in humans presents special prob-
lems to the in vivo investigation of renal homocysteine metabolism.

We know much too little about the membrane transport of homocysteine.
We do know that the renal reabsorption of the homocysteine–cysteine mixed
disulfide is via the cystine/dibasic amino acid transporter [143]. It has been
suggested that there may be different mechanism for homocysteine ingress
into and exit from cells. This is based on the fact that the bulk of the extra-
cellular homocysteine is in the oxidized form but the more reduced intracel-
lular environment ensures that the cellular homocysteine is largely reduced.
We need to determine the mechanisms (and their control) responsible for
homocysteine transport into and out of cells.

Which component of plasma homocysteine is most closely associated with
chronic disease? Thus far, most studies have focused on tHcy. It is important to
determine whether one of the components of tHcy is a better predictor of
chronic disease. It is tempting to compare the present state of homocysteine
epidemiology with that of cholesterol some decades ago. Then, it was
apparent that elevated plasma cholesterol was a risk factor but the roles of the
different lipoproteins were not appreciated. This analogy, however, may be mis-
leading. LDL and HDL are quite different particles with different origins and
metabolic fates. The components of tHcy, however, have a common origin and
exist in dynamic equilibrium with each other. The importance of forms of
plasma homocysteine other than the components of tHcy remains intriguing.
Work from Jakubowski’s laboratory has emphasized the role of both homo-
cysteine thiolactone and of homocysteine bound either by amide or peptide
linkages to human plasma proteins. Recent work has indicated that antibodies
to N-homocysteinylated albumin can serve as an independent predictor of early
coronary artery disease [144]. Future work should illuminate some of these
novel aspects of homocysteine metabolism.
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Role of Hyperhomocysteinemia 
in Atherosclerosis

STEPHEN M. COLGAN, DONALD W. JACOBSEN, AND
RICHARD C. AUSTIN

Abstract
An elevated level of plasma total homocysteine is a pathological condition known
as hyperhomocysteinemia. Studies have shown that homocysteine can induce
apoptotic cell death and a relationship between hyperhomocysteinemia and ather-
osclerosis has been reported. This chapter will summarize the dietary and genetic
factors that induce hyperhomocysteinemia. In addition, animal models of hyper-
homocysteinemia will be discussed along with the potential cellular mecha-
nisms that could cause hyperhomocysteinemia to induce cell death and accelerate
atherosclerosis.

Keywords: apoptosis; atherosclerosis; endoplasmic reticulum stress; endothelial dys-
function; hyperhomocysteinemia

Abbreviations: apoE, apolipoprotein E; CBS, cystathionine β-synthase; GADD153,
growth arrest- and DNA damage-inducible gene 153; HHcy, hyperhomocysteinemia;
MCP-1, monocyte chemoattractant protein 1; MTHFR, 5,10-methylene-tetrahy-
drafolate reductase; PERK, PKR-like ER kinase; ROS, reactive oxygen species;
SREBP, sterol regulatory element binding protein; TDAG51, T-cell death associated
gene 51; TF, tissue factor; UPR, unfolded protein response; XBP-1, X-box binding
protein-1

Introduction

Clinical manifestations of atherothrombotic disease, including peripheral
vascular disease, myocardial infarction and stroke, account for the majority
of deaths in North America [1–4]. Atherosclerosis is a complex, chronic
process that is initiated at sites of endothelial cell injury and culminates in
lesion disruption and thrombus formation [1–5]. The infiltration of mono-
cytic cells, proliferation and migration of smooth muscle cells, cholesterol
deposition, and elaboration of extracellular matrix are characteristic features
of atherosclerotic lesions. Other characteristic features of lesion development
are cholesterol-enriched macrophages, recognized as foam cells [6, 7]. It is
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well recognized that the acute clinical manifestations of atherothrombosis
result from lesion rupture, thrombus formation, and vessel occlusion [2, 8].

A hallmark feature of animal and human atherosclerotic lesions is apop-
totic cell death [9–11]. Apoptosis could lead to an increased risk of lesion
rupture by diminishing the number of viable smooth muscle cells required 
for collagen synthesis and stabilization of the fibrous cap. Additionally,
apoptosis enhances the thrombogenicity of the atherosclerotic lesion by
increasing the number of tissue factor (TF)-rich apoptotic cells [12, 13]. The 
cellular pathways responsible for this effect and their significance to athero-
sclerosis are incompletely understood.

Hyperhomocysteinemia (HHcy) is a pathological condition distinguished
by an elevated concentration of plasma total homocysteine [14–21]. Up to
40% of patients diagnosed with recurrent venous thrombosis, peripheral vas-
cular disease or premature coronary artery disease have HHcy [14–19].
Previous studies have shown that homocysteine causes cell dysfunction and
leads to apoptotic cell death in cell types relevant to atherosclerosis, includ-
ing endothelial cells and smooth muscle cells [22–25]. A direct causal rela-
tionship between the induction of HHcy and atherosclerosis has previously
been reported in animal models with diet-and/or genetic-induced HHcy
[26–29]. Since previous studies have demonstrated that the administration of
folic acid or a combination of B vitamins can decrease HHcy and attenuate
atherogenesis in these animal models [27, 29], there is interest in vitamin sup-
plementation as a strategy for prevention of atherosclerosis.

In this chapter, we will summarize the dietary and genetic factors that
induce HHcy. In addition, the cellular mechanisms by which HHcy causes
endothelial cell dysfunction and accelerates atherosclerosis will be discussed.

Genetic and Nutritional Factors that Induce
Hyperhomocysteinemia

Homocysteine is a thiol-containing amino acid that is formed through the meta-
bolic conversion of methionine to cysteine. Once produced, homocysteine can
either be metabolized to cysteine via the transsulfuration pathway or converted
to methionine via the remethylation pathway [17, 20, 21]. Severe forms of HHcy,
termed homocystinuria, can be caused by mutations in genes responsible
for the metabolism of homocysteine, including cystathionine β-synthase
(CBS), methionine synthase (MS), 5,10-methylenetetrahydrofolate reductase
(MTHFR), or betaine homocysteine methyltransferase (BHMT). Homozygous
CBS deficiency, the most common genetic cause of homocystinuria, results in
plasma total homocysteine concentrations of up to 500 µmol/L, compared to
the normal range of 10–12 µmol/L [17, 21]. CBS deficiency is linked to vari-
ous clinical manifestations, including skeletal abnormalities, osteoporosis,
ectopia lentis, mental retardation, and hepatic steatosis [17]. In addition,
patients are at high risk for premature atherosclerosis, which is the major cause
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of death associated with CBS deficiency [30–32]. Although homozygous CBS
deficiency is uncommon, heterozygous CBS deficiency occurs in approxi-
mately 1% of the population and is associated with premature cardiovascular
disease in phenotypically normal individuals [30–32]. A genetic mutation
leading to MTHFR deficiency causes severe HHcy and can induce premature
atherosclerosis and thrombotic disease [33–35]. Nutritional deficiencies of B
vitamins required for the metabolism of homocysteine, such as folic acid, vita-
min B6 (pyridoxine), and/or vitamin B12 (cyanocobalamin), can also lead to
HHcy [36, 37]. It has been suggested that insufficient vitamin intake accounts
for two thirds of all HHcy cases [37]. Although vitamin supplementation is
effective in lowering plasma homocysteine levels, its significance to cardiovas-
cular disease remains to be determined.

Many insights into the mechanism of homocysteine-induced cellular injury
and atherosclerotic lesion development have been revealed in animal models
of dietary and/or genetically induced HHcy. We will discuss the important
findings from animal models that aid in the understanding of HHcy and ath-
erosclerosis as well as recent studies from basic research that compliments the
in vivo work.

Animal Models of Hyperhomocysteinemia-Induced
Atherogenesis

Manipulation of plasma homocysteine concentrations can be accomplished
by dietary and/or genetic approaches. Dietary supplementation of methion-
ine, homocysteine, and/or depletion of B vitamins and folic acid can be used
to induce mild to severe HHcy [26–29]. Animal models of HHcy include
transgenic mice deficient in CBS or MTHFR. Homozygous CBS-deficient
mice have 40-fold greater total plasma homocysteine levels than normal and
suffer from hepatic steatosis, severe growth retardation, and dislocation of the
lens [38]. These phenotypic changes are also characteristic in human patients
with homocystinuria [16–21]. Although heterozygous CBS-deficient mice have
twice the normal concentration of total plasma homocysteine, they do not
have the same developmental defects observed in homozygotes, which make
them ideal models to study mild HHcy. Heterozygous CBS-deficient mice
present with endothelial dysfunction and impaired vasorelaxation through
decreased vascular nitric oxide bioavailability [39, 40]. This relationship is not
exclusive to CBS-deficient mice, as endothelial dysfunction has also been
observed in rabbit and monkey models of HHcy [41–45]. Although endothe-
lial dysfunction occurs in CBS-deficient mice and other animal models of
HHcy, there is no evidence of atherosclerotic lesion development [45–47].

MTHFR-deficient mice have a comparable phenotype with CBS-deficient
mice but are considered to be more susceptible to developing atherosclerotic
lesions [46]. Adult heterozygous and homozygous MTHFR-deficient mice
develop aortic lipid accumulation that is indicative of early atherosclerotic
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lesion development. Interestingly, the plasma lipid profile from these animals
remains normal [46]. Although the aortic lipid accumulation is not as
advanced as that seen in apolipoprotein E (apoE)- or LDL receptor-deficient
mice, these observations provide the first evidence that mild HHcy con-
tributes to the formation of athersclerotic lesions.

One of the earliest events in atherosclerotic lesion development is the bind-
ing of monocytic cells to the vascular endothelium. Recent studies in rats
with diet-induced HHcy have demonstrated that the binding of monocytes to
the endothelium is significantly elevated, although characteristic atheroscle-
rotic lesions were not observed [47]. The increased expression of monocyte
chemoattractant protein 1 (MCP-1), the proinflammatory adhesion molecule
VCAM-1, and E-selectin in the aortic endothelium of hyperhomocysteinemic
rats provides a potential cellular mechanism for enhanced monocyte binding.
Further observations that dietary supplementation with folic acid prevented
an increase in total plasma homocysteine levels, inhibited the expression of
MCP-1, VCAM-1, and E-selectin, and decreased monocyte binding to the
endothelium, provides further support of an antiatherogenic effect of lower-
ing plasma homocysteine.

Given that atherosclerotic lesion development is limited in most animal
models of HHcy, researchers have developed dietary HHcy in genetically
altered mice that are prone to atherosclerotic lesion development. Studies
have determined that diet-induced mild HHcy accelerates atherogenesis in
apoE-deficient mice [26–29]. Zhou et al. [26, 27] demonstrated that apoE-
deficient mice fed chow diets supplemented with methionine or homocysteine
developed larger, more complex, and more numerous atherosclerotic lesions,
compared to mice fed control diets (Fig. 16.1). Lesions in these mice were rich
in smooth muscle cells and collagen, which is consistent with the ability of
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FIGURE 16.1. Atherosclerotic lesions in the aortic root of 25 week old apoE-deficient
mice fed a control diet or a high methionine diet to induce hyperhomocysteinemia.
Lesion sizes in mice fed high methionine diet were significantly larger, compared to
mice fed control diet. Sections were stained with Orcein to reveal the elastic lamina
(kindly provided by Dr. Ji Zhou).



homocysteine to induce proliferation of smooth muscle cells and deposi-
tion of the extracellular matrix [48]. Considering the effects of the hyper-
homocysteinemic diets on lesion size and frequency were observed
following 3 months, but not 12 months, of dietary supplementation, it sug-
gests that HHcy mainly influences initial stages of atherosclerotic lesion
development. Hofman et al. [29] also found that apoE-deficient mice sup-
plemented with a high methionine diet, had significant increases in athero-
sclerotic lesion area compared to mice fed a control diet. Furthermore,
HHcy was correlated with an increase in NF-κB activation, a transcription
factor known to stimulate the production of cytokines, chemokines, leuko-
cyte adhesion molecules, and haemopoetic atherogenesis [1–3]. The
observed HHcy-induced NF-κB activation increased the expression of
VCAM-1 and the pro-inflammatory mediators RAGE and EN-RAGE [29].
A recent study by Wang et al. [28] has also demonstrated that genetically
induced HHcy in a hyperlipidemic background accelerates atherosclerosis.
Using apoE/CBS-deficient double knockout mice, increased total plasma
homocysteine concentrations correlated with increased atherosclerotic
lesion area and lipid content, independent of diet [28].

In addition to its effects on lesion development, diet-induced HHcy in
apoE-deficient mice increases the expression of the TF a critical mediator of
thrombosis [29]. TF is an integral membrane glycoprotein essential for the
initiation of blood coagulation and promotion of thrombosis [49].
Consistent with these findings, in vitro studies have demonstrated that homo-
cysteine can induce TF procoagulant activity [50]. Evidence indicates that an
increase in TF expression and/or activity can enhance thrombin generation,
thereby increasing the risk of thrombotic complications [1, 51, 52].

Although these studies demonstrate that HHcy enhances atheroscle-
rotic lesion development when combined with hyperlipidemia, additional
work will be necessary to determine if HHcy accelerates atherogenesis in
the presence of other cardiovascular risk factors, including diabetes and
hypertension. The dietary and genetic models have supported many of the
proposed in vitro mechanisms of the role of HHcy in atherosclerotic
lesion development. We will further discuss the proposed in vitro mecha-
nisms of HHcy and atherosclerosis that help to explain observations made
in vivo.

Hyperhomocysteinemia and Atherosclerosis: Potential
Cellular Mechanisms

Inflammation
Atherothrombotic disease has been suggested to be a form of chronic inflam-
mation [1–3]. Evidence from cell culture studies has revealed that homocys-
teine induces the production of several proinflammatory cytokines. Treatment
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of monocytes, smooth muscle cells, and human vascular endothelial cells with
homocysteine induces the expression of MCP-1 [53–55]. MCP-1 increases the
adhesion of monocytes to the endothelium and their infiltration into the
subendothelial cell space, which is an important step during atherogenesis.
Homocysteine has also been shown to increase expression of IL-8, a 
T-lymphocyte, and neutrophil chemoattractant, in cultured endothelial cells
[53] and human whole blood [56]. Homocysteine-induced expression of MCP-
1 and IL-8 has been demonstrated to occur through the activation of the
proinflammatory transcription factor NF-κB. Evidence that HHcy accelerates
atherogenesis through vascular inflammation has been shown with the recent
findings that NF-κB activation and downstream expression of proinflamma-
tory mediators and cytokines are increased in atherosclerotic lesions from
hyperhomocysteinemic apoE-deficient mice [29, 57].

Oxidative stress
The highly reactive thiol group of homocysteine is readily oxidized to form
reactive oxygen species (ROS) [58], which suggests that homocysteine-induced
cell injury and dysfunction occurs through a mechanism involving autooxida-
tion and oxidative damage. This hypothesis fails to explain why cysteine,
which is also readily autooxidized and present in plasma at much higher con-
centrations than homocysteine, does not cause endothelial cell injury and is
not considered associated with cardiovascular disease [59]. Recent studies have
also demonstrated that homocysteine does not significantly increase ROS
through autooxidation and is involved in antioxidant and reductive cellular
biochemistry [60]. In fact, the homocysteine-dependent transsulfuration path-
way is critical for maintaining the intracellular levels of glutathione, and this
pathway is sensitive to oxidative stress conditions [61, 62].

Homocysteine-induced oxidative stress could impact atherogenesis by
mechanisms that are unrelated to autooxidation. Ex vivo studies using vas-
cular tissues have revealed that HHcy causes abnormal vascular relaxation by
inducing intracellular production of ROS such as superoxide [41, 63, 64].
Superoxide is believed to limit the normal vasodilation response by reacting
with endothelial nitric oxide to generate peroxynitrite [65, 66]. Both superox-
ide and peroxynitrite result in the generation of lipid peroxides that con-
tribute to the modification of tissues. Peroxynitrite also contributes to the
modification of proteins through tyrosine nitration and the formation of
3-nitrotyrosine. Evidence that HHcy can inhibit the antioxidant potential 
of cells is shown by previous reports that homocysteine impairs heme oxyge-
nase-1 (HO-1) and glutathione peroxidase (GPx) expression and activity in
cultured vascular endothelial cells [67–69]. These findings are significant to
atherothrombosis given that (i) HHcy enhances vascular dysfunction in GPx-
deficient mice [67], (ii) GPx overexpression inhibits homocysteine-induced
endothelial dysfunction [70], and (iii) HO-1 overexpression inhibits the ath-
erosclerotic lesion development in apoE-/- mice [71].



Endoplasmic Reticulum Stress and the Unfolded Protein
Response
In eukaryotic cells, the endoplasmic reticulum (ER) is the primary site for
folding and maturation of secretory, transmembrane, and ER-resident
proteins [72–76]. The ER contains a wide range of molecular chaperones
such as GRP78, GRP94, calnexin, calreticulin, and protein disulphide iso-
merase to assist in the correct folding of newly synthesized proteins. These
chaperones ensure that only correctly folded proteins are allowed to enter the
Golgi for further processing and secretion. Pathological conditions and/or
agents that interfere with protein folding activate the unfolded protein
response (UPR). The UPR is an integrated intracellular signaling pathway
that responds to ER stress by increasing the expression of UPR responsive
genes (including the ER-resident chaperones), and attenuating global protein
translation (Fig. 16.2).
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FIGURE 16.2. ER stress and the unfolded protein response (UPR). The UPR is regu-
lated in eukaryotes by the proximal sensors IRE-1, ATF-6, and PERK. Activation of
these sensors occurs following their dissociation from GRP78 in response to ER
stress. Once activated the UPR functions as an integrated, intracellular signaling
pathway to attenuate protein translation, and increase ER chaperone expression.



The UPR is mediated via three ER-resident sensors: a type-I ER trans-
membrane protein kinase (IRE-1), activating transcription factor 6 (ATF-6)
and the PKR like ER kinase (PERK). Activation of these three sensors is
mediated by the dissociation of GRP78 following ER stress [72–76]. During
ER stress-induced accumulation of unfolded proteins, GRP78 dissociates
from the ER-resident sensors to interact with unfolded proteins, thus causing
the activation of IRE-1, ATF-6, and PERK [72–76]. In brief, the activation of
both IRE-1 and ATF-6 increase the expression of ER-resident chaperones,
and the activation of PERK leads to an inhibition of protein translation.

IRE-1 is a transmembrane protein kinase having endoribonuclease activ-
ity. Following ER stress and the dissociation of GRP78 from its ER luminal
domain, IRE-1 dimerizes and is autophosphorylated, allowing IRE-1 to act
as an endoribonuclease in the splicing of X-box binding protein-1 (XBP-1)
mRNA. The removal of a 26 base pair intron results in a translation frame-
shift that permits XBP-1 to act as a transcription factor for genes containing
ER stress response elements (ERSE).

ATF-6 is a transcription factor that is localized to the ER membrane in
unstressed cells. ATF-6 translocates to the Golgi after release of GRP78.
GRP78 regulates the activity of two Golgi localization sequences on ATF-6.
In the absence of GRP78, the Golgi localization signal is dominant and
results in constitutive translocation of ATF-6 to the Golgi and activation
[77]. In the Golgi, site-1 protease (S1P) cleaves ATF-6 in the luminal domain
and then the N-terminal membrane anchored half is cleaved by site-2 pro-
tease (S2P). The S1P and S2P also recognize and cleave sterol regulatory ele-
ment binding proteins (SREBPs) under conditions of sterol depletion [78].
Following release, the transactivation domain of ATF-6 translocates to the
nucleus where it binds to ERSE, activating transcription of numerous UPR-
responsive genes including GADD153 and XBP-1 [79]. Associated with an
increase in the transcriptional activation of UPR-responsive genes, ER stress
also leads to a rapid, decrease in protein synthesis. This mechanism is medi-
ated by the transmembrane protein kinase, PERK.

Similar to IRE1, PERK is activated by the release of GRP78 from its ER
luminal domain. PERK then dimerizes, autophosphorylates, and phosphory-
lates substrate proteins such as eukaryotic initiation factor-2α (eIF-2α), which
blocks mRNA translation to relieve the unfolded protein burden on the ER
[72–76]. As a result, the UPR enhances cell survival by ensuring that the effects
of ER stress are dealt with an efficient manner. Prolonged or severe ER stress
can result in apoptotic cell death and contribute to a number of human dis-
eases, including Alzheimer’s disease, Parkinson’s disease, and diabetes [74, 75].

One proposed mechanism of homocysteine-induced vascular injury
involves ER stress and activation of the UPR [68, 76, 80–83]. It has been
reported that elevated intracellular levels of homocysteine elicit ER stress and
cause the activation of the UPR, leading to increased ER stress response gene
expression, including GRP78, GRP94, homocysteine-responsive ER-resident
protein (Herp), and reducing agents and tunicamycin-responsive protein (RTP)
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[68, 80–83]. In addition, homocysteine has been shown to induce the expres-
sion of GADD153 [84] and T-cell death associated gene 51 (TDAG51) [22].
Both GADD153 and TDAG51 are proapoptotic factors that are induced
by prolonged ER stress. The effects observed on gene expression directly
involve the UPR because studies have shown that homocysteine treatment
causes the activation of both ER-resident sensors PERK and IRE-1 
[23, 85, 86].

Severe or prolonged ER stress caused by homocysteine has been shown to
activate several cellular mechanisms involved in the development and progres-
sion of atherosclerosis, including inflammation, apoptotic cell death, and dys-
regulation of lipid metabolism. We as well as others have demonstrated that
homocysteine-induced ER stress leads to dysregulation of lipid biosynthesis in
hepatocytes by activating SREBPs [83, 87]. SREBPs are ER-resident tran-
scription factors responsible for the expression of genes in the cholesterol/
triglyceride biosynthesis and uptake pathways [88]. Overexpression of the ER
chaperone GRP78, which protects cells from ER stress, inhibits homocysteine-
induced SREBP controlled gene expression in cultured human cells [83]. This
provides additional support for an association between ER stress and lipid
metabolism. Consistent with these results, ER stress, increased expression of
SREBP associated cholesterol biosynthetic genes and hepatic steatosis were
observed in mice with diet-induced HHcy [83]. Recently, evidence that this
mechanism may contribute to the atherogenic effect of HHcy was provided.
HHcy-induced in a rat model through a high-methionine diet showed elevated
hepatic lipid accumulation and an elevation of plasma cholesterol [89]. Three
transcription factors, SREBP, cAMP response element-binding protein
(CREB), and nuclear factor Y (NF-Y) were activated in livers of hyperhomo-
cysteinemic rats. These transcription factors resulted in increased cholesterol
biosynthesis by transcriptionally regulating HMG-CoA reductase expression
causing hepatic lipid accumulation and subsequent hypercholesterolemia [89].
Further studies, however, are required to determine if this mechanism directly
contributes to the effect of HHcy on atherosclerotic lesion development.

Molecular Targeting by Homocysteine: The Molecular
Targeting Hypothesis
The molecular targeting hypothesis evolved from early reports on the forma-
tion of stable disulfide complexes between homocysteine and proteins in cir-
culation [90–97]. Protein-bound homocysteine accounts for 70–80% of
plasma total homocysteine in healthy individuals [93]. Mansoor and col-
leagues were the first to provide quantitative data on protein-bound homo-
cysteine as well as protein-bound cysteine, cysteinylglycine, and glutathione
in health and disease [98–101]. Current assays for plasma total homocysteine
employ reducing agents to break protein-S–S-homocysteine disulfide bonds
[102]. Although the goal of these early studies was to characterize the forms
of circulating homocysteine, they also provided the ground work on which
the molecular targeting hypothesis was based, namely, the ability of homo-
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cysteine to form stable disulfide complexes with specific protein targets and,
in the process, alter or impair their function. A second type of molecular 
targeting is possible with the five-member ring compound homocysteine 
thiolactone, which contains an activated carbonyl group. The ε-amino group
of protein lysine residues readily react with homocysteine thiolactone to form
stable amide-bond linked homocysteine [103].

Extracellular Molecular Targeting

A number of plasma proteins form stable disulfide complexes with homo-
cysteine including albumin [93, 104, 105], factor V [106], fibronectin [107], and
transthyretin [108]. Although the mechanistic details for complex formation
between homocysteine and factor V, fibronectin and transthyretin are incom-
plete, a fairly detailed picture on the formation of albumin-S–S-homocysteine
has been obtained [104, 105].

The albumin molecule (molecular mass = 66.4 kDa) contains 35 cysteine
residues, 34 of which form intrachain disulfide bonds and are buried within
the globular structure of the molecule [109]. The cysteine at position 34 sits in
a 10-Å hydrophobic crevice on the surface. Because the pKa of this sulfhydryl
group is abnormally low (pKa ~ 5) [110], albumin-Cys34SH exists as a thiolate
anion at physiological pH, which allows it to actively participate in thiol/disul-
fide exchange reactions. Thus, Alb-Cys34-S− will attack circulating cystine
(Cys-S–S-Cys) to form albumin-Cys34-S–S-Cys [104], which accounts for 60%
of plasma total cysteine [90]. Alb-Cys34-S–S-Cys is attacked by homocysteine
thiolate anion (Hcy-S−). The disulfide attack is directed towards the sulfur of
liganded cysteine and not towards the sulfur of Alb-Cys34 [104]:

Hcy-S− + Alb-Cys34-S–S-Cys → Hcy-S–S-Cys + Alb-Cys34-S−

It should be mentioned that less than 1% of the homocysteine entering cir-
culation undergoes sulfhydryl group dissociation due to its high pKa (10.0).
However, Hcy-S− is an extremely strong and reactive nucleophile. These reac-
tions account for the formation of homocysteine–cysteine mixed disulfide
(Hcy-S–S-Cys) in circulation, which makes up 10–15% of plasma total
homocysteine. Approximately 20% of the homocysteine entering circulation
undergoes autooxidation to homocystine (Hcy-S–S-Hcy) [105]. This reaction
appears to be catalyzed by copper bound to albumin but not by copper
bound to ceruloplasmin [105]. Having accounted for the formation of the
“free” circulating disulfide forms of homocysteine, i.e., Hcy-S–S-Cys and
Hcy-S–S-Hcy, we see that the final step leading to the formation albumin-
bound homocysteine involves Alb-Cys34-S− attack of these species:

Alb-Cys34-S− + Hcy-S–S-Cys (or Hcy-S – S-Hcy) →

Alb-Cys34-S – S-Hcy + Cys-S− (or Hcy-S−)

The attack on the mixed disulfide is specific with 80% occurring at the 
sulfur of homocysteine. in vitro modeling of the biochemical events that occur
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in circulation with homocysteine have provided plausible reaction mechanisms,
which may be useful in understanding other targeting processes [104, 105].

Human factor V (330 kDa) is activated by α-thrombin cleavages at Arg-709,
Arg-1018, and Arg-1545 to produce factor Va. The clotting process is down-
regulated by proteolytic cleavage of factor Va by activated protein C. Undas
et al. [106] have shown that factor V is homocysteinylated in vitro and that the
resulting homocysteinylated-factor Va is resistant to proteolytic inactivation by 
activated protein C. However, homocysteinylated-factor V or Va have yet to be
identified in the plasma of patients with HHcy, and Lentz et al. [111] could find
no evidence for the impairment of protein C activation by thrombin or the
inactivation of factor Va by activated protein C in animal models of HHcy and
in normal human subjects with acute HHcy after methionine loading.

Human plasma contains soluble fibronectin, a 440-kDa glycoprotein con-
sisting of two similar but nonidentical subunits. Two disulfide bridges hold
the subunits together, and each subunit contains >60 cysteine residues, most
of which are in the form of intrachain disulfides. Fibronectin plays key roles
in cell migration, cell adhesion, hemostasis, thrombosis, wound healing, and
tissue remodeling. The fibronectin molecule has distinct domains for interac-
tions with collagen, fibrin, heparin, and DNA. It was recently shown that 
L-35S-homocysteine targets both fibronectin in human plasma and purified
human fibronectin [107]. The mechanism of homocysteine targeting, be it by
thiol/disulfide exchange, or by an oxidative process, has not been established.
The targeting of fibronectin by homocysteine impairs its interaction with fib-
rin, which could lead to prolonged recovery from a thrombotic event and
contribute to prolonged vascular occlusion [107].

In human plasma, transthyretin exists as a homotetramer and serves as a
carrier protein for the hormone thyroxine and the retinol-binding protein-
retinal complex [112]. Monomeric transthyretin (13.8 kDa) has a single cys-
teine residue at position 10, and in the normally folded tetrameric protein, the
Cys10 residues are in exposed sites at the start of helical regions. Previous
work had shown that the Cys10 residues formed covalent disulfide complexes
with cysteine, glutathione, and cysteinylglycine [113, 114]. In a series of in
vitro studies, it was demonstrated that transthyretin in normal human plasma
and purified transthyretin could be homocysteinylated by L-35

S-homocysteine [108]. Plasma from normal donors, patients with end-stage
renal disease and patients with homocystinuria contain Cys10-homocysteiny-
lated transthyretin as demonstrated by immunoprecipitation and high-
performance liquid chromatography/electrospray mass spectrometry [108]. It
is now clear that human transthyretin is targeted by homocysteine both in
vitro and in vivo but the mechanism remains to be elucidated.

Intracellular Molecular Targeting

Although there is considerable evidence that extracellular proteins are tar-
geted by homocysteine, this is not the case for intracellular proteins. It could
be argued that the reducing redox potential within the cell would prevent or
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disrupt protein-S–S-homocysteine bond formation. However, there is now
evidence that intracellular targets do exist and that the inactivation of these
targets by homocysteine may be a major cause of cellular dysfunction.

Cellular glutathione peroxidase (GPx-1) activity is decreased in the pres-
ence of homocysteine. Homocysteine-induced inactivation of GPx-1 would
result in higher levels of ROS, a decrease in the bioavailability of nitric oxide,
and finally, endothelial dysfunction. Homocysteine, in a dose-dependent
manner, inhibited GPx-1 activity in cultured rat aortic smooth muscle cells
and bovine aortic endothelial cells [115, 116]. There are conflicting reports as
to whether the observed decrease in cellular GPx-1 activity was due to direct
inhibition of the enzyme by homocysteine. Upchurch et al. found no evidence
for direct inhibition [116] but did find a homocysteine-induced decrease in
the steady-state level of GPx-1 mRNA. In contrast, Nishio and Watanabe
did observe direct inhibition of purified GPx-1 by homocysteine in a dose-
dependent manner [115]. Recently, Handy et al. found that homocysteine
inhibits the translation of GPx-1 by a mechanism that involves the seleno-
cysteine incorporation sequence (SECIS) in the 3-untranslated region of the
GPx-1 mRNA and other factors that allow for read-through at the UGA-
stop codon and incorporation of selenocysteine into the protein [117]. Thus,
homocysteine appears to target one or more factors essential for GPx-1
expression and the factor(s) involved could be at the level of transcription or
translation, or the enzyme itself.

Arginine residues on proteins undergo S-adenosylmethionine-dependent
methylation and when proteins are degraded, asymmetric and symmetric
dimethylarginine (ADMA and SDMA) are released into the circulation.
ADMA is a potent inhibitor of nitric oxide synthase but it can be eliminated
by urinary excretion, or it can be hydrolyzed by the enzyme dimethylarginine
dimethylaminohydrolase (DDAH). Stuhlinger et al. were the first to observe
that homocysteine targets DDAH directly and inhibits its activity [118].

There is considerable evidence that elevated homocysteine induces ER
stress [22, 23, 68, 80–83, 119–121] and that ER processing enzymes such as
protein disulfide isomerase are targeted and inactivated by homocysteine. To
our knowledge, entry of homocysteine into the ER has not been demon-
strated and this, of course, would be a prerequisite before targeting could
occur. It is also possible that the secretory proteins that are processed through
the ER and Golgi apparatus are the targets themselves.

The chemical basis for molecular targeting by homocysteine is based on
sulfhydryl group dissociation constants. The high pKa of the sulfhydryl
group of homocysteine has several consequences: (i) the thiolate anion will
be at relatively low concentration at physiological pH; (ii) although less than
1% of homocysteine will be in the thiolate anion form, it will be a highly reac-
tive nucleophile as our studies with Alb-Cys34-S–S-Cys have demonstrated
[104, 105]; (iii) the protein-S–S-homocysteine disulfide bond will be stronger
than those with other thiols having lower sulfhydryl group pKa’s; (iv) as a
consequence, displacement of homocysteine from protein-S–S-homocysteine
by other thiols will be limited.
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Hyperhomocysteinemia, ER Stress, and Apoptotic Cell
Death

Studies have demonstrated that homocysteine-induced UPR activation
causes apoptotic cell death in cultured human vascular endothelial cells [23].
Apoptotic cell death was dependent on IRE-1 activation and was also
induced by other ER stress-inducing agents, including thapsigargin (affects
ER calcium stores) and tunicamycin (affects N-linked glycosylation). Homo-
cysteine-induced IRE-1 signaling leads to a rapid and sustained activation of
c-Jun N-terminal protein kinases (JNK) [122]. This result is consistent with
the finding that ER stress-induced JNK activation requires binding of IRE-
1 to TRAF2 [123]. Since studies have shown that JNK activation is associated
with apoptosis [124], it provides further evidence for a homocysteine-induced
mechanism of apoptotic cell death. Furthermore, homocysteine-induced apo-
ptosis requires caspase-3 activation, a result consistent with the ability of
homocysteine thiolactone, a cyclic thioester derivative of homocysteine [125],
to induce apoptotic cell death in HL-60 cells [126]. Although it has been sug-
gested that caspase-7 and/or caspase-12 activation is involved in ER stress-
induced apoptosis [127–129], the effect of homocysteine on the activation of
caspase-7 or -12 has not been determined. Given that apoptosis has been
reported to occur in both animal and human atherosclerotic lesions, and that
mice fed hyperhomocysteinemic diets have increased ER stress and apoptotic
cell death in atherosclerotic lesions [130], it is possible that homocysteine-
induced ER stress and apoptosis could adversely influence the stability
and/or thrombogenicity of atherosclerotic plaques.

Conclusions and Questions

HHcy is an independent risk factor for cardiovascular disease. Several cellular
mechanisms have been proposed to elucidate the effects of HHcy on endothe-
lial cell dysfunction and atherosclerosis. Some of the mechanisms include
expression and/or activation of proinflammatory factors, oxidative stress, and
ER stress. Animal models of HHcy have demonstrated a relationship between
HHcy, endothelial cell dysfunction and atherosclerosis. These studies raise
some interesting and relevant questions. Although HHcy has been observed to
accelerate atherogenesis, what role does it play in plaque stability and/or
thrombogenicity? In the absence of hypercholesterolemia or other cardiovas-
cular risk factors, does HHcy enhance lesion development? Does dietary
enrichment in B vitamins, essential for the metabolism of homocysteine, pro-
tect against cardiovascular disease? Do other risk factors such as hypercho-
lesterolemia, diabetes, and/or hypertension contribute to atherosclerosis
through a mechanism involving ER stress? This question is particularly inter-
esting given that the accumulation of free cholesterol in the ER of cultured
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mouse peritoneal macrophages leads to the depletion of ER calcium stores
and leads to UPR activation and apoptotic cell death [131]. Furthermore, it
was recently shown that there is an association between free cholesterol accu-
mulation, apoptotic cell death and ER stress in advanced atherosclerotic
lesions from apoE-deficient mice [132]. Answers to these and other important
questions will enhance our understanding of the mechanisms by which HHcy
atherothrombotic disease and its clinical outcomes.
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Molecular and Biochemical
Mechanisms of
Hyperhomocysteinemia-Induced
Cardiovascular Disorders
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Abstract
Hyperhomocysteinemia, an elevation of homocysteine (Hcy) levels in the blood, is
regarded as an independent risk factor for cardiovascular disorders due to atheroscle-
rosis. It is estimated that up to 40% of patients diagnosed with premature coronary
artery disease, peripheral vascular disease, or recurrent venous thrombosis are present
with hyperhomocysteinemia. Monocyte infiltration into the subendothelial space in
the arterial wall and later differentiation into macrophages are important initial steps
in the development of atherosclerotic lesions. Monocyte chemoattractant protein-1
(MCP-1) is a potent chemokine that stimulates monocyte migration into the intima of
arterial walls. MCP-1 exerts its action mainly through the interaction with the C–C
chemokine receptor (CCR2) on the surface of monocytes. The expression of MCP-1
and other inflammatory factors in atherosclerotic lesions can be upregulated by the
transcription factor, nuclear factor-κB (NF-κB). Results from in vivo and in vitro
experiments suggest that Hcy-induced MCP-1 expression in vascular cells together
with increased CCR2 expression in monocytes may represent a mechanism for Hcy-
enhanced monocyte infiltration into the arterial wall during atherogenesis. Hcy-
induced oxidative stress appears to contribute to increased inflammatory reactions in
vascular cells. Epidemiological and laboratory studies also indicate that hyperhomo-
cysteinemia is a risk factor for disorders that involve not only cardiovascular system
but also other organs. Here we review recent studies on the Hcy-induced endothelial
dysfunction, chemokine expression in vascular cells, the involvement of oxidative
stress, and the role of NF-κB activation in gene expression. The impact of hyper-
homocysteinemia on liver and kidney is also discussed.

Keywords: atherosclerosis; chemokine; cholesterol; homocysteine; oxidative stress

Abbreviations: Hcy, homocysteine; VCAM-1, vascular cell adhesion molecule-1;
TNF-α, tumor necrosis factor-α; ROS, reactive oxygen species; NF-κB, nuclear fac-
tor-κB; CBS, cystathionine β-synthase; IκB, inhibitory protein; MCP-1, monocyte
chemoattractant protein-1; CCR2, C–C chemokine receptor; iNOS, inducible nitric
oxide synthase; HMG-CoA, 3-hydroxy-3-methylglutaryl coenzyme A; SREBP, sterol
regulatory element binding protein
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Introduction

Hyperhomocysteinemia, a condition of elevated blood levels of homocys-
teine (Hcy), is regarded as one of the common and independent risk factors
for atherosclerosis [1–12]. Atherosclerosis is the principal contributor to the
pathogenesis of myocardial and cerebral infarctions, which are the leading
causes of mortality and morbidity in many countries. Abnormal elevations
of Hcy levels, up to 100–250 µM in the blood, have been reported in
patients with hyperhomocysteinemia [2, 5, 11]. Many factors may regulate
plasma levels of Hcy. For example, severe hyperhomocysteinemia seen in
children is usually the result of rare homozygous deficiency of enzymes
necessary for Hcy metabolism [11]. Moderate increases in blood Hcy levels
occur more frequently and are often found in patients with heterozygous
enzyme deficiency, folate or pyridoxine (vitamin B6) deficiency, impaired
renal function, as well as in elderly people and in postmenopausal women
[6, 7, 11].

Metabolism of Homocysteine

Hcy is a sulfur-containing amino acid formed during the conversion of
methionine to cysteine. Plasma Hcy is found primarily in three molecular
forms, namely Hcy, disulfide Hcy, and the mixed disulfide Hcy–cysteine
[7, 11]. Majority of Hcy molecules in the circulation are in the oxidized and the
protein-bound form. Reduced or free Hcy (nonprotein-bound form) consti-
tutes about 1% of the total Hcy level in the blood. The normal range of total
Hcy (sum of all forms of Hcy) in adults is 5–15 µM, with a mean level of
10 µM. Hyperhomocysteinemia refers to the total plasma Hcy level above 
15 µM nuclear factor-κB (NF-κB) [6, 7, 11]. The cellular homeostasis of Hcy
is tightly regulated under normal conditions [1]. Hcy can be metabolized by
two major pathways: (1) the transulfuration pathway to form cysteine, which
requires vitamin B6 as a cofactor and (2) the remethylation pathway to form
methionine, which requires methyltetrahydrofolate as a cosubstrate and vita-
min B12 as a cofactor (Fig. 17.1). Factors that perturb steps in Hcy metabolic
pathways can cause an increase in its cellular levels and lead to hyperhomo-
cysteinemia (plasma Hcy level higher than 15 µM). Abnormal elevations of
Hcy levels up to 100–250 µM in the blood have been reported in patients with
hyperhomocysteinemia [8]. Severe hyperhomocysteinemia seen in children is
usually the result of a rare homozygous deficiency of enzymes necessary for
Hcy catabolism. Moderate increases in blood Hcy levels occur frequently and
are often seen in patients with heterozygous enzyme deficiency, impaired kid-
ney function, deficiency of folate, vitamin B6, or vitamin B12, in elderly peo-
ple, etc. [2, 5, 11, 13]. There is an inverse correlation between plasma levels of
Hcy and kidney function [13].
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Hyperhomocysteinemia and Cardiovascular Disorders

Although the precise molecular mechanisms responsible for the patho-
genicity of hyperhomocysteinemia remain uncertain, several potential
mechanisms have been proposed. These include endothelial dysfunction
[10, 14, 15], increased proliferation of smooth muscle cells [16–18],
enhanced coagulability [18], and increased cholesterol biosynthesis in hepa-
tocytes [19–21]. Endothelial injury and dysfunction are considered to be
one of the leading mechanisms contributing to atherogenesis. Upon injury,
endothelial cells are capable of producing various cytokines and growth
factors that in turn participate in the development of atherosclerotic
lesions.
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FIGURE 17.1. Homocysteine metabolic pathways. The remethylation pathway and the
transsulfuration pathway are the two major pathways for homocysteine metabolism.
Reactions involved in these two pathways are catalyzed by the following enzymes: (1)
methionine adenosyltransferase; (2) S-adenosylmethionine-dependent methyltrans-
ferase; (3) S-adenosyl homocysteine hydrolase; (4) betaine-homocysteine methyl-
transferase; (5) serine hydroxymethyltransferase; (6) 5,10-methylenetetrahydrofolate
reductase; (7) 5-methyltetrahydrofolate-homocysteine methyltransferase; (8) cys-
tathionine β-synthase; and (9) γ-cystathionase.
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Hyperhomocysteinemia and Endothelial Function

It has been proposed that Hcy-caused endothelial injury may be due to
oxidative stress, attenuation of nitric oxide-mediated vasodilatation, and dis-
turbances in the antithrombotic activities of the endothelium [20–28]. This
topic was recently reviewed by Austin et al. [10]. Several animal models with
hyperhomocysteinemia have been developed in monkeys [26], apoE-null mice
[27], cystathionine β-synthase (CBS)-deficient mice [23], and high-methion-
ine fed rats [28]. In diet-induced moderate hyperhomocysteinemic monkeys,
Lentz et al. [26] noticed increased platelet-mediated vasoconstriction,
impaired endothelium-dependent vasodilatation, and decreased thrombo-
modulin-dependent activation of protein C, when compared to that of mon-
keys fed a normal diet. In the apoE-null mice with dietary-induced
hyperhomocysteinemia, Hofmann et al. [27] reported a twofold increase in
the aortic root lesion size. These mice also had significantly elevated levels of
vascular cell adhesion molecule-1 (VCAM-1) and tumor necrosis factor-α
(TNF-α). An impaired endothelium-dependent vasodilatation function,
likely due to diminished nitric oxide bioactivity was observed in the CBS-
deficient mice, which had impaired Hcy metabolism [23]. These studies indi-
cate that Hcy may enhance vascular inflammation and endothelial
dysfunction in animals that are prone to the development of atherosclerosis.
In our recent study, hyperhomocysteinemia was induced in rats that were fed
a high-methionine diet for 4 weeks [28]. In this animal model, serum Hcy
level was 4–5-fold higher than that of control rats. In aortic rings isolated
from hyperhomocysteinemic rats, endothelium-dependent vessel relaxation
was impaired while endothelium-independent vessel relaxation was not
affected. This study clearly demonstrates that in the absence of other risk fac-
tors, hyperhomocysteinemia alone is able to cause endothelial dysfunction.
Taken together, results obtained from various animal models indicate that
Hcy, at pathological concentrations, can act synergistically with other risk
factors as well as act independently causing endothelial dysfunction.

Oxidative Stress and Activation of NF-κB

Many risk factors causing atherosclerosis share a common feature of gener-
ating intracellular oxidative stress [15, 29–34]. It has been suggested that gen-
eration of reactive oxygen species (ROS) is responsible for Hcy-induced cell
injury [15, 29, 33, 34]. ROS are often generated in cells as by-products in
many metabolic and signal transduction pathways [32]. Under normal con-
ditions, small amount of ROS generated inside cells can be scavenged by cel-
lular antioxidant defense mechanism. For example, superoxide anions
generated can be scavenged by superoxide dismutase to form oxygen and
hydrogen peroxide, the latter is decomposed by catalase and glutathione



peroxidase [22, 35–37]. However, ROS scavengers would no longer be sufficient
for their removal when ROS are above a certain level. As a result, ROS accu-
mulate inside cells and oxidative stress occurs. The major ROS include super-
oxide anion, hydrogen peroxide, hydroxyl radical, and peroxynitrite, which are
formed during the sequential reduction of oxygen. Overproduction of these
free radicals can induce oxidation of DNA, proteins, and lipids resulting in
mutations, loss of enzymatic activities, and alteration of lipid functions. The
initial product of ROS is superoxide anion. Many in vitro studies demonstrated
that Hcy was able to stimulate intracellular superoxide anion generations in
vascular cells as well as in other types of cells [10, 38–40]. We observed that
Hcy, at higher concentrations (50–200 µM), caused an increase in intracellular
superoxide anion levels in vascular endothelial cells [38], in vascular smooth
muscle cells [41], and in monocytes/macrophages [39, 40]. As a consequence,
there was a marked increase in the expression of inflammatory genes such as
monocyte chemoattractant protein-1 (MCP-1), chemokine receptor (CCR2),
and inducible nitric oxide synthase (iNOS) in these cells [39–41]. Pretreatment
of cells with cell-permeable polyethylene glycol-bound superoxide dismutase, a
known superoxide scavenger, reversed Hcy-induced elevation of superoxide
anion levels in endothelial cells, vascular smooth muscle cells, and mono-
cytes/macrophages. The polyethylene glycol-bound superoxide dismutase treat-
ment also abolished Hcy-induced mRNA expression of MCP-1, CCR2, and
iNOS. These results suggest that oxidative stress contributes to inflammatory
responses elicited by Hcy in vascular cells.

The expression of inflammatory factors is mainly controlled by transcrip-
tion factors such as NF-κB. NF-κB plays an important role in the expression
of inflammatory factors in the vasculature [42–44]. Oxidative stress can acti-
vate this transcription factor leading to upregulating the expression of its tar-
get genes [39, 41–45]. Our laboratory reported that Hcy treatment could
activate NF-κB in vascular cells as well as in macrophages via superoxide
anion generation [39]. In resting cells, NF-κB is normally present in the cyto-
plasm in an inactive form associated with an inhibitory protein (IκB) [45–49].
IκB-α is one of the best-characterized forms of IκB proteins. Upon stimula-
tion, there is a rapid phosphorylation of IκB-α and subsequent degradation
of IκB-α by the proteasome, leading to the release of NF-κB. After dissoci-
ation from IκB, the activated NF-κB is translocated into the nucleus where it
binds to the κB binding motifs in the promoters or enhancers of the genes
encoding cytokines. Activated NF-κB (found in the nucleus) has been
detected in macrophages, endothelial cells, and smooth muscle cells of
human atherosclerotic lesions [43, 44, 46]. In contrast, little or no activation
of NF-κB is found in normal arterial walls. In diet-induced hyperhomocys-
teinemic rat, we observed a marked elevation of superoxide anion level and
the presence of activated NF-κB in the aorta while little superoxide anion
and activated NF-κB were detected in the control aorta [38]. Several lines of
evidence indicated that NF-κB was activated in endothelial cells upon Hcy
treatment. First, nuclear translocation of NF-κB occurred in endothelial cells
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after incubation with Hcy for 15–30 min. Second, the results from elec-
trophoretic mobility shift assay demonstrated that Hcy treatment caused a
significant increase in the NF-κB/DNA binding activity. Third, results from
transient transfection demonstrated an enhanced NF-κB-regulated tran-
scriptional activity in Hcy-treated cells. Further investigation revealed that
oxidative stress and subsequent activation of IκB kinases (IKK-α and IKK-β)
are essential for Hcy-induced activation of NF-κB in endothelial cells [38].
Such a mechanism may regulate the inflammatory response in the vascular
wall during the early stage of atherosclerosis in hyperhomocysteinemia. ROS
have been implicated to stimulate IκB-α degradation and NF-κB activation
in vascular cells [50]. It was reported that hydrogen peroxide stimulated NF-
κB activity via activation of IKK-α and IKK-β, which were kinases that
phosphorylate IκB protein, in HeLa cells [51]. Antioxidants were shown to be
able to block IκB-α degradation and NF-κB activation [52, 53].

Homocysteine and Chemokine Expression in Vascular
Cells

One of the important features during the early stage of atherogenesis is
monocyte adhesion to the injured arterial endothelium followed by their dif-
ferentiation into macrophages. Macrophages are able to uptake large
amounts of lipids, particularly cholesterol from oxidized lipoproteins con-
tributing to lipid accumulation in the atherosclerotic lesion [54–57]. MCP-1
is a potent chemokine that stimulates monocyte migration into the intima of
arterial walls [53–57]. The amount of this chemokine appears to be increased
in atherosclerotic lesions in human and in experimental animals [28, 54–57].
The expression of MCP-1 and other inflammatory factors (i.e., adhesion
molecules) in atherosclerotic lesions can be upregulated by NF-κB. Our
recent studies demonstrated that Hcy, at pathological concentrations, stimu-
lated the expression of MCP-1 mRNA in cultured endothelial cells [58, 59],
in vascular smooth muscle cells [41], and in macrophages [60]. The experi-
mental results suggest that NF-κB activation and protein kinase signaling
pathways may play important roles in Hcy-induced MCP-1 expression.
Elevated MCP-1 production by these cells, in turn, stimulated monocyte
chemotaxis in vitro [41, 58–60]. Pretreatment of cells with NF-κB inhibitors
could alleviate the stimulatory effect of Hcy on MCP-1 expression, support-
ing the notion that Hcy-stimulated chemokine expression was mediated via
NF-κB activation [41, 60]. It is generally believed that endothelial expression
of MCP-1 initiates the migration of monocytes into the arterial wall. Based
on results obtained from our laboratory [41, 60, 61] as well as from other
investigators, we speculate that Hcy-induced endothelial MCP-1 expression
may be associated with early development of atherosclerosis by stimulating
monocyte migration into the subendothelial space and differentiation into
macrophages. On the other hand, MCP-1 produced in smooth muscle cells as
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well as in macrophages may facilitate the recruitment of additional mono-
cytes into the lesion at later stages of atherosclerosis in patients with hyper-
homocysteinemia. MCP-1 exerts its action mainly through the interaction
with the CCR2 on the surface of monocytes. We observed that Hcy was able
to stimulate CCR2 expression in human peripheral blood monocytes as well
as in THP-1 cells (derived from human monocytic cell line) [40]. We hypoth-
esize that Hcy-induced MCP-1 expression in vascular cells, together with
enhanced CCR2 expression in peripheral blood monocytes, may represent a
mechanism for monocyte/macrophage accumulation in the arterial wall dur-
ing atherogenesis. Indeed, we observed that Hcy-treated monocytes/
macrophages as well as endothelial cells were able to take up oxidized LDL
causing intracellular lipid accumulation [61]. We also examined the in vivo
effect of Hcy on MCP-1 expression leading to monocyte adhesion to the
endothelium [28]. Male Sprague–Dawley rats developed hyperhomocysteine-
mia after being fed a high-methionine diet (regular chow plus 1.7% methion-
ine, wt/wt) for 4 weeks. In diet-induced hyperhomocysteinemic rats, the
number of monocytes present on the surface of the aortic endothelium was
significantly elevated when compared to the control rats. There was a signif-
icant increase in the expression of MCP-1 protein in the endothelium.
Further analysis revealed that the expression of adhesion molecules such as
VCAM-1 and E-selectin was also significantly elevated in the aortic endothe-
lium of hyperhomocysteinemic rats. Pretreatment with specific antibodies
against MCP-1, VCAM, or E-selectin could block monocyte binding to the
aortic endothelium of hyperhomocysteinemic rats. These results indicated
that elevation of MCP-1 and adhesion molecules in vascular cells was
responsible for enhanced monocyte adhesion to the endothelium. Increased
monocyte/macrophage binding and adhesion to the vascular endothelium
may represent an early feature of atherosclerotic development in hyperho-
mocysteinemia [12, 28]. In the same animal model, we also observed that
hyperhomocysteinemia was associated with reduced endothelium-dependent
vessel relaxation [28]. These findings suggest that hyperhomocysteinemia can
act independently in the development of vascular dysfunction. Folic acid sup-
plementation to rats fed a high-methionine diet prevented an elevation of
MCP-1, VCAM-1, and E-selectin expression in rat aortic endothelium.

Hyperhomocysteinemia as a Risk Factor for Other
Disorders

Although hyperhomocysteinemia is regarded as an independent risk factor
for atherosclerosis, elevation of plasma Hcy levels is often associated with
diseases that involve other organs. Hyperhomocysteinemia has been indi-
cated as a potential risk factor for Alzheimer’s disease [62–65], osteoporo-
sis/hip fracture [66, 67], liver dysfunction [11, 14, 21, 68, 69], and kidney
injury [11, 14, 70–73].
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Homocysteine and Hepatic Lipid Metabolism
A positive correlation between the plasma concentrations of Hcy and choles-
terol was observed in patients with hyperhomocysteinemia [11, 68]. Over three
decades ago, McCully [14] reported postmortem observation of extensive arte-
riosclerosis in two children with severe hyperhomocysteinemia and proposed a
pathogenic link between elevated blood Hcy levels and atherogenesis. In subse-
quent studies, a correlation between the plasma levels of Hcy and cholesterol
was found in patients [68]. Abnormal lipid metabolism was also found in
hyperhomocysteinemic animal models [20, 21]. In hyperhomocysteinemic mice
caused by CBS deficiency, there was excessive accumulation of lipid droplets in
hepatocytes due to increased endoplasmic reticulum stress [21]. In a recent
study, ethanol was shown to induce fatty liver and apoptosis in mice through
Hcy-induced endoplasmic reticulum stress [74]. We previously reported that
Hcy stimulated the production and secretion of cholesterol in human
hepatoma cells (HepG2) via activation of 3-hydroxy-3- methylglutaryl coen-
zyme A (HMG-CoA) reductase [19]. Subsequent study revealed an activation
of HMG-CoA reductase in the liver of hyperhomocysteinemic rat [20]. In diet-
induced hyperhomocysteinemic rats, there were accumulation of hepatic lipids
and elevation of serum cholesterol contents due to increased HMG-CoA
reductase gene expression in the liver. The HMG-CoA reductase is the rate-
limiting enzyme, catalyzing the conversion of HMG-CoA to mevalonate, in
cholesterol biosynthesis [75, 76]. The activity of this enzyme is regulated by sev-
eral mechanisms including transcriptional regulation, posttranslational modi-
fication, allosteric regulation, and levels of endogenous and exogenous
cholesterol [77–79]. Sterol regulatory element binding proteins (SREBPs), a
subfamily of basic helix-loop-helix zipper proteins, are important transcription
factors regulating lipid homeostasis [80–82]. The SREPB-2 preferentially acti-
vates enzymes involved in cholesterol production such as HMG-CoA reductase
[80, 81]. Two other transcription factors, namely, cAMP response element
binding protein and nuclear factor Y, have been identified as important
SREBP-2 coregulators and act synergistically for upregulation of HMG-CoA
reductase gene expression [82–85]. In the rat model, further investigation
revealed that hyperhomocysteinemia could upregulate HMG-CoA reductase
gene expression in the liver via the activation of transcription factors (SREBP-
2, cAMP response element binding protein, nuclear factor Y) in hepatocytes
[20]. Abnormal cholesterol metabolism can cause serious complications inclu-
ding hepatic fatty infiltration, which can progress to fibrosis and cirrhosis lead-
ing to liver failure [19–21, 86, 87]. There were small lipid droplets accumulated
in the liver of hyperhomocysteinemic rat, a condition assembled as fatty liver
[20, 21]. We postulated that the ability of Hcy to promote cholesterol biosyn-
thesis in hepatocytes is a mechanism of hyperhomocysteinemia-associated liver
pathology. Although hyperhomocysteinemia is regarded as an independent risk
factor for the development of atherosclerosis, a high blood level of Hcy is often
associated with other risk factors. In the Hordaland Study [68], it was found
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that elevated plasma Hcy concentration was associated with other cardiovas-
cular risk factors including elevated cholesterol level, male sex, old age, smok-
ing, high blood pressure, and lack of exercise. Another study demonstrated that
hyperhomocysteinemia was associated with sudden death resulting from coro-
nary atherosclerosis with fibrous plaques [88]. However, the causality between
various risk factors remains to be investigated. Nevertheless, chronic exposure
of the vessel wall to a moderate elevation of plasma cholesterol concentration
induced by Hcy together with hyperhomocysteinemia may lead to vessel injury
over a prolonged period of time. The long-term effect of Hcy-induced hyperc-
holesterolemia on the cardiovascular system remains to be investigated.

Homocysteine and Kidney Injury
Chronic kidney disease is one of the risk factors causing hyperhomocysteine-
mia possibly due to impaired Hcy metabolism in the kidney [70–73]. In
patients with chronic renal failure, there is a marked elevation of blood Hcy
concentrations and a striking increase in the risk for vascular diseases [70].
Apart from cardiovascular findings, the postmortem examination also
revealed a moderate increase in mesangial matrix as well as in the number of
mesangial cells and endothelial cells in the kidney indicating pathological
changes observed [14]. Although kidney dysfunction is one of the risk factors
causing hyperhomocysteinemia, the impact of elevated blood Hcy levels on
renal function is largely unknown. One study revealed that diet-induced
hyperhomocysteinemia caused vascular remodeling and tubulointerstitial
injury in the kidney [71]. Results from another study suggested that hyperho-
mocysteinemia might be an important pathogenic factor for glomerular dam-
age in hypertensive animals independent of blood pressure [72]. A recent
epidemiological investigation in the general population revealed a positive
association between an elevation of serum Hcy levels and the development of
chronic kidney disease [70]. The data suggests that hyperhomocysteinemia
may be a risk factor for kidney disease [70]. We observed that diet-induced
hyperhomocysteinemia could activate NF-κB and induce iNOS expression
leading to increased peroxynitrite formation in the kidney [73]. Increased
iNOS expression, in turn, caused increased production of nitric oxide in the
tissue. Nitric oxide can rapidly interact with superoxide anion to form highly
reactive peroxynitrite. Peroxynitrite is a potent oxygen free radical that is capa-
ble of causing extensive protein tyrosine nitration and mediates iron-catalyzed
lipid peroxidation. Increased production of free radicals may represent one of
the important mechanisms underlying Hcy-induced kidney injury [73].

Conclusion Remarks

Results from epidemiological and laboratory studies indicate that elevated
blood Hcy levels is not only a risk factor for cardiovascular disorders due to
atherosclerosis but also a potential risk factor for disorders that involve other
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organs. Biochemical and molecular mechanisms by which Hcy, at an elevated
level, affects various organs remains to be further investigated. The knowl-
edge obtained will provide a scientific basis for prevention and therapeutic
intervention of patients with cardiovascular disorders associated with hyper-
homocysteinemia or with other risk factors.
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The Role of the Immune System 
in Atherosclerosis: Lessons Learned
from Using Mouse Models of the
Disease

STEWART C. WHITMAN AND TANYA A. RAMSAMY

Abstract
Atherosclerosis is a multifactor, highly complex disease with numerous etiologies that
work synergistically to promote lesion development. One of the emerging compo-
nents that drive the development of both early- and late-stage atherosclerotic lesions
has been shown to be the participation of both the innate and the acquired immune
systems. In both humans and animal models of atherosclerosis, the most prominent
cells that infiltrate evolving lesions are macrophages and T lymphocytes. The ablation
of either of these cell types reduces the extent of atherosclerosis in mice that were ren-
dered susceptible to the disease by deficiency of either apolipoprotein E (Apoe) or the
LDL receptor (Ldl-r). In addition to these major immune cell participants, a number of
less prominent leukocyte populations that can modulate the atherogenic process are
also involved. This chapter will focus on the participatory role of two “less prominent”
immune components, namely natural killer (NK) cells and natural killer T (NKT) cells.
Although this chapter will highlight the fact that both NK and NKT cells are not suf-
ficient for causing the disease, the roles played by both these cells are becoming increas-
ingly important in understanding the complexity of this disease process.

Keywords: apolipoprotein E null mice; atherosclerosis; cytokines; innate immunity;
LDL receptor null mice; NK cells; NKT cells; review

Abbreviations: Apoe, apolipoprotein E; Ldl-r, LDL receptor; NK, natural killer; NKT,
natural killer T; IFN; interferon; MHC, major histocompatibility complex; TCR,
T cell receptor; α-GalCer, α-galactosylceramide; DN, double negatives; Th, T helper;
IL, Interleukin

Introduction

Atherosclerosis and its complications lead to half of all adult deaths in
Canada, the United States, and other Western societies [1, 2]. Atherosclerosis
is a multifactorial, highly complex disease with numerous etiologies that
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work synergistically to promote lesion development. One of the emerging
components that drive the development of both early- and late-stage athero-
sclerotic lesions has been shown to be the participation of both the innate
and acquired immune systems [3, 4]. With this said, atherosclerotic lesions are
characterized by a pronounced infiltration of leukocytes at all stages of dis-
ease progression [2]. In both humans and animal models of atherosclerosis,
the most prominent cells that infiltrate evolving lesions are macrophages and
T lymphocytes [5–7]. The ablation of either of these cell types reduces the
extent of atherosclerosis in mice that were rendered susceptible to the disease
by deficiency of either apolipoprotein E (Apoe–/–) or the LDL receptor 
(Ldl-r–/–) [8–12]. In addition to these major immune cell participants, a number
of less prominent leukocyte populations that can modulate the atherogenic
process are also involved. Although this chapter will focus on the participa-
tory role of two “less prominent” immune components, namely natural killer
(NK) cells [13, 14] and natural killer T (NKT) cells [15–19], it should be
pointed out that the process of atherogenesis has been shown to be modulated
by small numbers of other types of immune cells, such as B lymphocytes
[20–22], mast cells [23], and dendritic cells [24], as reviewed in greater detail by
VanderLaan and Reardon [4].

The Contributions of the Immune System to the Various
Stages of Atherosclerosis

In the arteries of healthy children, preexisting mononuclear cell infiltrations
have been identified at regions known to have a greater likelihood for later
developing atherosclerosis [25, 26]. These sites are speculated to function as
local immunosurveillance systems that monitor the bloodstream for poten-
tially harmful endogenous and exogenous antigens [26, 27]. The morpholog-
ical feature of early-stage lesions in both Apoe–/– [28–30] and Ldl-r–/– mice [31]
are very similar to those found in humans [32–34]. These lesions consist of an
abnormal accumulation of lipoproteins and an assembly of immune cells,
consisting mainly of T lymphocytes and macrophages [7], and to a lesser
extent, NK cells, B cells, mast cells, and dendritic cells [13, 20, 24, 35].

The accumulation of plasma-derived lipoproteins is considered a necessary
event in initiating atherosclerosis [36]. In vitro studies have shown that
lipoproteins are trapped by matrix components [37–39] and modified by oxi-
dation [40] within the tunica media to a form that is chemotactic for mono-
cytes [41]. Oxidized lipoproteins may also be chemotactic for other immune
cells such as NK cells, NKT cells, T- and B lymphocytes, facilitating their
recruitment to the vessel wall [42]. Within the intima, monocytes differentiate
to macrophages and begin to clear the modified lipoproteins via their scav-
enger receptors [43]. This culminates in the generation of numerous choles-
terol ester-enriched “foam” cells and form what is commonly termed a fatty
streak.



Advanced-stage atherosclerotic lesions have an accumulation of extracel-
lular lipid, known as the lipid core. Macrophages, macrophage-derived foam
cells and lymphocytes are found densely concentrated along the periphery of
the lipid core of these lesions [33, 44]. In advance-stage human atheroscle-
rotic lesions, lymphocytes [44], mast cells [45], NK cells [46], and NKT cells
[47] have all been identified in the regions bordering the shoulder of the lipid
core and the fibrous cap, with NK and NKT cells representing 0.1% and 2%,
respectively, of the total lymphocyte population in these regions [46, 47].
Fibrous plaques that contain a hematoma and/or thrombotic deposits are
termed complicated lesions, and are well documented in Apoe–/– mice [31,
48–51], but less so in Ldl-r–/– mice [31].

NK Cells and their Role in Innate Immunity

NK cells represent a subset of bone marrow-derived lymphocytes distin-
guishable from T- and B lymphocytes by their morphology, phenotype, and
their ability to kill aberrant cells without prior sensitization [52]. In mice, as
in humans, NK cells constitute only 10–15% of peripheral blood lympho-
cytes, but this distribution increases to 45% in certain areas such as the liver,
peritoneal cavity, and placenta [53–55]. NK cells play an important role in
maintaining the integrity of the innate immune defenses, as their primary role
is believed to be one of providing early defense against pathogens during the
initial response period while the adaptive immune system is being activated
[56]. Functionally, NK cells act as effectors, either directly through the
process of cell-mediated cytotoxicity upon degranulation with subsequent
perforin and granzyme release, or through cytokine production, the most
prominent being interferon (IFN)-γ, which in turn can mediate the activation
of other effector cells that are in close apposition.

NK Cells and Experimental Atherosclerosis
Although a direct participatory role of NK cells in the process of human
atherogenesis has not yet been shown, detailed immunohistochemical analy-
sis of human autopsy specimens has shown the presence of NK cells at all
stages of atherosclerotic lesion development [26, 46]. NK cells have also been
detected in the Ldl-r–/– mouse model of atherosclerosis, yet unlike human
lesions, only early-stage lesions in these mice were found to stain positive for
NK cells [13, 57]. Interestingly, in both human and mouse atherosclerotic
lesions, NK cells were found to make up only a small fraction of the lym-
phocyte population present in these lesions; approximately 0.1–0.5% of the
total lymphocytes.

Animal models that combine genetic risks for atherosclerosis with an
altered immune system have been invaluable in demonstrating a link between
atherosclerosis and immunity [3, 58]. The identification of the beige mutation
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mouse and the creation of the Ly49A transgenic mouse, two mouse strains
that exhibit partial and complete NK cell deficiency, respectively, has allowed
for the creation of a similar animal model aimed at defining the true role of
NK cells in atherosclerosis.

Beige Mutation Mice
NK cell function is decreased in mice having the beige mutation [59–61]
and these mice have been used in two separate atherosclerosis studies, yet
these have yielded different results. Beige mice fed a diet enriched in 
saturated fat, cholesterol, and cholate did not exhibit any change in ather-
osclerotic lesion formation [62]. However, when the beige defect was bred
onto the Ldl-r–/– background, there was a modest, but statistically signifi-
cant increase in lesion size [57]. The beige mouse has a very complex phe-
notype, and while NK cell activity is decreased in these mice, the defect is
not complete [59–61] allowing for residual NK cell activity to persist.
Furthermore, given the nature of the mutation in the beige mice, which
involves a poorly characterized protein required for proper lysosomal traf-
ficking [59], disturbances in cell populations that are distinct from that of
NK cells may ultimately have been responsible for the antiatherogenic
effect noted [57].

Ly49A Transgenic Mice
Recently, transgenic mice have been developed that have defective natural
cytotoxicity and a selective deficiency in functional NK1.1+ CD3– cells, while
maintaining functionally normal T- and B lymphocytes [63]. This phenotype
was achieved by expressing the inhibitory major histocompatibility complex
(MHC) class I specific receptor, Ly49A, under the control of the granzyme
A promoter. Ly49A is present on all NK cells and is a C-type lectin-like
receptor that recognizes the MHC class I ligands, H-2D(d) and D(k).
Interactions of these ligands with Ly49A inhibits activation of NK cells,
which provides the rationale for the absence of the functional cells in these
transgenic mice [63].

The development of transgenic mice with selective deficiency in NK
activity affords the ability to define the specific role of NK cells in the
development of atherosclerosis. Using the Ly49A transgenic mouse,
Whitman and colleagues have shown that the deficiency of functional NK
cells in both Ldlr–/– [13] and Apoe–/– [14] mice results in a significant reduc-
tion in the development of early-stage atherosclerotic lesions. Interestingly,
lesions in Apoe–/– mice that carry the Ly49A transgene were found to
advance in both size and complexity, such that after these mice had been fed
an atherosclerosis-promoting diet for 12 weeks, the protective effect of NK
cell deficiency was greatly diminished in female mice and completely lost in
male mice [14].
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NKT Cells and their Role in Linking the Innate 
and Acquired Immune Systems

Almost 20 years ago, three independent laboratories published studies identi-
fying a previously unknown subset of T lymphocytes [64–66]. Nevertheless, it
was not until 1995 that Makino et al. [67] coined the term NKT cell to
describe a heterogeneous subset of mouse T lymphocytes that share some
characteristics with NK cells [68] and appear to provide a link between the
adaptive and innate immune systems. Despite this, it quickly became apparent
that this broad definition of an NKT cell was inadequate, since some NKT
cells lack an NK cell receptor. Furthermore, most murine strains, with the
exception of the commonly used C57BL/6 strain in atherosclerosis studies,
completely lack the expression of the classical NK cell receptor, NK1.1 [69].
In the absence of a truly definitive marker ubiquitously expressed on all NKT
cells, a number of alternative criteria have been used to define this class of
lymphocyte as unique from that of NK cells. The four most often used crite-
ria are: (i) the ability of NKT cells to show autoreactivity to the nonclassical
MHC molecule CD1d; (ii) the expression of a specific T cell receptor (TCR)
reservoir of the NKT cell; (iii) the presence of NK cells receptors; and (iv) the
responsiveness of the cell to the synthetic CD1d ligand, α-galactosylceramide

T  lymphocytes

CD1D-restricted
T cells

NKT cells

Invariant
vα14 NKT

cells

FIGURE 18.1. NKT cells are a subset of T lymphocytes that share many characteristics
with both NK cell and T lymphocytes. NKT cells are best described as a heterogeneous
cell population that can be partitioned based on their reactivity to CD1d. The CD1d-
dependent NKT cells can further be segregated based on their TCR reservoir. Vα14
NKT cells, the most abundant form of NKT cells in the mouse, are composed of an
invariant α chain and one of three β chains. CD1d-dependent T lymphocytes, including
Vα14 T cells, can either be T lymphocytes or NKT cells depending on their receptor
repertoire. Adapted from Wilson and Delovitch [71].



(α-GalCer), which is derived from marine sponges. In addition to being used
as a way to distinguish NKT cells from NK cells, these four selection criteria
have allowed NKT cells to be themselves partitioned into four broad cate-
gories as outlined in Fig. 18.1.

The ability of one unique subset of T lymphocytes to interact with CD1d
results from the expression of a highly biased, evolutionarily conserved, TCR
consisting of an invariant α-chain (a Vα14 segment joined to a Jα18 seg-
ment) that preferentially binds to one of three β-chains (Vβ8.2, Vβ-7, and
Vβ-2) [70, 71]. As such, these T lymphocytes are known as invariant NKT
cells [72] or Vα14 NKT cells [73]. In C57BL/6 mice, this unique subset of T
lymphocytes generally, but not consistently, expresses the NK1.1 receptor to
varying degrees [69, 74–76]. Although the physiological substrate for this sub-
set of T lymphocytes is still unclear, invariant NKT cells have a strong
response to and are selectively activated by the exogenous substrate, α-
GalCer, a marine sponge-derived glycosphingolipid [77], which binds specif-
ically to CD1d [74, 78]. Furthermore, invariant Vα14 T cells do not express
CD8, a marker characteristic of cytotoxic T lymphocytes, but instead are
either CD4+, a marker characteristic helper T lymphocytes, or double nega-
tives (DN) [75, 76]. Although Vα14 NKT cells are by far the more abundant
NKT cells present, other, less common NKT cells have been identified.

Like the Vα14 NKT cells, the non-Vα14 NKT cells are also CD1d-depend-
ent and can either be CD4+ or DN [79–81]. This additional class of NKT
cells, which expresses either the Vα3.2-Jα9 or Vα8 α-chain and preferentially
binds the Vβ8 β-chain, is less common than the Vα14 NKT cells in the
murine model [81]. Yet another class of NKT cells are those that are CD1d-
independent and include NKT cells that express the NK1.1 receptor, have
diverse TCR can be CD8+, CD4+, or DN [82, 83] or those that express
CD49B, an antigen present on a majority of the murine NK cells [84].

Once activated, all NKT cell populations have the capacity to exert
immunoregulatory functions by releasing large quantities of T helper (Th) 1
or Th2 cytokines. The Th1 cytokines release by NKT cells upon activation
include the proatherogenic cytokines interleukin (IL)-12 [85, 86] and IFN-γ
[87–90], whereas the antiatherogenic cytokines [86] and IL-10 [91–94] are
associated with the Th2 response. The release of cytokines from NKT cells
initiates a cascade of events and causes the bystander activation of adjacent
NK cells, B lymphocytes, and dendritic cells [95], as well as the activation of
conventional CD4+ and CD8+ T lymphocytes [71, 96]. Although the natural
ligands for CD1d-dependent NKT cells, which includes the Vα14 NKT
cells, still remain to be identified, α-GalCer has been shown to be a potent
and specific activator of NKT cells [74]. As such, evidence exists to suggest
that NKT cells can modulate antitumoral [97–99] and antimicrobial immu-
nity [100, 101] as well as a number of autoimmune diseases, including
experimental autoimmune encephalomyelitis [102] (a model for multiple
sclerosis) and type 1 diabetes [103, 104], and as reviewed by van der Vliet
et al. [105].
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Atherosclerosis is a chronic inflammatory disorder that is known to involve
components of both the innate and adaptive immune systems [3, 5, 106, 107].
Given that NKT cells link the two arms of the immune system, it seems
likely that they would also play a role in the pathogenesis of atherosclerosis.
In fact, several studies have shown, using lipopolysaccharide or α-GalCer,
that NKT cells are present in atherosclerotic lesions [15, 18, 108].
Furthermore, α-GalCer administration has recently been shown to specifi-
cally exacerbate atherosclerosis in Apoe–/– mice, a model predisposed to devel-
oping atherosclerotic lesions spontaneously, when compared to vehicle
treated animals [16, 18], and those also deficient in CD1d [15]. Incidentally,
CD1d has been detected in human atherosclerotic lesions [109] underscoring
the probable involvement of NKT cells in the human disease process. The
administration of α-GalCer to Apoe–/– mice has been shown to have dramatic
effects on the local cytokine environment of the aortas with established
atherosclerotic lesions by inducing the production of IFN-γ, IL-4, and IL-10
[16]. Others have observed an early burst of inflammatory cytokines, both
Th1 (IFN-γ, tumor necrosis factor-α, IL-2) and Th2 (IL-4, IL-5) cytokines,
in the sera of Apoe–/– [16]. The effect of α-GalCer on the development of
atherosclerosis and the production of proatherogenic cytokines by NKT cells
suggests that CD1d-dependent NKT cells might play a participatory role in
the atherogenic process.

CD1d Null Mice
Animal models that combine genetic risks for atherosclerosis, such as the
Apoe–/– or the Ldl-r−/− [90] mouse, with an altered immune system have been
invaluable in demonstrating a link between atherosclerosis and immunity [3,
5]. Using these models, several groups have provided evidence to suggest that
NKT cells are potentially proatherogenic [15–19]. The most commonly used
model of NKT cells deficiency is the CD1d–/– mouse, which was first created
by Mendiratta et al. [110]. In this model, the CD1d–/– mice lack the molecule
necessary for normal development of the CD1d-dependent NKT cell and are
therefore deficient in functional CD1d-dependent NKT cells. Recent studies
have shown that deficiency of CD1d significantly slows the development of
atherosclerosis in wild-type mice on an atherogenic diet [18] or in Apoe–/– mice
whether they were fed a chow diet [15] or an atherosclerotic diet, which is a
diet enriched in both cholesterol and fat [16]. The reduction in atherosclerotic
lesion size ranged from 25% in double knockouts on a chow diet to 70% on
an atherosclerotic diet. Similar observations were shown when CD1d–/– was
put onto an Ldl-r–/– genetic background. These mice had 50% less lesions than
the CD1d+/+ controls when on an atherosclerotic diet for 4 weeks [17].
However, the authors did note that this difference was lost when both groups
were compared at 8 and 12 weeks.

Using the technique of bone marrow transplantation following lethal irra-
diation, Nakai et al. [18] showed that Ldl-r–/– mice reconstituted with CD1d–/–
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bone marrow had significantly less atherosclerosis compared to lethally irra-
diated Ldl-r–/– mice reconstituted with wild-type bone marrow. These data
suggest that replenishing the hematopoietic stem cells with bone marrow
from mice that have CD1d-dependent NKT cells is sufficient to stimulate the
development of early stage atherosclerotic lesions. These results, combined
with those obtained using CD1d null mice, suggest that the absence of CD1d-
reactive NKT cells attenuates lesion formation in mice during the early fatty
streak formation.

Jα18 Null Mice
The exclusive expression of the invariant Vα14/Vβ receptor on Vα14 NKT
cells and the essential requirement of Vα14 expression for the development of
Vα14 NKT cells was demonstrated in Vα14 NKT cell-deficient (Jα18–/–) mice
[111]. Here, Cui et al. [111] showed that targeted deletion of the Jα18 gene
caused a complete failure of the mice to develop Vα14 NKT cells, leaving
other lymphoid lineages intact. This observation strongly suggests that the
invariant Vα14 segment is indispensable for the generation of Vα14 NKT
cells. Targeted deletion of the Jα18 gene resulting in the selective depletion of
CD1d-dependent, Vα14 NKT cells without affecting the population of other
NKT (including the other CD1d-dependent NKT cells), NK, and conven-
tional T lymphocytes [73, 111]. By superimposing the Jα18 deficiency onto
mice that are already susceptible to atherosclerosis by virtue of being Ldl-r–/–,
Whitman et al. have shown that the loss of functionally active Vα14 NKT
cells significantly slows the formation of lesions by 20% in both genders of
mice [19]. As such, this study shows that a single population of NKT cells par-
ticipates in the process of early-stage atherosclerotic lesion formation. Upon
stimulation, Vα14 NKT cells have the capacity to exert immunoregulatory
functions by releasing large amounts of inflammatory cytokines, including the
proatherogenic cytokine IFN-γ [87–90]. This release of cytokines will, in turn,
cause the activation of adjacent NK cells, B cells, CD4+ and CD8+ T lym-
phocytes [71, 112], as well as adjacent antigen-presenting cells [95]. This
hierarchical form of activation may be one of the key mechanisms by which
NKT cells promote atherosclerosis at the level of the vessel wall.

Concluding Remarks

Despite the ever-growing list of immune cells now identified within the devel-
oping atherosclerotic lesion of both humans and mice, this chapter has only
focused on two unique populations of lymphocytes, namely NK cells and
NKT cells. As noted in the introduction, macrophages and conventional
T lymphocytes constitute the major cell types involved in the early- and latter
stages of this disease. However, despite the apparent underrepresentation
of both cell types, NK cells and NKT cells have now been shown to have a
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significant participatory role alongside these other more “prominent” classes
of lymphocytes. As highlighted above, recent experimental evidence from our
laboratory [13, 14, 19] and others [15–18] suggest that neither NK cells nor
NKT cells cause the disease, but rather these immune cells play an important
role in accelerating lesion development by modulating, via the elaboration of
IFN-γ, the function of other more prominent immune cells (conventional T
lymphocytes and macrophages) found within the developing atherosclerotic
lesion. In this context, research from a number of laboratories strongly sug-
gests that the proinflammatory cytokines IL-12 [85, 86] and IL-18 [113, 114]
play a significant role in promoting atherosclerosis via the activation of NKT
and NK cells, respectively.

Current in vivo models that combine genetic risks for atherosclerosis with
an altered immune system have revealed to us the important modulatory role
played by both NK and NKT cells. These studies have also highlighted the
fact that the transgenic mouse models of atherosclerosis, although not a per-
fect substitute for human lesion pathology, are currently our best all-around
model that affords us a significant degree of flexibility by allowing us access
to a vast array of different transgenic and gene-targeted mice. As new
advancements occur in mouse gene manipulation techniques, the use of the
mouse will increase our ability to define these complicated mechanistic path-
ways, leaving us with the easier task of having to only confirm such pathways
in our human atherosclerotic specimens.
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The Role of Infectious Agents in
Atherogenesis

PAUL K.M. CHEUNG AND GRANT N. PIERCE

Abstract
Atherosclerosis has been widely accepted and investigated as an autoimmune disease
of the blood vessel. While the contribution of the inflammatory components is sig-
nificant in plaque development, there are emerging evidences that various human
infectious pathogens can also be involved in the processes of endothelial injury, lead-
ing to smooth muscle cell migration and proliferative responses. These events are also
major mechanisms in the formation of pathogenic lesions. Several of these pathogens,
including herpesvirus, cytomegalovirus, Helicobacter pylori, Porphyromonas gingi-
valis, and Chlamydia pneumonia have generated major clinical interest. When in
combination with other cardiovascular risk factors such as lipidemia and hyperten-
sion, these infectious agents can stimulate coronary heart disease and ischemic
stroke. In this review article, we summarize the findings that implicate these viral
and bacterial organisms as important contributors to the process of atherogenesis.
In particular, we provide an in-depth review on the broad spectrum of statistical and
experimental data regarding the roles of P. gingivalis and C. pneumonia as major
causative agents in atherosclerotic diseases. Based on our review, we have suggested
the use of ex vivo techniques to further investigate the atherosclerotic properties of
the bacteria. We believe understanding the mechanism and contribution of these
organisms in atherosclerosis can help the development of specific treatments and
preventive measures.

Keywords: atherosclerosis; cytomegalovirus; endothelial injury; herpesvirus;
Helicobacter pylori; oxidized LDL; Porphyromonas gingivalis and Chlamydia pneumo-
nia; vascular smooth muscle cells

Infections and Atherosclerosis

Atherosclerosis is a chronic disease that results in lesion development in
arteries. The arterial lesion reduces blood flow in the vessel and, with increas-
ing severity, causes coronary heart disease and ischemic stroke [1, 2]. At pres-
ent, atherosclerosis is also commonly accepted as an inflammatory disease.
Much of the scientific investigation in the past three decades has been cham-
pioned by Dr. Russell Ross [3, 4]. His hypothesis of atherosclerosis as a
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response to endothelial injury remains a guiding framework within which
most studies have been conducted. Specifically, the hypothesis can be sum-
marized as:

Injury to the lining of the artery (endothelium) results in protective inflammatory and
fibroproliferative responses which, when in excess, becomes the disease process of
atherogenesis.

There are several well-studied risk factors of endothelial injury in arteries,
such as hypertension [5–7], diabetes [8, 9], obesity [10], high-plasma homo-
cysteine [11–13], and hyperlipidemia [14, 15]. Several comprehensive review
articles on these subjects are available [16, 17]. These factors, however, may
account for only 50% to 70% of atherosclerotic events in a general popula-
tion [18]. One less recognized risk factor is the role of infection in stimulating
atherogenic events. In recent years, through statistical associations and inves-
tigation in animal models, several viral and bacterial pathogens have been
identified as potentially atherogenic. Current opinions remains divided over
the significance of these infectious agents in the overall, long-term process of
lesion and plaque development. This skepticism largely arises from conflict-
ing reports of clinical correlation and the lack of success in treating athero-
sclerotic patients with the antibiotics. In this article, we shall focus our review
on the in vitro and in vivo investigations that link several viral and bacterial
pathogens to lesion formation. In particular, we shall discuss the extensive
evidence that suggests the mechanism through which Chlamydia pneumoniae,
a pathogen that is widely present in the human population, may cause ather-
osclerosis.

The general development of an atherosclerotic lesion can be summarized
as follows. Early stage lesions can occur in young children as an accumula-
tion of foam cells in the subendothelial layer (and above the smooth muscle
cell intimal layer) of the arterial environment [3]. These foam cells typically
originate from circulating monocytes and T lymphocytes which adhere to the
endothelial layer, migrate into the intimal space, and absorb excess lipopro-
teins [19]. A typical early lesion like this is termed a “fatty streak” and is con-
sidered insignificant in affecting blood flow or endothelial function.
However, over decades of development, continued foam cell accumulation
causes significant narrowing of the arterial lumen. Biochemical interactions
among cells in the lesion milieu lead to the heightened expression of extra-
cellular proteases (such as matrix metalloproteinases), chemokines (such as
IL-8), and cytokines (such as TNF-α) that results in fibrosis, cell prolifera-
tion, cell migration, and accelerated plaque formation. At this stage, the
lesion is termed a “plaque.” The development of a plaque has two important
outcomes: (i) reduction in the lumen area (flow volume) with dysfunction of
the intimal layer including a loss in arterial contractility and (ii) an increased
likelihood of autoimmune responses against the lesion and hence the evolu-
tion of a lesion into an unstable “fibrotic plaque.” These late stage fibrotic
plaques are characterized by an increased proportion of calcified structures



and necrotic cells. Fibrotic plaques can “grow” to occlude the entire blood
vessel, resulting in acute myocardial infarction if it happens inside the coro-
nary arteries, or ischemic stroke if it occurs inside cerebral arteries.
Destabilization and rupturing of the fibrotic lesions can also occur. Plaque
material is released into the lumen of the artery and elicits an immediate
thrombotic response, which can result in a blockage of the artery. Figure 19.1
summarizes this process of atherosclerosis.

Infectious Agents and Atherosclerosis

Several viral and bacterial agents are strongly associated with atherogenesis.
These include herpesviruses, cytomegalovirus, Helicobacter pylori, Porphy-
romonas gingivalis, and C. pneumoniae. In the following sections, we shall
review current findings that suggest the potential roles of these infectious
agents in causing atheroclerosis.

Herpesvirus and Cytomegalovirus
Cytomegalovirus (CMV) and herpesviruses (HPV) have been detected in ath-
erosclerotic arteries [20–25]. Herpes simplex virus type 2 is more frequently
observed in coronary artery biopsy specimens than the type 1 virus [26]. A
small HIV study involving eight young patients revealed unusually severe
coronary lesions that may be associated with the HIV or coexisting CMV and
HPV [27]. The CMV genome has also been detected by PCR in arterial sam-
ples taken from patients undergoing vascular surgery [28]. CMV-seropositive
patients are also associated with more advanced atherosclerotic plaques [28].
Other clinical studies of allograft transplant patients have demonstrated
associations between CMV infection and thickening of the intima/endothe-
lial layers [29]. Patients suffering acute myocardial infarction demonstrate a
significantly higher prevalence of serum CMV DNA [30].

The important limitation in all of the above studies, however, is that they
cannot distinguish the viral infections as causative agents of atherosclerosis
from infections that are enhanced by preexisting factors in the lesion milieu.
To support the assertion that CMV and HPV can cause atherosclerosis, stud-
ies in animal models have been carried out. The Marek’s disease virus (her-
pes-type DNA virus) is reported to cause atherosclerosis in chicken, leading
to a pathology that is analogous to those observed in human arteries [31].
Interestingly, this atherogenic condition can be prevented by vaccination,
supporting a causative role of the virus in atherogenesis. A more definitive
test of a causative agent, however, would be to verify that the human virus
can also result in similar pathologies in animal models. Data for CMV infec-
tion in rats appears to satisfy this criterion. CMV can increase atherosclerotic
lesions in the presence of hypercholesterolemia, resembling what is known
about low-density lipoprotein (LDL) with atherosclerosis in human [32]. At
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FIGURE 19.1. Development of an atherosclerotic lesion. Accumulation of low-density
lipoprotein and foam cells in the subendothelial space results in the formation of a
fatty streak. Continued endothelial injury and inflammatory insult leads to fibrosis
and cell death within the lesion. The endothelium is thickened in the fibrotic plaque.
Blood flow is reduced as the lesion grows into the lumen.

Blood-flow

Blood-flow

Blood-flow

Lumen

Lumen

Lumen Fibrotic
plaque

Fatty
streak

Healthy
artery

Vascular smooth muscle cells

Macrophages/foam cells Fibrous material/necrotic cells

Low-density lipoproteins (LDL)



the same time, there are in vitro studies that demonstrate the ability of the
CMV infection in upregulating the oxidized LDL scavenger receptor CD 36
[33], ICAM-1 [34], VCAM-1 [35], PDGF-β receptor [36], IL-6, and MCP-1
[37]. These molecules are important players in stimulating atherosclerotic
lesions and hence this provides important biochemical evidence for the mech-
anism by which CMV may cause lesions in vivo. Recently, Hillebrands et al.
[38] have demonstrated that CMV-infected rats with transplanted aortic allo-
grafts demonstrate enhanced atherogenesis if the infection occurs early post-
transplantation (1–5 days but not later). This may be relevant to coronary
transplant patients who already suffer chronic CMV infections. While this
finding supports a role of CMV in stimulating atherogenesis, the authors also
cautioned that the conclusion should not be generalized because the effect
appeared to be dependent on the combination of host and viral strain [38].

The main weakness in the postulate that CMV and HPV are causative
agents in atherosclerosis is the lack of data on treatments that are effective
concurrently against both atherosclerosis and the viruses. The presence of
studies that fail to find significant correlations between viral replication
(HPV and CMV) and plaque development further adds to the controversy.
For instance, in the ARIC study which examined 340 patients, it was con-
cluded that vessel wall thickening may not have a significant association with
the detection of CMV [39]. In summary, the cases for CMV and HPV as sig-
nificant atherosclerotic agents are not definitive but do warrant further inves-
tigation. Current data seems to suggest that the contribution of these viral
infections may be more prominent in certain immune-compromised subjects
(e.g., HIV-infected and/or transplant patients). The presence of these viruses
in the arterial and atherosclerotic environment of susceptible individuals may
further aggravate the already injured endothelial layer with heightened
immune responses. This also implies that CMV and HPV infections may not
be important atherosclerotic risk factors in the general population. Thus the
role of CMV and HPV may resemble more of “environmental” factors that
enhance the severity of lesion formation.

Helicobacter pylori
H. pylori (Hpy) is a well-studied gram-negative bacteria. It is now understood
that Hpy infection is a major cause of persistent gastritis in adults and chil-
dren [40, 41]. Given its prevalence and its ability to stimulate inflammatory
responses, the possible role of this bacterium in causing atherosclerosis has
received significant attention. Several observational studies have demon-
strated strong correlations between Hpy infection and coronary heart disease
in humans [42, 43]. Hpy infection may enhance atherogenesis in patients with
hyperhomocysteinemia [44]. There is an indication that infection by Hpy
specifically (and not by CMV nor C. pneumoniae (Cpn)) attenuates coronary
vasodilation and induces atherosclerosis [45]. This suggests that Hpy infec-
tion may enhance atherogenesis by mechanisms similar to those induced by
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hypertension and is acting somewhat differently from CMV or Cpn. Also,
there is a recent report that suggests Hpy does not enhance myocardial infarct
in lieu with oxidized LDL [46], an observation that again sets it apart from
other potential atherogenic agents such as Cpn. A recent clinical investigation
of 81 male patients who had an average age 40 years old concluded that Hpy
infection is associated with endothelial dysfunction and with elevated levels of
C-reactive protein, an inflammatory marker of atherosclerotic disease [47].
There are other similar clinical reports which conclude positive correlations of
Hpy with cardiovascular events such as ischemic stroke and coronary heart
disease [48–50]. These data provide strong support to the assertion that Hpy
is a proatherogenic agent. However, at present, there is a lack of understand-
ing of the biochemical events that demonstrate the causative mechanism
between Hpy infection and plaque formation. Various strains of Hpy have
been demonstrated to cause endothelial dysfunction and proliferation [51].
Current opinion [50] seems to agree that while this pathogen can elicit signifi-
cant inflammatory diseases, further studies and in vitro experiments on the
molecular effects of the pathogen may help evaluate the value of controlling
this pathogen in coronary heart disease patients.

Porphyromonas gingivalis
P. gingivalis (Pgn) and Cpn are probably the most important infectious
proatherogenic pathogens known to date. A strong correlation between peri-
odontal disease and atherosclerosis have been reported since 1989 [52–56].
Gingivitis and periodontal diseases are common in the human population
and these infections can lead to dental plaque development and destruction
of tooth supporting tissues. The usual periodontal pathogens are Pgn,
Actinobacillus actinomycetemcomitans and Bacteroides forsythus. The rDNA
of these pathogens have been detected in 18–30% of carotid atheromas [57,
58]. In the National Health and Nutrition Examination Survey (NHANES
III, a cross-sectional study) that involves 5564 patients of 40 years and older,
after adjustment for age, sex, race, social status, smoking, and diabetes, there
was a fourfold increase in the incidence of myocardial infarction in patients
with periodontal disease [56]. Further adding weight to this association is 
the report that cardiovascular risk is related to the severity of periodontal
infection [59].

It is particularly noteworthy that longitudinal studies have generated very
different conclusions regarding the role of periodontal infections in athero-
sclerosis. In longitudinal studies, periodontal infection appears weaker
(between 1 and 2.5-fold increase in risk) in predicting coronary diseases [60,
61]. Furthermore, two other large longitudinal studies (involving 8000+
patients) failed to find an association, after adjustments for other risk factors,
between periodontal disease and atherosclerosis [62, 63]. The apparent dis-
crepancies between cross-sectional and longitudinal studies may reflect the
complex multifactorial nature of atherogenesis. The adjustment for other risk
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factors that utilize similar inflammatory pathways as do periodontal infec-
tions could attenuate, especially over long-term progression of atherosclero-
sis, the observed significance of periodontal disease. At the same time, it is
plausible that the differences between longitudinal and cross-sectional stud-
ies may indeed reflect the acute nature of periodontal disease in stimulating
cardiovascular incidences. In myocardial infarct and periodontal disease
patients, significant inflammatory responses are often observed with high lev-
els of C-reactive proteins and bacteremia [64, 65]. Thus, it is possible that
periodontal disease results in atherosclerotic outcomes by causing acute
severe immune responses in patients who are already predisposed to athero-
genesis in the coronary arteries.

To understand more about the mechanism by which periodontal infection
can induce atherosclerotic plaques, two recent investigations studied the
molecular mechanisms of lesion aggravation by Pgn. Pgn is receiving special
attention over other periodontal disease agents due to a recent report that has
identified a serum antibody against Pgn, and not those against A. actino-
mycetemcomitans, was a strong indicator for coronary heart disease [66].
Lourbakos et al. [67] demonstrated that gingipains (cysteine proteinases) pro-
duced by this pathogen are potent coagulation factors. These enzymes
increase intracellular calcium and stimulate platelet aggregation at efficien-
cies similar to that of thrombin. Thus, the presence of Pgn in atheromas such
as carotid lesions [57, 58] may increase the likelihood of an arterial blockade.
In apo-E null mice, Lalla et al. [68] have demonstrated the acceleration of
atherosclerotic plaque formation by Pgn. The infection resulted in an upreg-
ulation of IL-6, VCAM-1, and tissue factor (TF) in the animals while a
minority of mice (two out of nine) demonstrated the presence of Pgn in the
aortic tissue. These findings, combined with other in vitro data that demon-
strates the proatherogenic effects of Pgn [69, 70], makes a strong argument
for Pgn periodontal disease as a direct inducer of atherosclerotic diseases.
However, despite these indirect pieces of evidence implicating the agent in
atherogenesis, the causative role of Pgn remains to be proven by one crucial
observation: anti-Pgn treatments can reduce atherogenic and cardiovascular
events. To this end, therefore, the outcome of the ongoing clinical NIH
approved trial of periodontal treatments in several thousand patients with
atherosclerotic disease will be an important piece to complete the puzzle that
defines the causal relationship between the periodontal infection and athero-
genesis (http://www.cscc.unc.edu/pave/).

Chlamydia pneumoniae
In the past 15 years, infection by Cpn and its role in atherosclerosis has been
more intensively studied than other infectious agents. This is largely due to
findings from various clinical and laboratory studies that strongly implicate its
contribution to inflammation, cell proliferation, and plaque formation. How-
ever, conflicting reports from animal models and the failure of antibiotics to
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reduce atherosclerosis or clinical events associated with the infection have
fueled the debate over the atherogenic nature of Cpn. Thus, current opinions
remain divided regarding the role of Cpn as a significant agent in human ath-
erosclerosis. In the following sections, we shall provide a concise summary of
what is known about the bacteria, its atherogenic effects, and current data
that argues for and against its role in plaque formation.

A general serological test for Chlamydia has been available since 1960s (the
microimmunofluorescence serologic test) [71]. However, it was not until 1985
that Saikku et al. [72] investigated and distinguished Cpn from Chlamydia
psittaci. Subsequent retrospective serology work by Grayston and coworkers
[73–78] revealed the presence of this previously undetected species in various
outbreaks of pneumonia and acute respiratory disease epidemics from 1950s
to 1990s. Thus, Cpn has been an important pathogen in the human popula-
tion for a considerable time. Cpn is distinguished from the other Chlamydia
species in four aspects: (i) Cpn exhibits a unique morphology of a pear-
shaped inclusion body in a cellular environment [79, 80]; (ii) the Cpn DNA
sequence is homologous but discrete from other Chlamydia species [81, 82];
(iii) Cpn serology is highly conserved and only a single serovar has been
observed [83–85]; and (iv) Cpn infections cause symptoms in the respiratory
system and secondary clinical outcomes are different from other Chlamydia
species [86, 87].

During active replication, Cpn resides in membrane-bound vesicles (retic-
ulate bodies) that are metabolically active and susceptible to antibiotic treat-
ments. During unfavorable conditions, the reticulate bodies can relapse into
elementary bodies that are resistant to antibiotics but are metabolically inac-
tive. The precise biochemical mechanism through which Cpn persists as a
chronic infection in a host cell environment remains unknown. Latency of
the bacteria has been observed in both animal and cell culture models [88,
89]. A typical life cycle of Cpn is summarized in Fig. 19.2.

In terms of epidemiology, serological studies have suggested that at age 20,
50% of adults have been infected. Up to 80% of men and 70% of women late
in life have been exposed to the pathogen [90, 91]. Considering the nature of
a persistent infection and the high frequency of reinfection, it has been sug-
gested that all individuals in a population have been exposed to the pathogen
at some point in their life [92].

Symptoms of a Cpn infection are mild and continued coughing and
malaise [93]. Treatments with the macrolide class antibiotics (azithromycin,
erythromycin, and doxycycline) are effective only if they are administered
early postinfection or over a long period of time [94]. Chronic infection is a
possible outcome and the pathogen can disseminate to various vital organs
via infections of monocytes and macrophages [95, 96]. Secondary complica-
tions include sinusitis, pneumonia, myocarditis, and endocarditis [87, 97–99].

The postulate that Cpn infection can cause atherosclerosis is supported by
findings in three major areas: Clinical associations, in vitro molecular studies
and in vivo infection of animal models. In 1988, Saikku et al. [100] identified
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a significantly higher amount of Cpn antibody in the serum of patients with
coronary artery disease. Subsequent work by Thom and coworkers [101–106]
have demonstrated strong correlations between the detection of Cpn and
coronary artery disease, with a 2–7-fold increase in risk. The presence of Cpn
in coronary arterial tissues has been confirmed by electron microscopy,
immunocytochemistry, and PCR techniques. Of note, Cpn has been found
not only in fatty streak tissues (early stage atherosclerosis) and fibrous
plaques (late stage), but also in macrophages and smooth muscle cells
[107–109], both of which are important cell types in the composition of
plaques. Recovery of cultivable live pathogen from atherosclerotic lesion was
performed in 1996 [110]. Cpn infection is more likely to occur in plaques of
patients who have undergone balloon angioplasty or stent operations than in
native arterial lesions [111]. Unlike findings in the CMV-related atherosclero-
sis, Cpn is rarely found in nonatherosclerotic tissues [112–114]. Furthermore,
Cpn antibody titers from patients strongly correlate with the occurrence of

FIGURE19.2. The life cycle of a Chlamydia pneumonia infection. Elementary bodies
enter a host cell by endocytosis. The bacteria multiply by binary fission and new
reticulate bodies are formed. Reticulate bodies are active, and rely on nutrients and
ATP extracted from the host cytoplasm for survival. Under unfavorable conditions,
the bacteria may relapse into inactive elementary bodies, which can be resistant to
antibiotics. Infection spreads by exocytosis of progeny elementary bodies to neigh-
boring cells.
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coronary heart disease [115] and Cpn can be found in 52% of atheromatous
lesions but in only 5% of control samples. Thus, the available observations
suggest a statistically significant role for Cpn infection in atherosclerosis. To
further support the importance of Cpn in atherosclerotic lesions, recent
in vivo and in vitro studies have provided insights into the biochemical path-
ways by which the pathogen may directly stimulate plaque formation.

Findings from in vitro studies have confirmed the ability of Cpn to infect
vascular endothelial cells, smooth muscle cells, and macrophages [116, 117].
Persistent infection of human endothelial cells have been reported, and the
replication of Cpn in endothelial cells can induce upregulation of vascular
and cellular adhesion molecules, including ICAM-1, VCAM-1, and ELAM-1,
all of which signify endothelial cell injury [118, 119]. In addition, inflam-
matory markers such as IL-6, IL-8, MCP-1, NF-κB, and plasminogen-
activator–inhibitor-1 are upregulated in Cpn-infected vascular endothelial
and smooth muscle cells [120, 121]. The presence of Cpn lipopolysaccharide
(LPS) can be a strong stimulator of inflammatory responses in vascular
endothelial cells via toll-like receptor-4 (TLR-4). At the same time, LPS can
stimulate TNF-α, IL-1, and TF secretion, leading to a 2–20-fold increase in
adhesion of monocytes and polymorphonuclear leukocytes to the endothelial
surface [122, 123]. These molecular events are accompanied by an apparent
increased efficiency at which neutrophils and monocytes can transmigrate
through the Cpn-infected endothelial layer [124] into subendothelial space
where monocytes can transform to foam cells and take up residence. in vitro
experiments have verified that Cpn can transform the macrophage into a
foam cell phenotype [125–127]. At the same time, the proximity of monocytes
at the endothelial surface can in turn enhance the susceptibility of endothe-
lial cells to Cpn infection [128].

Cpn also affect vascular smooth muscle function. Besides the proadhesive
responses, Cpn infection of endothelial cells can also increase the prolifera-
tion of smooth muscle cells in the intimal layer [129]. Cpn can stimulate this
proliferation via upregulation of endogenous heat shock protein 60 [96]. Of
note, heat shock protein 60 is an important target of the autoimmune
response that leads to enhanced atherosclerosis [130]. It has also been sug-
gested that the Cpn-hsp60 can upregulate the expression of macrophage
TNF-α and matrix metalloproteinases [131]. These data provide important
cellular biochemical evidence of the pathways involved in the proatherogenic
effects of Cpn. This lends further strength to the argument that Cpn is an
important atherogenic agent. A schematic representation of the pathways
that can be employed by Cpn infection to induce atherogenesis is presented
in Fig. 19.3.

One of the limitations of these in vitro cellular studies is that the signifi-
cance of these infection-mediated events in the context of the overall long-
term in vivo atherogenesis remains unknown. To address this limitation,
investigations using animal models of Cpn infection have provided some
important data. The causative role of Cpn in human atherosclerosis is often
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studied in tandem with low-density lipoprotein (LDL). LDL is a primary
determinant in the atherogenic process. The development of fatty streaks and
plaques involves the uptake of LDL by smooth muscle cells and monocytes.
It is well known that hyperlipidemia is an important risk factor for human
atherosclerosis [106]. In transgenic mouse models that are defective in LDL
receptor expression and generate a high level of circulating LDL, Cpn infec-
tion can significantly enlarge the lesion area in the presence of a high-choles-
terol diet [132]. The atherogenic effect appears to be Cpn dependent as
heat-inactivated Cpn does not produce the same effect [133]. In addition,
infection with Cpn induced significant atherosclerotic lesions in mice only
when they ingested a cholesterol-enriched diet [134]. However, in rabbits, the
Cpn infection alone was sufficient to stimulate significant atherosclerosis
[135]. In those experiments, Fong et al. [135] noted that lesions in animals fed
with low-cholesterol diets were not prominent to the naked eye but micro-
scopically as significant as in animals fed with much higher cholesterol diet.
They also demonstrated that atherosclerosis is amplified in the rabbit aorta
with Cpn inoculations but not with Mycoplasma pneumoniae. This is consistent
with other experiments that have shown Chlamydia trachomatis does not
induce atherosclerotic lesions in the same setting that Cpn does [134]. All in all,
these findings suggest that Cpn functions strongly as an atherogenic agent
when in synergism with LDL but it may also induce initial atherosclerotic
lesions on its own. Currently, there is no definitive biochemical knowledge
regarding the molecular pathways that LDL and Cpn can interact to enhance
plaque formation in human. While Cpn infection does enhance LDL uptake in
macrophages in vitro, smooth muscle cells are also capable of transforming into
foam cells. To date, there is no data that indicates Cpn infection can stimulate
accumulation of LDL molecules within the subendothelial space.

FIGURE 19.3. The three major pathways that Chlamydia pneumonia can contribute to
atherogenesis: stimulation of immune and autoimmune responses (against molecules
such as hsp60 and α-myosin), direct infection of the endothelial and smooth muscle
cells at the lesion, and synergism with LDL and oxidized LDL in the formation of
foam cells and the migration of monocytes into the lesion.
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Not all in vivo investigations identify Cpn as a causative agent in athero-
sclerosis. There are reports that fail to find any atherogenic effects of Cpn
infection in mouse models [136, 137]. The presence of conflicting observa-
tions in animal models is likely due to different conditions in animal han-
dling, efficiency of infection, and genetic factors that affect the overall
process of lesion development. This brings up the possibility that compo-
nents of the immune system from animal models can react differently to the
LDL/Cpn infection (e.g., mouse and rabbits) and thus the development of
plaques (or the lack of) in certain animals does not necessarily fully resemble
atherogenesis in humans. Several thorough reviews on the strengths and
weaknesses of various animal models used in the study of atherosclerosis and
Cpn infection have been published recently [96, 138, 139]. In summary,
although some differences have been identified in the literature, the in vivo
data generally provides strong support for the role of Cpn and circulating
lipids as strong risk factors for atherosclerosis.

The amount of in vitro and in vivo data on Cpn infection has provided sig-
nificant impetus for the development of several clinical trials that investi-
gated the potential for using antibiotics to treat preexisting atherosclerotic
diseases. In the late 1990s, the effectiveness of azithromycin and rox-
ithromycin in reducing cardiovascular events of Cpn-induced patients
[140–142] was successfully demonstrated. Cardiovascular events were defined
as nonfatal myocardial infarction, cardiovascular death, and recurrent
angina. However, recent reports from trials involving larger patient popula-
tion do not demonstrate observable differences between treated and non-
treated groups over coronary events and cerebral events [143, 144]. These
reports have cast some doubts on the role of Cpn as an important athero-
genic agent. On the other hand, the effectiveness of administering antibiotics
in eradicating persistent Cpn from patients may be questionable. Frequent
reinfection of the pathogen from other humans is likely considering the pres-
ence of this pathogen in the general population. There have been reports that
Cpn can be found in lesions of patients who are serologically negative of
infection [145, 146], and yet serology is the main end point utilized in these
clinical trials. In the mouse model, Cpn antibodies can recur within 3 weeks
of apparent eradication [147]. Another trial identified protective effects of
antibiotic therapy against clinical cardiovascular disease but only in sub-
groups with one or more additional risk factor present [148]. This would
agree well with the Cpn/LDL synergism observations demonstrated in animal
work [132, 134].

In summary, there are legitimate questions concerning the association of
Cpn infection with atherosclerosis. Is it possible that the in vitro proliferative
and proinflammatory events mediated by Cpn infection may not be signifi-
cant compared to other factors during the clinical development of in vivo ath-
erosclerosis over long period of time? Is it also possible that the immune
responses in animals (whether transgenic or not) to Cpn infection can be dif-
ferent from those in the human arterial environment, leading to potentially
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misleading observations of Cpn-induced atherosclerosis? Is it possible or jus-
tified to develop a novel Cpn-specific treatment for atherosclerotic patients
and coronary heart disease?

Thus, at the present time, a causative role for Cpn in atherosclerosis
remains highly suggestive but not ultimately proven. As in the case with other
potential atherogenic pathogens, more experiments are needed to generate a
definitive verdict. To begin to settle the controversy, it may be necessary to
employ an ex vivo organ vessel culture environment to study the biochemistry
of Cpn infection under controlled conditions to more effectively understand
the complex interactions among different cell types and the consequences in
structural and morphological changes. Further, it may also be critical to iso-
late the host immune components (T cell, monocytes, and their cytokine
secretions), all of which have significant but host-dependent atherogenic
effects on their own. These components contribute to atherosclerosis in
response to a wide range of stimulants and thus, their presence can mask the
investigation of in vivo Cpn-specific biochemical pathways that lead to cell
proliferation, vascular remodeling, and lesion formation. Understanding the
biochemistry of Cpn “exclusive” pathways and effects may allow for the
quantification and to determine the significance of Cpn in plaque formation
in a host environment. Ultimately, it is only with knowledge such as this that
we can develop and design new vaccines or more potent treatments against
the persistent infection.
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Transplant Arteriopathy: Role 
of Nitric Oxide Synthase

NANDINI NAIR, HANNAH VALANTINE, AND JOHN P. COOKE

Abstract
Endothelial vasodilator dysfunction is a major manifestation of transplant arteriopa-
thy. This impairment reflects abnormalities in the production or activity of several
endothelial vasoactive substances. Most notably, there is a significant deficit in the
nitric oxide synthase (NOS) pathway. The impairment of the NOS pathway con-
tributes to alterations in vascular reactivity, structure, and interaction with circulating
factors. Since endothelium-derived NO suppresses vascular cell proliferation and vas-
cular inflammation, a deficit in vascular NO facilitates the initiation and progression
of transplant arteriopathy. The allograft endothelium is made dysfunctional by a
number of factors including ischemia–reperfusion during transplantation; metabolic
abnormalities posttransplantation including dyslipidemia, insulin resistance, and
hypertension due to the use of immunosuppressive agents; the direct effects of some
immunosuppressive agents on endothelial function; and infectious agents, most
notably cytomegalovirus (CMV). This chapter focuses on factors adversely influenc-
ing endothelial dysfunction in transplant arteriopathy. The further delineation of the
mechanisms by which the NOS pathway becomes dysregulated in transplant arteri-
opathy will be useful in the pursuit of new diagnostic and therapeutic modalities.

Keywords: asymmetric dimethylarginine (ADMA); cardiac transplant; cytomegalo-
virus (CMV); dimethylarginine dimethylaminohydrolase (DDAH); nitric oxide
synthase (NOS); transplant arteriopathy

Abbreviations: ADMA, asymmetric dimethylarginine; DDAH, dimethylarginine
dimethylaminohydrolase; FMVD, flow-mediated vasodilation; NO, nitric oxide;
cGMP, cyclic GMP; eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric
oxide synthase; VSMC, vascular smooth muscle cell; CAT, cationic amino acid trans-
porter; VCAM-1, vascular cell adhesion molecule; MCP-1, monocyte chemoattrac-
tant protein-1; L-NA, L-nitroarginine; CMV, cytomegalovirus

Introduction

Transplant arteriopathy is an accelerated form of arterial occlusive dis-
ease, and is the major cause of death in long-term survivors after heart
transplantation [1]. Endothelial vasodilator dysfunction is prominently
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observed in patients with transplant arteriopathy. This impairment reflects
abnormalities in the production or activity of several endothelial vasoactive
substances. Most notably, there is a significant deficit in the nitric oxide
synthase (NOS) pathway. The impairment of the NOS pathway contributes
to alterations in vascular reactivity, structure, and interaction with circulat-
ing blood elements. Since endothelium-derived NO suppresses vascular cell
proliferation and vascular inflammation, a deficit in vascular NO facilitates
the initiation and progression of transplant arteriopathy. This chapter
focuses on identification of factors adversely influencing endothelial dys-
function in transplant arteriopathy. Understanding the mechanisms of
endothelial dysfunction may lead to endothelial-targeted therapies for pre-
vention of transplant arteriopathy.

Vascular Alterations in Transplant Arteriopathy

Transplant arteriopathy is characterized by vascular inflammation and inti-
mal proliferation, and it ultimately results in luminal stenosis of epicardial
branches, occlusion of smaller vessels, and myocardial infarction.
Histopathological analysis has revealed that morphologic manifestation of
transplant arteriopathy may range from concentric, diffuse intimal hyperpla-
sia to fibrofatty plaques indistinguishable from spontaneously occurring ath-
erosclerosis [2].

Immunologic and nonimmunologic factors likely influence the evolution
and progression of transplant arteriopathy. Allograft coronary endothelial
cells can serve as potent stimulators (antigen-presenting cells) as well as tar-
gets of allogeneic lymphocyte reactivity. T-cell-interaction with graft
endothelial cells, initiates and sustains the chronic immune response injury
[3–5]. Furthermore, a number of conditions occurring in the context of
transplantation may cause alterations in endothelial function, and the expres-
sion of adhesion molecules and chemokines, which participate in the inflam-
matory process leading to a prothrombogenic state. These predisposing
conditions include preservation injury, ischemia–reperfusion, acute rejection,
T cell activation, antibody deposition and complement fixation, and viral
infection. The ongoing inflammation is thought to accelerate the develop-
ment of transplant arteriopathy.

A major contributor to the inflammation and vascular cell proliferation
that characterizes transplant arteriopathy is endothelial dysfunction. The
allograft endothelium is made dysfunctional by a host of factors including
ischemia–reperfusion during transplantation; metabolic abnormalities post-
transplantation including dyslipidemia, insulin resistance, and hypertension
due to the use of immunosuppressive agents; the direct effects of some
immunosuppressive agents on endothelial function; and infectious agents,
most notably cytomegalovirus (CMV).
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Evaluation of Endothelial Vasodilator Function 
of the Coronary Arteries

One of the important endothelial functions is its ability to modulate vessel
tone. The healthy endothelium exerts a vasodilator influence by releasing a
panoply of paracrine factors that relax vascular smooth muscle cell (VSMC),
such as prostacyclin, endothelium-derived hyperpolarizing factor, and nitric
oxide (NO). Endothelial vasodilator function of the epicardial coronary
arteries is assessed by coronary angiography after intra-arterial infusions of
acetylcholine or substance P. In addition, the endothelium can be stimulated
to release vasodilator factors by increases in flow. The effect of increased flow
can be assessed by infusing an endothelium-independent vasodilator (such as
adenosine) downstream of the proximal epicardial coronary artery. During
these interventions, coronary angiography permits measurement of the diam-
eter of the epicardial coronary arteries. An increase in diameter of these con-
duit vessels is expected in response to stimulation of the endothelium.

The endothelial vasodilator function of the resistance vessels in the heart
can be assessed by measuring coronary blood flow before and after intra-
coronary artery infusion of endothelium-dependent vasodilators such as sub-
stance P or acetylcholine. During these infusions, a Doppler flow wire is used
to measure flow velocity, and thereby calculate coronary blood flow.

These approaches have been used to assess the endothelial function of
the allograft coronary arteries. Endothelial dysfunction is commonly
observed in the transplanted heart [6–8]. The etiology of endothelial dys-
function is multifactorial (Fig. 20.1) and time dependent. In the early
months after transplant, epicardial vasodilatation is relatively preserved in
response to tachycardia. During follow-up, exercise-induced flow-mediated
endothelium-dependent vasodilation becomes impaired [9]. Some have esti-
mated the prevalence of endothelial vasodilator dysfunction in the epicar-
dial coronary arteries to be 20% to 30% of the patients during the first year
and 30% to 40% at long-term follow-up [10]. This is almost certainly an
underestimate, as endothelial dysfunction of the epicardial arteries was
defined as a paradoxical vasoconstriction of >10% in response to acetyl-
choline [10]. The Stanford experience in recent years is that about 90% of
cardiac transplant patients show endothelial vasodilator dysfunction, as
defined by the absence of vasodilation or active vasoconstriction [11].
Epicardial endothelial dysfunction may be segmental in nature [12], which
could cause a sampling error, and thereby account for some of the variabil-
ity in reports of endothelial dysfunction. Furthermore, endothelium-
dependent flow responses declined significantly (approximately 50%) in a
3-year follow-up period [13].

The severity of microvascular endothelial dysfunction does not correlate
with vasodilator responses of the epicardial arteries suggesting independent
determinants of the two processes [14, 15].
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Endothelial Dysfunction and Loss of Vascular
Homeostasis

This endothelial dysfunction observed in the cardiac catheterization labora-
tory may contribute to alterations in vascular reactivity and coronary blood
flow that adversely affect the allograft heart. The endothelium is a major
determinant of vascular tone and blood flow. It synthesizes a variety of
vasodilator substances, such as NO, prostacyclin, atrial natriuretic peptide,
endothelium-derived hyperpolarizing factor, and adrenomedullin. The shear
stress of coronary blood flow is a primary stimulus for the endothelial release
of these substances. Endothelial vasodilator dysfunction may be associated
with reduced release of vasodilators and increased endothelial production of
vasoconstrictors such as endothelin and angiotensin II. Notably, a loss of the
homeostatic balance between endothelial vasodilators (which predominate in
health) and endothelial vasoconstrictors (which are increased in a number of
vascular disorders, most notably arteriosclerosis) may contribute to adverse
changes in vascular structure as well as vascular reactivity. Endothelium-
derived NO is paradigmatic of an endothelial factor that is vasoprotective as
well as vasodilatory. We and others have provided evidence that a reduction
in the synthesis or bioactivity of endothelium-derived NO promotes
processes favoring coronary vascular disease [16–19].

The Vasoprotective Effects of NO

Our studies have focused on endothelium-derived NO as a paradigm of an
endothelial factor that regulates coronary vessel tone, vessel structure, and
interaction of the vessel with circulating blood elements. Endothelium-
derived NO is the most potent endogenous vasodilator known NO induces
vasodilation by stimulating soluble guanylate cyclase to produce cyclic GMP
(cGMP). NO has a short half-life, and avidly interacts with sulfhydryl-
containing proteins, heme proteins, and oxygen-derived free radicals. By virtue
of its ability to nitrosylate proteins, it may change their activity or behavior
[20]. The physiological importance of this endothelium-derived vasodilator is
reflected by the significant increase in vascular resistance induced in animals
and humans exposed to pharmacological antagonists of NOS [21].

Endothelium-derived NO also inhibits platelet adherence to the vessel wall.
NO released into the lumen affects the behavior of circulating platelets. As
platelets traverse the healthy myocardial microvasculature, they exhibit an ele-
vation of cGMP, and a suppression of their aggregability. This effect of the
healthy cardiac microvasculature can be suppressed by pharmacological antag-
onists of the NOS pathway. Furthermore, endothelium-derived NO inhibits
leukocyte adherence to the vessel wall. An acute effect of NO to inhibit leuko-
cyte adhesion is likely mediated by effects of NO on intracellular signaling 
of adhesion molecules [22]. A more chronic effect of NO is mediated by 
its suppression of specific adhesion molecules and chemokines. Finally,



440 Nandini Nair, Hannah Valantine, and John P. Cooke

endothelium-derived NO also inhibits VSMC proliferation [23–25]. This is
partly mediated by an effect of NO to increase VSMC apoptosis [26]. These
observations indicate that NO is an endogenous antiatherogenic molecule.

Impairment of the NOS Pathway in Atherosclerosis

Atherosclerosis and transplant arteriopathy share some common pathophys-
iological processes, hence it is instructive to review the evidence for a role of
NOS impairment in atherosclerosis. In animal models and in patients,
endothelium-mediated vasodilation is impaired [27, 28]. The mechanism of
impairment may include endothelial generation of superoxide anion and
increased degradation of NO; elaboration of vasoconstrictor prostanoids
and endothelin; reduced elaboration of prostacyclin; and/or impaired biosyn-
thesis of NO [29–31]. With respect to the latter defect, impaired biosynthesis
of NO may be due to alterations in NOS affinity for L-arginine; lipid-induced
impairment of the high-affinity cationic amino acid transporter (CAT);
reduced availability of the cofactor tetrahydrobiopterin; or increased levels of
asymmetric dimethylarginine (ADMA), the competitive inhibitor of NOS.
Our group and others have accumulated extensive data to indicate that O2

−

and ADMA are major determinants of endothelial vasodilator dysfunction
induced by cardiovascular risk factors [32–35]. Whereas O2

− degrades NO to
reduce its bioactivity, ADMA inhibits NO synthesis. Moreover, recent data
from our laboratory indicates that the elevations in O2

− and ADMA are inex-
tricably linked (Fig. 20.2).

Multiple lines of evidence point to a pathophysiological role for ADMA.
We were the first to demonstrate that endothelial vasodilator dysfunction in
hypercholesterolemic animals or humans could be reversed by administration
of the NO precursor L-arginine [35, 36]. In patients with atherosclerotic or
transplant coronary artery disease, the impairment of acetylcholine-induced

FIGURE 20.2. The effect of oxidative stress on intracellular signaling: the inextricable
link between ADMA and oxidative stress.
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vasodilation of the epicardial and coronary resistance vessels is reversed by
an intravenous infusion of L-arginine. Several groups of investigators have
observed an arginine-induced improvement in endothelium-dependent NO-
mediated vasodilation in patients with native or transplant coronary artery
disease [37–40]. Since the Km of NOS for L-arginine is in a micromolar range
[40], with plasma L-arginine levels at 50–100 µm, L-arginine should not be
rate limiting. There are several possible explanations for this “arginine para-
dox,” including effects of hypercholesterolemia and/or atherosclerosis upon
NOS affinity; the effect of glutamine to inhibit activation of NOS; a reduc-
tion in the availability of the cofactor tetrahydrobiopterin; the colocalization
to the caveolar membrane of NOS and CAT (the cationic amino acid trans-
porter that mediates L-arginine influx) and reduced arginine transport due to
lipid-induced impairment of the high-affinity CAT. Localization of NOS and
CAT to the caveolar membrane may explain the sensitivity of the NOS path-
way to reductions in extracellular L-arginine levels [41, 42]. However, there is
accumulating data in preclinical and clinical studies, that ADMA is the major
determinant of the “arginine paradox.”

ADMA: An Endogenous Inhibitor of NO synthesis

ADMA is a competitive inhibitor of NOS. This modified amino acid
is derived from the methylation of internal arginine residues in proteins and
the subsequent hydrolysis of these proteins [34]. ADMA is not produced
by methylation of free arginine, and is not affected by L-arginine intake
[43, 44]. ADMA is excreted by the kidney or metabolized by dimethylarginine
dimethylaminohydrolase (DDAH) to citrulline and dimethylamine [45].
Normal plasma levels are 0.5 to 1 µm [34]. Plasma levels of ADMA are
elevated in a number of conditions associated with endothelial vasodilator
dysfunction including renal failure, hypercholesterolemia, hyperhomocys-
teinemia, hypertension, diabetes mellitus, and heart failure [46–48]. In young
hypercholesterolemic subjects, we have shown that plasma ADMA levels
are doubled in association with an arginine-reversible impairment of flow-
mediated vasodilation (FMVD) of the brachial artery.

It appears that the levels of ADMA observed in these conditions are
sufficient to explain the impairment of endothelial function, and to explain
the observations made repeatedly by multiple investigators that the endo-
thelial dysfunction is reversible by administration of exogenous L-arginine
[35–39, 49, 50]. Faraci et al. [51] found that the IC50 for ADMA was
2 µM. Added to crude purified preparations of eNOS, ADMA in a physio-
logical/pathophysiological range (1 to 10 µm) induces a dose-dependent
inhibition of NO synthesis. At the concentrations observed in hypercholes-
terolemic patients, ADMA inhibits NO biosynthesis. It should also be noted
that the plasma level of ADMA is only an indirect reflection of tissue levels.
In endothelial cells regenerating after vascular injury the intracellular levels
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of ADMA are three- to eightfold higher than plasma levels [52].
Furthermore, one must take into consideration the recent observation by
Ignarro’s group that in the setting of inflammation and atherogenesis,
arginase II is induced in the vessel wall (unpublished communication). The
same cytokines that cause the accumulation of ADMA also increase the
expression of arginase II. Accordingly, vascular levels of L-arginine may be
reduced under conditions where vascular levels of ADMA are increased.
It is very likely that the arginine/ADMA ratio in the vessel wall is a regula-
tor of NOS activity that becomes disordered in atherosclerosis, or with risk
factors for atherosclerosis. In hypercholesterolemic rabbits, the plasma argi-
nine/ADMA ratio is a better predictor of endothelial vasodilator dysfunc-
tion than is LDL cholesterol [44].

In patients with peripheral arterial disease, plasma ADMA levels are ele-
vated two to fivefold and are correlated with clinical severity [53]. In a ran-
domized placebo-controlled trial, intravenous administration of L-arginine
(8 g twice daily) improved walking distance by 150%, significantly better than
vehicle and the active control PGE1 [50]. In patients with critical limb
ischemia the observed increase in limb blood flow is due to the conversion of
the exogenous L-arginine to NO as reflected by parallel increases in urinary
nitrogen oxides and urinary cGMP [53].

Oxidative Stress and Atherosclerosis

A balance exists between O2
− and NO production in the endothelial cell. Risk

factors, such as hypercholesterolemia, impair this balance, favoring superox-
ide anion generation, which activates oxidant-sensitive transcriptional path-
ways that induce genes (e.g., MCP-1 and VCAM) that are involved in
atherogenesis (Fig. 20.2). NO inhibits the generation of superoxide anion by
activated neutrophils by nitrosylation or nitrosation of NADPH oxygenase
[54]. We have observed that flow-stimulated endothelial cells produced more
NO, which was associated with reduced superoxide anion elaboration and
suppressed expression of vascular cell adhesion molecule (VCAM-1). These
effects of shear stress were blocked by inhibitors of NO synthesis [55]. We
have shown that NO regulates oxidant-sensitive gene expression in vivo.
Hypercholesterolemia increases monocyte chemoattractant protein-1 (MCP-1)
expression in the thoracic aorta of the NZW rabbit, an effect that is attenu-
ated by increasing vascular NO synthesis by administration of L-arginine. By
contrast, inhibition of NO generation by the NOS antagonist L-nitroargi-
nine (L-NA) markedly increases expression of MCP-1 in the rabbit aorta.
Chronic dietary manipulation of NO synthesis affects the progression
of lesion formation in hypercholesterolemic animals. Administration of
L-arginine to fat-fed NZW rabbits for 10 weeks markedly inhibits plaque pro-
gression. Our preclinical studies suggest that NO is a potent endogenous
antiatherogenic molecule, suppressing key processes in atherosclerosis.
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Alterations in gene expression as well as NOS activity may reduce the vaso-
protective influence of this pathway. For example, certain endothelial nitric
oxide synthase (eNOS) gene polymorphisms appear to be predictive of coro-
nary artery disease. The eNOS gene Glu298Asp polymorphism has been
implicated in the occurrence of variant angina, essential hypertension, and
acute myocardial infarction [56, 57].

ADMA and Vascular Disease

Hyperlipidemia, hyperhomocysteinemia, hypertension, and hyperglycemia
are all conditions that are associated with the posttransplant state, due to the
use of cyclosporine and steroids for immunosuppression. We have studied the
effect of each of these conditions on the NOS pathway of humans, with par-
ticular reference to the role of ADMA. Studies in individuals who only had
one of these risk factors have revealed that, in each of these conditions, the
observed endothelial vasodilator dysfunction is associated with elevations in
ADMA [58]. These observations yield the provocative hypothesis that
ADMA may be a common pathophysiological pathway by which these risk
factors cause endothelial dysfunction, and initiate atherogenesis.

DDAH is the enzyme that degrades ADMA to citrulline and dimethy-
lamine [59]. The increase in ADMA accumulation induced by metabolic per-
turbations is temporally related to a decline in DDAH activity [58]. The
decline in DDAH activity appears to be due to an increase in endothelial
oxidative stress induced by cardiovascular risk factors. The sensitivity of
DDAH to oxidative stress is conferred by a sulfhydryl group in its active site.
Oxidation of this sulfhydryl impairs activity of the enzyme [60]. We have
shown that homocysteine mounts an oxidative attack on DDAH, forming a
mixed disulfide and inactivating the enzyme [61]. This effect of homocysteine
may contribute to its impairment of endothelial vasodilator function, and
promotion of vascular disease. Indeed, we have shown that an oral methion-
ine challenge increases plasma ADMA and plasma homocysteine levels in
human subjects, an effect temporally related to a decline in endothelial
vasodilator function [62]. A recent study also revealed that tissue ADMA is
elevated in human atheroma [63].

In another study of Japanese patients undergoing duplex ultrasonography
of the carotid artery, plasma levels of ADMA were positively correlated to
age (p<0.0001), mean arterial pressure (p<0.0001), and glucose (p<0.0006).
ADMA levels were better correlated to IMT of the carotid artery (r = 0.51,
p<0.0001) than all traditional risk factors except age in a multivariate analy-
sis. The correlation between ADMA and IMT remained significant after
adjusting for age (r = 0.33, p = 0.0003) [64]. This finding has recently been
confirmed and extended by Zoccali et al. [65] who studied 225 individuals
with end-stage renal disease. In a mean follow up of 33.4 months of these
patients, they found that an elevation in ADMA level was the strongest
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predictor of vascular events, with those in the upper quintile of plasma
ADMA level having an odds ratio greater than 10.

In animal models of “response to vascular injury,” balloon angioplasty
denudes the overlying endothelium, and causes vascular smooth muscle
migration and proliferation resulting in myointimal hyperplasia. Intriguingly,
under these circumstances, regenerating endothelial cells have higher intra-
cellular levels of ADMA. The regenerating endothelium manifests reduced
vasodilatory capacity [27]. Notably, the level of intracellular endothelial
ADMA is directly related to the resulting intimal thickening of the injured
vessel [64].

In summary, these studies implicate ADMA in endothelial vasodilator dys-
function and the pathophysiology of atherosclerosis. The emergence of
ADMA as a global cardiovascular risk marker has been summarized recently
[58, 66].

Derangement of the NOS Pathway in Transplant
Arteriopathy

The beneficial effect on transplant arteriosclerosis of vascular NO is not lim-
ited to that derived from eNOS. It has been shown that inhibition of iNOS
activity in the aortic allograft significantly increases intimal hyperplasia at 4
weeks [67]. The protective role for iNOS was confirmed by Koglin and
coworkers [68]. The role of inducible nitric oxide synthase (iNOS) in vascular
pathology is controversial. Because iNOS has a rate constant 1000-fold greater
than eNOS, arginine may become depleted, particularly in states of inflam-
mation where arginase is expressed. Under such circumstances, iNOS pro-
duces superoxide anion as well as NO. NO and superoxide anion rapidly react
to form peroxynitrite anion, which is a highly reactive free radical that can be
cytotoxic. However, when arginine is not rate limiting, the product of iNOS is
likely to be predominantly NO. Under these circumstances, iNOS could be
protective, explaining the results obtained with the iNOS deficient animals.
Endothelial NOS has a well-established protective role in the endothelium. In
a murine chronic rejection model, eNOS-deficient aortic allografts developed
significantly worse arteriosclerosis compared with controls. Aortic allografts
from eNOS knockout had a significant increase in intima/media ratios com-
pared to those obtained from wild-type and iNOS knockout mice [69].

eNOS Dysfunction in Cardiac Transplant Recipients

Coronary endothelial vasodilator dysfunction is a common finding in cardiac
transplant recipients that represents an early marker for the development of
intimal thickening and graft atherosclerosis. Our group and others indicate
that dysfunction of the NOS pathway contributes to transplant arteriopathy.



We tested the hypothesis that endothelial dysfunction precedes intimal
thickening and that administration of L-arginine, the precursor of endothe-
lium-derived relaxing factor, improves endothelial vasodilator function of
coronary conduit and resistance vessels if given at an early stage of graft 
atherosclerosis [38].

In our studies in 18 cardiac transplant patients acetylcholine tended to
elicit vasoconstriction in epicardial coronary arteries. Epicardial coronary
vasoconstriction elicited by acetylcholine was attenuated by infusion of
L-arginine and was observed predominantly in patients with normal intravas-
cular ultrasound characteristics. Blood flow was significantly enhanced with
L-arginine.

Early epicardial endothelial dysfunction (vasoconstriction to acetyl-
choline) predicted the development of intimal thickening as assessed by
intravascular ultrasound in human heart transplant recipients at one-year
posttransplantation [70]. Conversely, enhanced myocardial endothelin
expression has been associated with coronary endothelial dysfunction in
transplant patients [71]. Therefore, an imbalance between NO and endothe-
lin bioactivity in the allograft may contribute to development of transplant
arteriopathy.

The coronary vasculature of cardiac transplant recipients therefore
exhibits a generalized endothelial dysfunction of conduit and resistance ves-
sels which is improved by L-arginine consistent with the hypothesis that
ADMA, the endogenous competitive inhibitor of NOS, plays a role in the
derangement of the NOS pathway observed in cardiac transplant recipients.

Role of CMV in Transplant Endothelial Dysfunction

Human CMV, a member of the herpesviruses, can infect human vascular
endothelial cells and induces changes relevant to atherogenesis [72]. Human
CMV has been shown to be associated with transplant arteriopathy [73–75,
80]. There is increasing evidence that endothelial dysfunction plays a major
role in CMV-induced transplant arteriosclerosis [81–83]. CMV infection
increases expression of endothelial surface adhesion molecules, which upreg-
ulate the recruitment of leukocytes. CMV infection promotes mononuclear
adhesion, activation, and transendothelial migration within the allograft vas-
culature and shifts the balance between endothelial factors mediating blood
fluidity to a procoagulant state. The most direct evidence for a link between
CMV and transplant arteriosclerosis was recently produced by our group. In
this study, prophylactic treatment of cardiac transplant recipients with gan-
ciclovir reduced the incidence of transplant arteriosclerosis [76]. Thus, a ther-
apy directed towards CMV infection dramatically improved the outcome of
patients after transplantation.

The mechanisms by which CMV may contribute to atherogenesis are
incompletely defined. The immediate early gene of human CMV can code for
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a protein that has sequence homology and immunologic cross-reactivity with
a domain of human leukocyte antigen-DR [74]. Additionally, CMV inter-
feres with the action of p53, a protein that inhibits proliferation and induces
apoptosis of VSMC. We propose that a major mechanism by which CMV
could initiate and/or accelerate arteriosclerosis is by impairing the NOS
pathway. Viral infections are known to impair endothelium-dependent
vasodilation in humans contributing to atherosclerosis [77]. In the hypercho-
lesterolemic mouse, infection with murine forms of chlamydia or herpesvirus
accelerates plaque growth [78].

Studies by Weis et al. [79] suggest that CMV may impair endothelial func-
tion in part by elevating plasma levels of ADMA, the endogenous inhibitor
of NOS. Weis et al. observed a doubling of serum ADMA levels in cardiac
transplant patients as compared to control subjects. Higher ADMA levels
were associated with greater likelihood of CMV infection (as detected by the
presence of CMV DNA in leukocytes). in vitro experiments by Weis et al. [79]
showed human microvascular endothelial cells infected with CMV produced
increased levels of ADMA. Elevations in production of the superoxide anion
were associated with reductions in the activity of DDAH, the enzyme that
degrades ADMA. Reduced intracellular levels of cGMP in CMV infected
cells reflected a reduction in the bioactivity of NO. Such an impairment of
the function of the endothelial cells secondary to CMV infection could pre-
dispose patients to vascular disease. This hypothesis is consistent with the
observations in experimental models that pharmacological or genetic inhibi-
tion of the NOS pathway accelerates atherogenesis, whereas increased levels
of NO synthesis reduce vascular lesion formation [84–87].

Therapeutic Reduction of ADMA in Transplant
Arteriopathy

Most recently, we have tested the role of ADMA in a murine model of trans-
plant arteriopathy. We hypothesized that overexpression of DDAH would
reduce plasma and tissue ADMA concentrations and thereby increase NO
production [88]. Indeed, DDAH transgenic animals manifested an increase in
plasma NOx levels and a reduction in systemic vascular resistance [88]. We
further hypothesized that the increase in vascular NO production would have
a vasoprotective effect. Specifically, we hypothesized that the transgenic mice
would develop less transplant arteriopathy after cardiac transplantation.

To test this hypothesis, donor hearts of C-H-2bm12KhEg (H-2bm12) wild-
type mice were heterotopically transplanted into C57BL/6 (H-2b) transgenic
mice overexpressing human DDAH-I, or transplanted into wild-type (WT)
littermates. In some studies, the allografts were procured after 4 h of reper-
fusion (WT and DDAH-I recipients). In a second series, donor hearts were
transplanted into DDAH-I transgenic or WT mice and procured 30 days
after transplantation.
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In DDAH-I recipients plasma ADMA concentrations were lower, in asso-
ciation with reduced myocardial generation of superoxide anion (WT vs.
DDAH: 465.7±79.8 vs. 173.4±32.3 µM/mg/h; p = 0.02). Overexpression of
DDAH was also associated with a reduction in several inflammatory
cytokines, adhesion molecules, and chemokines in the cardiac tissue. In the
allografts harvested after 30 days, transplant arteriopathy was markedly
reduced in cardiac allografts of DDAH-I transgenic recipients (Fig. 20.3) as
assessed by luminal narrowing (WT vs. DDAH: 79±2% vs. 33±7%; p<0.01),
intima/media ratio (WT vs. DDAH: 1.1±0.1 vs. 0.5±0.1; p<0.01), and the
percentage of diseased vessels (WT vs. DDAH: 100±0% vs. 62±10%; p<0.01).
To conclude, overexpression of DDAH-I attenuated oxidative stress, inflam-
matory cytokines, and transplant arteriopathy in murine cardiac allografts.
These murine studies show that ADMA is an important regulator of NO syn-
thesis. Furthermore, a genetic reduction in plasma or tissue ADMA levels
has a vasculoprotective effect, as manifested in this model by a reduction in
transplant arteriopathy.

FIGURE 20.3. Representative sections of cardiac allografts stained with Elastica van
Gieson for evaluation of coronary arteries in donor hearts transplanted into wild-type
recipients (a) and into DDAH-I transgenic recipients (b). Note the marked fibrointi-
mal thickening and luminal narrowing, morphologically resembling typical human
GCAD, in donor hearts in wild-type recipients (a). In contrast, preserved vessel lumen
and decreased luminal narrowing is observed in donor hearts in DDAH-I transgenic
recipients (b). From Ref. [89] with permission.
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Conclusion

In organ transplantation, allograft eNOS expression and activity can be
impaired by preexisting arteriosclerotic disease in the graft, graft ischemia
before transplantation, immunosuppressive agents such as cyclosporin A and
tacrolimus, classical risk factors (hyperlipidemia, hypertension, diabetes,
hyperhomocysteinemia) and possibly, infectious diseases such as CMV. We
have substantial preliminary data indicating that there is an impairment of
the NOS pathway in cardiac transplant recipients, and that this impairment
is mediated by ADMA, the endogenous inhibitor of NOS. We furthermore
have evidence that a number of metabolic disturbances common to trans-
plant recipients may disrupt the NOS pathway by increasing the production
of ADMA and superoxide anion. The increase in plasma ADMA observed
in patients with cardiac allografts may contribute to transplant arteriopathy.
The further delineation of the mechanisms by which the NOS pathway
becomes dysregulated in transplant arteriopathy will be useful in the pursuit
of new diagnostic and therapeutic modalities.
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Insights into the Molecular
Mechanisms of Plaque Rupture 
and Thrombosis

P.K. SHAH AND BEHROOZ SHARIFI

Abstract
Understanding cellular and molecular mechanisms that contribute to plaque instabil-
ity and plaque rupture will continue to provide novel insights into prevention of ath-
erosclerosis, plaque rupture, and thrombosis.

Ruptured plaques and, by inference, plaques at risk for rupture (vulnerable or
unstable plaques) generally contain a large acellular lipid core with a reduced collagen
content and fewer collagen synthesizing smooth muscle cells, a thinned out fibrous
cap, intimal and adventitial inflammation with destruction of internal and external
elastic membranes, enhanced plaque neovascularity, and outward remodeling of the
vessel wall. Coronary culprit lesions responsible for 60–70% of acute coronary syn-
dromes evolve from only mildly or moderately stenotic lesions suggesting that such
less obstructive lesions may be more prone to plaque rupture and thrombosis.
Inflammation is implicated not only in the initiation and progression of atherosclero-
sis but also appears to play a critical role in promoting plaque vulnerability, plaque
rupture, and eventual thrombosis through its effect on matrix turnover and release of
thrombogenic mediators.

Keywords: atherosclerosis; inflammation; plaque erosion; plaque rupture; thrombosis

Introduction

Cardiovascular disease is the leading cause of death for both men and women
in the United States and much of the western world and is predicted to be the
leading global killer by 2020 [1]. Coronary heart disease, most strokes, and
limb ischemia are all caused by atherosclerosis. Some of its clinical manifes-
tations result from progressive luminal narrowing by an atherosclerotic
plaque with inward or constrictive remodeling and exaggerated or paradoxi-
cal vasoconstriction; however, it is the development of a thrombus over an
underlying plaque that causes the most acute and serious clinical manifesta-
tions of atherosclerotic vascular disease. Coronary thrombosis, therefore, is
responsible for the vast majority of cases of unstable angina, acute myocar-
dial infarction, and ischemic sudden death [2–6].
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Rupture of Atherosclerotic Plaque

A large number of studies have revealed that coronary thrombosis is the
proximate cause for abrupt coronary occlusion leading to acute myocardial
infarction, unstable angina, and many cases of sudden cardiac death [7–18].
Rupture of the fibrous cap is the underlying basis for 70–80% of coronary
thrombi with extension of the thrombus into the plaque as well as into the
lumen, and with propagation of the thrombus upstream from the site of cap
rupture [14, 18–20]. Coronary stenoses produced by plaques with a ruptured
fibrous cap and superimposed thrombus often produce a distinctive pattern
on contrast angiography characterized as a “complex lesion.” These lesions
have eccentric stenoses bearing irregular or overhanging margins and lucen-
cies or filling defects [9, 21].

Relationship to Plaque Size and Stenosis Severity

Plaques producing nonflow-limiting and less than severe stenoses have been
shown to account for more cases of plaque rupture and thrombosis than
plaques producing a more severe luminal diameter stenosis. In some cases a
coronary angiogram performed weeks or months before the acute event had
shown the culprit site to have <70% (often <50%) diameter narrowing [2, 15,
16, 21–27]. In line with the angiographic data, stress testing in stable coro-
nary disease patients has shown that the site of ischemia on stress myocar-
dial perfusion scintigraphy does not accurately predict the future site of
acute myocardial infarction [28]. This apparent clinical and angiographic
paradox may be attributed to several factors [29]: less stenotic plaques out-
number the more severely stenotic plaques, more stenotic plaques are likely
to promote collaterals which protect from clinically overt manifestations of
coronary occlusion, angiography underestimates stenosis severity, and
finally less stenotic plaques may be more vulnerable to plaque rupture. In
addition to plaque size, positive remodeling (outward expansion) versus neg-
ative remodeling (vessel shrinkage or contraction) can play an important
role in determining the net effect of a plaque on lumen size. Outward remod-
eling of unstable or vulnerable plaques may minimize luminal encroachment
despite large plaque size. Human studies using intravascular ultrasound
have, in fact, shown that outward arterial expansion due to positive remod-
eling is more common at culprit lesion sites in unstable angina, whereas
inward or negative remodeling is more common in stable angina [30–32].
Similarly, computer models show that larger lumens create greater circum-
ferential stress on the fibrous caps, thereby increasing their likelihood
of rupture [33]. Finally, recent histomorphometric data suggest that plaques
with prominent outward remodeling, on an average, contain a larger lipid
core and more inflammatory cells than plaques without outward remodel-
ing [34]. These histological attributes are known to be more prevalent in
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ruptured plaques and by inference in plaques at risk for rupture (vulnerable
plaques).

Relationship to Plaque Composition to Plaque Rupture

The concept of “plaque vulnerability” assumes that certain plaques have dis-
tinctive histological features present before the plaque ruptures (Table 21.1).
Plaques that rupture tend to be large, to demonstrate outward or positive
remodeling, have a large lipid core often occupying ≥40% plaque volume,
show inflammatory cell infiltration of the fibrous cap and adventitia, possess
a thin fibrous cap depleted of collagen, glycoseaminoglycans, and smooth
muscle cells and have increased adventitial and plaque neovascularity [2, 4,
30, 35–44].

The acellular lipid core is composed of free cholesterol, cholesterol crys-
tals, and cholesterol esters derived from lipids that have infiltrated the arte-
rial wall and also lipids derived from the death, by apoptosis or necrosis, of
foam cells, mostly macrophages. Accumulation of large quantities of free
cholesterol has been shown to induce macrophage apoptosis through the acti-
vation of endoplasmic reticulum mediated apoptotic gene program involving
Caspases, which can be abrogated by partial deficiency of the Niemen–Pick
disease type C gene; this enhanced apoptosis of macrophage–foam cells may
thus contribute to expansion of the acellular lipid core [35, 45]. Recently it
has been suggested that red cell membranes may contribute to expansion of
the lipid core when intraplaque hemorrhage brings red cells into the plaque
[46]. Such hemorrhage may occur from rupture of increased number of
neovessels that are abundant in atherosclerotic plaques. A large eccentric lipid
core could contribute to plaque instability by conferring a mechanical disad-
vantage to the plaque through redistribution of circumferential stress to the
shoulder regions of the plaque where nearly 60% of plaque ruptures tend to
occur [33, 36, 47–49]. Recent studies using genetic profiling have shown selec-
tive expression of a novel gene, perilipin, in ruptured human plaques. This is
of considerable interest since perilipin inhibits lipid hydrolysis and could con-
tribute to an accumulation of lipids in the core, thereby contributing to

TABLE 21.1. Phenotype of a plaque at risk for rupture.
● Large acellular lipid core (≥40% plaque volume)
● Thin fibrous cap depleted of collagen and smooth muscle cells
● Adventitial expansion with outward (positive) remodeling
● Inflammatory cell infiltration (monocyte–macrophages, activated T cells, dendritic cells, and

degranulating mast cells)
Of fibrous cap and around lipid core
Adventitia

● Increased plaque neovascularity and hemorrhage



plaque vulnerability [50]. In addition, the lipid core contains prothrombotic,
oxidized lipids and is impregnated with procoagulant tissue factor derived
from apoptotic macrophages. These make the lipid core highly thrombogenic
when exposed to circulating blood [51–55].

A number of studies have shown that ruptured plaques contain more
inflammatory cells compared to intact plaques. These cells are mostly mono-
cyte–macrophages, but also include activated T cells, dendritic cells, and acti-
vated degranulating mast cells expressing proteolytic enzymes tryptase and
chymase. Inflammatory cells are often found adjacent to the sites of fibrous
cap rupture and around the lipid core as well as in the adventitia around
areas of neovascularization [38, 56–60]. Inflammatory cells are probably
recruited into the atherosclerotic plaques by cell adhesion molecules, such as
vascular cell adhesion molecule (VCAM)-1, and chemokines, such as mono-
cyte chemoattractant protein (MCP)-1, interleukin-8, and eotaxin [61]. They
are then retained and activated in the vessel wall through the activity of other
cytokines such as the macrophage colony-stimulating factor (M-CSF).
Another potential avenue for the entry and recruitment of inflammatory
cells inside the atherosclerotic lesion may be through the adventitial neovas-
culature, which is enhanced in atherosclerosis [62–67]. It has also been sug-
gested that inflammatory cells may be derived from either resident arterial
or bone marrow-derived progenitor cells. Factors that contribute to recruit-
ment and activation of inflammatory cells and the inflammatory response
in atherosclerosis include oxidized lipids, cytokines, such as M-CSF,
increased angiotensin II activity, elevated arterial pressure, diabetes, obesity,
insulin resistance, smoking, chronic infections remote from the arterial wall,
possible infectious organisms in the vessel wall (Chlamydia pneumoniae,
cytomegalovirus, etc.) and activation of the immune system with release of
proinflammatory mediators, such as interferon-γ (IFN-γ), CD40-ligand, etc.,
in response to antigens such as oxidized low-density lipoprotein (LDL), heat
shock proteins (HSP), beta glycoprotein, and possibly others [4, 61]. In addi-
tion, a deficiency of natural anti-inflammatory molecules such as IL-10 and
transforming growth factor beta (TGF-β) may also promote plaque inflam-
mation and an unstable plaque phenotype [68–70]. Our laboratory has also
identified a role for toll-like receptor 4 (TLR-4) and myeloid differentiation
factor (MyD88) mediated innate immune signaling in the pathogenesis of
experimental atherosclerosis [71, 72].

The Relationship between Plaque Inflammation 
and Plaque Rupture

Thinning of the fibrous cap is generally considered to be a prelude to rup-
ture and is a sign of vulnerability. The cap protects the deeper components
of the plaque from contact with circulating blood, but thins out in the
vicinity of rupture. The fibrous cap is composed of matrix molecules, such
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as collagen, elastin, and proteoglycans, derived from smooth muscle cells.
Fibrous caps from ruptured plaques contain less extracellular matrix (col-
lagen and proteoglycans) and fewer smooth muscle cells than caps from
intact plaques [39].

The depletion of matrix components has been shown by us and others to
lead to cap thinning. Specifically fibrillar collagens from the fibrous cap are
depleted due to an imbalance between synthesis and breakdown. This pre-
disposes the fibrous cap to rupture, either spontaneously or in response to
hemodynamic or other triggers [2, 4]. Enhanced matrix breakdown has
been primarily attributed to a host of matrix-degrading metalloproteinases
(MMPs) and other proteases, such as cathepsins and tryptase/chymase, which
are expressed in atherosclerotic plaques by inflammatory cells (macrophages,
foam cells, and mast cells), and to a lesser extent, by smooth muscle cells and
endothelial cells [73–82]. These enzymes can degrade all components of the
extracellular matrix and have been shown to be catalytically active both in vitro
as well as in vivo [74, 83–85]. The activity of MMPs is tightly regulated at the
level of gene transcription, and also by their secretion in an inactive zymogen
form that requires extracellular activation and cosecretion of the tissue
inhibitors of metalloproteinases (TIMPs) [84]. Thus, increased gene transcrip-
tion, enhanced activation, and reduced activity of TIMPs can individually or
together create an environment for increased matrix degradation.

All the components necessary for the activation of the MMP pathway exist
in atherosclerotic plaques. Latent forms of MMPs can be activated by plas-
min (produced by the plasminogen activator (uPA) from plasminogen by
macrophages), trypsin, and chymase (derived from degranulating mast cells).
Increased MMP production can be induced by oxidized lipids, reactive oxy-
gen species, chlamydial HSP, CD40 ligation, inflammatory cytokines,
tenascin-C derived from macrophages and hemodynamic stress [59, 79–80,
86–92]. In addition to MMPs, increased expression of cysteine and aspartate
proteases of the cathepsin family, as well as reduced expression of their
inhibitor, cystatin-c, in human atherosclerotic lesions, may also contribute to
increased matrix breakdown in atherosclerosis [93, 94].

In addition to matrix degradation, matrix depletion may also result from
reduced synthesis due to a decrease in the number of smooth muscle cells or
a reduction in their synthetic function [38, 39]. The activated T cell-derived
cytokine, IFN-γ, inhibits collagen gene expression in smooth muscle cells in
vitro. This suggests that activated T cells in the plaque may inhibit matrix syn-
thesis by producing IFN-γ. Several investigators have demonstrated increased
smooth muscle cell death by apoptosis in human plaques, and several key
players of the death-signaling pathway have been identified in atherosclerotic
lesions [95–106]. Other stimuli that may induce smooth muscle cell death in
atherosclerosis include oxidized lipids and the epidermal growth factor
(EGF)-like domain of macrophage-derived tenascin-C (normally cryptic,
but exposed when MMPs cleave the intact tenascin-C molecule) and apo
C1-enriched high-density lipoprotein (HDL) [107, 108].
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Role of Plaque Inflammation in Thrombosis

The thrombogenic components of the plaque include collagen and the lipid
core and following rupture they are exposed to the circulation. The lipid core
tends to be the most thrombogenic part of the plaque in part due to direct
platelet activating effects of oxidized lipids but in large measure due to lipid
core being impregnated with catalytically active tissue factor that activates
the extrinsic clotting cascade leading to thrombin generation and thrombus
formation at sites of plaque rupture [52, 54, 55]. The major source of tissue
factor in the lipid core appears to be the apoptotic macrophage [106]. Thus
inflammatory cells primarily contribute to plaque thrombogenicity by pro-
viding a source of tissue factor. Lipid ingestion, exposure to oxidized lipids,
cytokines such as CD40-ligand, and other proinflammatory stimuli activate
macrophages to produce tissue factor [4]. Apoptosis of endothelial cells,
which has been shown to occur in response to hypochlorous acid produced
through inflammatory cell-derived myeloperoxidase enzyme, may also con-
tribute to the thrombogenicity of atherosclerotic lesions [109, 110].

Insights from Experimental Models of Plaque Rupture

Difficulties caused by a lack of resemblance to human disease have rendered
the data generated from animal models difficult to interpret and despite
numerous attempts no convincing and consistently reproducible animal
model of spontaneous atherosclerotic plaque rupture and thrombosis is cur-
rently available. In the past, investigators have injected catecholamines,
lipopolysaccharide (LPS), and Russel’s viper venom to trigger thrombosis in
rabbits with atherosclerosis [111], Rekhter and colleagues used a balloon
incorporated in the arterial wall to study the role of lipid accumulation and
macrophage infiltration on vulnerability to rupture [112]. However, these
models bear little resemblance to human disease. Mouse models provide a
similar story. Endothelin injections in apo E null mice have been shown to
trigger acute myocardial necrosis, but coronary plaque rupture and throm-
bosis were not the underlying mechanism [113]. Recent research with apo E
null mice revealed that there were frequent atherosclerotic lesions resembling
vulnerable plaques in the innominate artery. Although intraplaque hemor-
rhage was observed, frank rupture and thrombosis were not demonstrated
[114]. Other investigators have described findings suggestive of plaque rup-
ture and thrombosis in the innominate artery of genetic variations of apo E
null mice that were fed a lard-based high-fat diet [115].

Overexpression of MMP-1 has failed to produce plaque rupture in mice,
and paradoxical reduction in atherosclerosis was actually observed with
MMP-1 overexpression, raising some questions about the role of MMPs as
the critical mediator of plaque rupture [116]. Recently, Calara et al. [117]
reported findings suggestive of plaque rupture and thrombosis in apo E and
LDL-receptor null mice, but the overall frequency was quite low. Von der
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Thusen and colleagues reported evidence of plaque rupture in murine mod-
els of atherosclerosis in response to vasopressor infusion when the proapop-
totic gene p53 was overexpressed locally in carotid plaques [118]. However,
this model again suffers from the drawback that both p53 overexpression and
pressor stimuli were required making it less of a model of spontaneous
plaque rupture and thrombosis. Despite these limitations, search for a model
of spontaneous plaque rupture and thrombosis continues.

Potential Role of Extrinsic Triggers in Plaque Rupture

Plaque rupture may follow events, such as extreme physical activity (espe-
cially in someone unaccustomed to regular exercise), severe emotional
trauma, sexual activity, exposure to illicit drugs (cocaine, marijuana, amphet-
amines), exposure to cold, or acute infection [119–127]. However it may also
occur spontaneously without obvious triggers.

While plaque rupture often leads to thrombosis with the clinical manifes-
tations of an acute coronary syndrome, it may also occur without clinical
manifestations (silent plaque rupture). In approximately 40–80% of cases of
acute coronary syndrome, multiple plaque ruptures have been demonstrated
in arterial segments remote from the acute culprit site [128]. The thrombotic
response to a plaque rupture is probably regulated by the thrombogenicity of
the exposed plaque constituents, the local hemorrheology (determined by the
severity of underlying stenosis), shear-induced platelet activation, and also
by systemic thrombogenicity and fibrinolytic activity [2, 4]. Lipid-rich
plaques may be more thrombogenic than fibrous plaques, probably because
of the high content of tissue factor in the lipid core [55]. The major source of
tissue factor appears to be the macrophage. Apoptosis of macrophages may
impregnate the lipid core with tissue factor-laden microparticles, making the
lipid core highly thrombogenic [53]. Inflammatory cells, therefore, may be
critical in influencing plaque thrombogenicity.

Recent studies in our laboratory have shown that plaques of smokers con-
tain more tissue factor and inflammatory cells (macrophages) compared to
nonsmokers, perhaps contributing to the high thrombotic risk in smokers
[129]. Furthermore, coronary collaterals may also influence the clinical con-
sequences of acute coronary occlusion. Several investigators have suggested
that organization and healing at the site of plaque rupture and thrombosis
may eventually lead to rapid progression of plaque and worsening of steno-
sis, thereby providing a mechanism for atherosclerosis progression [130].

Plaque Erosion and Calcified Nodules

Coronary thrombi have been observed overlying atherosclerotic plaques in
20–40% of cases, without rupture of the fibrous cap [2, 4, 13, 131, 132]. Such
thrombi occur over plaques with superficial endothelial erosion. These erosions
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are particularly common in young victims of sudden death, in smokers, and in
women. Plaques under such thrombi do not have a large lipid core, but rather a
proteoglycan-rich matrix. The prevalence of inflammation is also lower than
that in plaque rupture. The precise mechanisms of thrombosis in this scenario
are unknown. It is conceivable that thrombosis in such cases is triggered by an
enhanced systemic thrombogenic state (enhanced platelet aggregability,
increased circulating tissue factor levels, depressed fibrinolytic state) [2, 4].
Activated circulating leukocytes may transfer active tissue factor by shedding
microparticles and transferring them onto adherent platelets [133, 134]. It is
possible that these circulating sources of tissue factor (rather than plaque-
derived tissue factor) contribute to thrombosis at sites of superficial endothelial
denudation such as in plaque erosion. In addition, endothelial cell apoptosis
may also increase local thrombogenicity accounting for both endothelial
denudation and thrombosis in plaque erosion [109, 110]. Furthermore, severe
deficiencies of antithrombotic molecules, thrombomodulin, and protein-C
receptor, on advanced atherosclerotic lesions may also contribute to thrombo-
sis [135]. Erosion of a calcified nodule within an atherosclerotic plaque has also
been reported as an uncommon cause of coronary thrombosis.

Implications for Plaque Stabilization through Change 
in Plaque Phenotype

Several angiographic studies have shown that risk factor modification leads
to reduced new lesion formation, less lesion progression, and in some cases,
actual regression. However, these studies have also shown that the magnitude
of vaso-occlusive clinical event reduction is far greater than that accounted
for by the relatively small changes in stenosis severity. This apparent discrep-
ancy has led to the following hypotheses: (a) risk factor modification may
induce plaque regression and reverse remodeling with little net change in
stenosis severity; or (b) risk factor modification may not change plaque mass
or stenosis severity, but might reduce the propensity for plaque rupture and
thrombosis by changing the composition of the plaque. The latter possibility
is referred to as “plaque stabilization” [2, 4, 136–141]. Studies in animals have
in fact shown that lowering lipids through diet, statin therapy, or direct
administration of apo A-I and HDL-like particles, can deplete lipids, reduce
inflammation, sometimes reduce MMP and tissue factor levels, and increase
the collagen content of atherosclerotic lesions [142–148]. Thus, plaque com-
position change can be achieved in animal models.

Similarly our laboratory has recently demonstrated that 3 months of ther-
apy with pravastatin also favorably modifies human carotid plaque composi-
tion to a more stable phenotype, providing the first human data paralleling
the results from animal models [149]. It can be postulated, therefore, that
reducing lipids and inflammation in atherosclerotic plaques may help to
lower the risk of plaque rupture and subsequent thrombosis. Also, such a



plaque-stabilizing effect may account for the clinical benefits of risk factor
modification by lifestyle changes and drug therapy (lipid-modifying drugs,
angiotensin-converting enzyme, and angiotensin-II receptor blockers) [2, 4].
Future additional approaches may include direct administration of HDL and
its apolipoproteins, and novel HDL-boosting compounds, such as inhibitors
of cholesterol ester transfer protein (CETP), orally effective apo A-I mimetic
peptides, PPAR agonists, and inhibitors of the endocannabinoid system such
as rimonabant [150–155].

Summary

Atherosclerosis is a chronic immunoinflammatory disease characterized by
lipid and matrix deposition, neoangiogenesis, inflammation and immune
activation, vessel wall remodeling, and abnormal vasomotor regulation.
Inflammatory/immune gene activation appears to be a common pathophysi-
ologic underpinning in the evolution and progression of atherosclerosis. The
natural history of atherosclerotic vascular disease is characterized by
episodes of plaque rupture and superficial endothelial erosion leading to
thrombus formation, which is the proximate event responsible for acute
ischemic syndromes. Considerable evidence implicates inflammation in the
process of plaque rupture and subsequent thrombosis with multiple risk fac-
tors serving as potential proinflammatory triggers. Risk factor modification
appears to reduce acute vaso-occlusive events primarily by changing the
plaque phenotype from one that is vulnerable to rupture into the one that is
less prone to rupture. This process of plaque stabilizations represents a novel
paradigm in atherosclerosis management.
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Development of Atherosclerosis 
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Abstract
Atherosclerosis is commonly associated with unstable angina and acute myocardial
infarction. It occurs as a result of a cascade of events caused by various environ-
mental, dietary, genetic, and inflammatory factors. Different epidemiological studies
have suggested that moderate amounts of red wine consumption reduce the risk of
complications associated with atherosclerosis. This contention is further supported
by a variety of experimental investigations demonstrating that both alcoholic and
phenolic components are responsible for the apparent protective effects of red wine.
The maintenance of endothelial function, augmentation in the levels of high-density
lipoproteins (HDLs), prevention of low-density lipoprotein (LDL) oxidation, atten-
uation of smooth muscle proliferation and migration, inhibition of platelet aggrega-
tion and adhesion, as well as reduction in inflammatory mediators are major
mechanisms linked with the protective effects of red wine. Despite these beneficial
effects, insufficient information is available to recommend red wine as a therapeutic
strategy to prevent atherosclerosis. Particularly, in view of high alcoholic content,
excessive consumption of red wine can be seen to produce harmful effects. Therefore,
a large-scale clinical trial is needed to determine the exact amount of red wine
required for the beneficial effects and to categorize it as a future antiatherosclerotic
agent.

Keywords: endothelial function; inflammation; LDL oxidation; lipoproteins; nitric
oxide; red wine; thrombosis; vascular smooth muscle cells

Abbreviations: CAD, coronary artery disease; eNOS, endothelial NO synthase; ET-1,
endothelin-1; HDL, high-density lipoprotein; hs-CRP, high-sensitivity C-reactive pro-
tein; HUVEC, human umbilical vein endothelial cells; ICAM, intercellular adhesion
molecule; IL, interleukin; iNOS, inducible NO synthase; LDL, low-density lipopro-
tein; MCP, monocyte chemoattractant protein; NFkB, nuclear factor kappa B; NO,
nitric oxide; Ox-LDL, oxidized LDL; PDGF, platelet-derived growth factor; SMC,
smooth muscle cell; TNF, tumor necrosis factor; VCAM, vascular cell adhesion mol-
ecule; VSMC, vascular smooth muscle cell
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Introduction

Atherosclerosis, manifested by coronary artery disease (CAD), peripheral
arterial disease, and cerebrovascular disease, is the major problem of global
concern [1]. Multiple Risk Factor Intervention Trial and Framingham Studies
have identified that hypercholesterolemia, hypertension, diabetes, as well as
lifestyle factors such as stress, physical inactivity, and cigarette smoking
are the major risk factors associated with the development of atherosclerosis
[2, 3]. Over the past decades, primary and secondary prevention trials with
hydroxyl-methyl glutaryl coenzyme A (HMG-CoA) inhibitors/statins have
supported the contention that lowering low-density lipoprotein (LDL) cho-
lesterol is the primary target for the prevention of atherosclerotic disease
development [4]. However, a significant gap exists between the current statin
therapy and the third report of the National Cholesterol Education Program
(NCEP) Expert Panel on Detection, Evaluation, and Treatment of High
Blood Cholesterol in Adults (Adult Treatment Panel III) guidelines [5]. It has
been suggested that treatment goal for aggressive lipid lowering for LDL for
high-risk patients of CAD should be <100 mg/dL [5]. To achieve this goal,
higher doses of statins are needed; however, such higher doses have greater
risk of adverse effects and each two-, three-, and fourfold increase causes 6%,
12%, and 18% decrease (only a minor change) in LDL concentration, respec-
tively [6]. In addition, for every 1% fall in serum LDL level only 2% reduction
in the incidence of CAD has been reported [7]. Because of the pleiotropic
effects of statins (beyond LDL lowering) including the maintenance of
endothelial function, attenuation of smooth muscle cell (SMC) proliferation,
reduction of inflammatory response, stabilization of plaque and prevention
of oxidative stress [8], the relationship between reducing cholesterol and ather-
osclerotic plaque development remains questionable. Therefore, new treatment
strategies, especially the modification of lifestyle factors are considered neces-
sary, which can be opted in combination with the moderate doses of statins to
prevent the development and progression of the disease.

Epidemiological studies have demonstrated that despite the consumption
of high saturated fat intake, the prevalence of death due to CAD in France
is relatively less as compared to USA and other Western countries [9]. An
inverse relationship between intake of red wine and mortality due to CAD
has been revealed as the basis for the French paradox [9]. In addition, a sig-
nificant reduction (70%) in the risk of newer coronary events has been
reported by the intake of Mediterranean diet, which includes moderate con-
sumption of red wine [10]. Since red wine is a combination of ethanol and
other polyphenolic substances (Table 22.1) [11, 12], the participation of
these individual components in the prevention of atherosclerotic plaque
development is not completely elucidated. Accordingly, this review has
attempted to describe the effects of red wine on the modification of bio-
chemical and cellular events occurring during the disease process. In addi-
tion, the pathophysiology of atherosclerosis has been discussed to have a
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better understanding of its therapeutic targets in general and red wine in
particular.

Biochemical and Cellular Events in the Development 
of Atherosclerosis

Atherosclerosis is multifactorial and polygenic in origin and develops
decades earlier than its clinical manifestation [13]. The clinical silent phase
of the disease initiates in the form of an inflammatory response, associated
with fatty streak formation subsequent to intimal thickening, leading to the
development of atherosclerotic plaque, which consists of cholesterol crys-
tals, lymphocytes, proliferating SMCs, foam cells, proteoglycans, and cell
debris [13, 14]. The later apparent stage of the disease is manifested by arte-
rial calcification, thinning of fibrous cap, plaque rupture producing
microemboli, hemorrhage, and intravascular thrombosis [14, 15]. Different
biochemical and cellular events underlying the disease processes due to var-
ious pathophysiological factors including diabetes, hypertension, and
hypercholesterolemia are shown in Fig. 22.1.

Intimal Thickening and Plaque Formation
The classic response-to-injury hypothesis has postulated that alteration in
endothelial function is the initial step of disease process [16]. The potential
causes of endothelial dysfunction include oxidative stress, mechanical stress,
genetic alterations, elevated plasma homocysteine levels, and infectious
microorganisms [17]. In spite of the different means of endothelial injury, the
end result occurs as an increase in endothelial permeability, imbalance
between endothelium-derived relaxing factors and endothelium-derived con-
tracting factors, expression of adhesion molecules, release of growth factors
and chemotactic factors leading to intimal thickening and plaque formation
[18]. It is important to note that under physiological conditions, the secretion

TABLE 22.1. Different components of red wine.
Components

Ethanol
Polyphenolic substances
Flavonoids

Flavonols (Myricetin, Quercetin, Kaempferol)
Flavan-3-ols (Tannins, Proanthocyanidines, Gallocatechin, Catechin, Epicatechin)
Anthocyanins (Cyanidin, Malvidin)

Nonflavonoids
Hydroxycinnamic acid derivatives (Caffeic acid, Ferulic acid, p-Coumaric acid)
Hydroxy benzoic acid derivatives (Gallic acid, Vanillic acid)
Stilbenes and Stilbene glycosides (Resveratrol)
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of adhesion molecules such as vascular cell adhesion molecule-1 (VCAM-1),
intercellular adhesion molecule-1 (ICAM-1), E-selectin, and endothelial
leukocyte adhesion molecule is regulated by proinflammatory cytokines such
as tumor necrosis factor-α (TNF-α), interleukin (IL)-1, IL-4, IL-6, and inter-
feron-γ [19]. However, in the presence of endothelial dysfunction, the levels of
these cytokines have been shown to be elevated, which in turn cause more
production of adhesion molecules and thus favor the monocyte recruitment
and adhesion to the endothelium [20]. The recruited monocytes differentiate
to macrophages in the subendothelial space and further aggravate the develop-
ment of atherosclerosis [21].

Formation of Fatty Streak
The alteration in endothelial permeability triggers the transmigration of
LDL particles into the intima through the endothelial layer, where it is modi-
fied by oxidative stress to oxidized LDL (Ox-LDL) [22]. Macrophage lipoxy-
genase, myeloperoxidase, and NADPH oxidase are the major sources of
reactive oxygen species production [23]. Oxidation of polyunsaturated fatty
acids within the LDL causes the release of aldehyde and ketones such as
malondialdehyde and 4-hydroxynonenal, which can alter the lysine residues
on apolipoproteins B-100 (apoB-100), the major protein of LDL [24]. The

FIGURE 22.1. Different biochemical and cellular processes participating in the devel-
opment of atherosclerosis.
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modified apoB-100 is no longer recognized by the macrophage apoB recep-
tor, but instead is taken by the macrophage scavenger receptor leading to the
formation of foam cells and results in fatty streak [24].

Formation of Lipid Core
The uptake of Ox-LDL by macrophages is the major stimulus for the pro-
duction and release of various cytokines such as TNF-α, IL-1β, and IL-8 as
well as cytotoxic substances leading to an inflammatory response [25]. These
cytokines cause the recruitment of macrophages, T cells, and SMCs, as well
as upregulate the expression of endothelial adhesion molecules [17]. The
cytotoxic substances released by macrophages further oxidize LDL particles
in the intima and promote their uptake by macrophages. The continuation of
this process converts the foam cells into lipid pools and ultimately forms the
lipid core of the atherosclerotic plaque [17].

Stabilization of the Plaque
The proliferation and migration of SMCs from media to intima form the
fibrous cap, which causes stabilization of the plaque [15]. Once in the intima,
SMCs cause the production of cytokines, growth factors, and extracellular
matrix consisting of collagen and proteoglycans [15]. In addition, lysophos-
phatidylcholine, a product formed by LDL oxidation and a potent chemoat-
tractant for monocytes and T-lymphocytes, induces the expression of
VCAM-1 and ICAM-1, increases the level of platelet-derived growth factor
(PDGF) and heparin-binding epidermal growth factor in endothelial cells
and SMCs [15]. Furthermore, lysophosphatidic acid is released from Ox-
LDL, which stimulates vascular smooth muscle cell (VSMC) proliferation as
well as platelet aggregation, increases intracellular Ca2+ concentration and
thus promotes the formation of atherosclerotic plaque [26, 27]. Ox-LDL
itself is toxic to macrophages and therefore contributes to the amplification
of inflammatory process and triggers the formation of necrotic core in the
advanced atherosclerotic lesions [23]. The lipid droplets released from the
dead macrophages are phagocytized by SMCs leading to the production of
SMC foam cells [28]. It is emphasized that the degree of SMC proliferation,
migration, extracellular matrix formation, and extent of mature plaque for-
mation is determined by the mutual interaction between platelets, endothe-
lium, SMCs, and macrophages.

Progression of the Disease and Destabilization 
of Atherosclerotic Plaque
The slow progression of disease leads to ischemia by reduction in the lumen
size; this condition is clinically manifested as angina [29]. Chronic inflam-
matory reaction and induction of calcification-mediated changes in the

Chapter 22. Modification of Biochemical and Cellular Processes 479



mechanistic characteristics of arteries predisposes the plaque to rupture
[29]. The increased expression of matrix metalloproteases is mainly respon-
sible for atherosclerotic plaque rupture [15]. In addition, thinning of the
fibrous cap triggers the plaque rupturing process and exposes the thrombo-
genic contents of plaque to blood stream leading to the formation of
thrombus [17]. Furthermore, production of Ox-LDL, platelet accumula-
tion, local increase in tissue factor, thromboxane A2, serotonin, ADP, and
platelet-activating factor aggravate the formation of thrombosis [17], which
is manifested by acute coronary syndromes such as acute myocardial infarc-
tion and unstable angina [29]. Because of the complex acquaintance
between environmental, genetic, cellular, and biochemical factors, the
sequential characterization of atherosclerotic lesions in individual patients
is far from clear. Therefore, evidence-based therapies as a result of epi-
demiological studies through risk factor modification are considered to
provide significant clinical benefits.

Antiatherosclerotic Effects of Red Wine

Various experimental studies have demonstrated that both the alcoholic and
polyphenolic components of red wine prevent the development and progres-
sion of atherosclerosis by modifying the following biochemical and cellular
events during the disease process.

Modification of Nitric Oxide (NO)-Mediated
Vasoprotection by Red Wine
NO plays an important role in maintaining the vascular tone because of its
strong vasorelaxing ability [30]. NO-induced protection in the early phase of
atherosclerosis is mainly mediated by prevention of leukocyte migration and
adhesion to the vascular endothelium by a decrease in monocyte chemoattrac-
tant protein-1 (MCP-1) [31], surface adhesion molecules such as CD11/CD18,
P selectin, VCAM-1, and ICAM-1 [32, 33]. The protection by NO in the latter
stages of atherosclerosis is manifested by inhibition of DNA synthesis, mito-
genesis, VSMC proliferation, and migration [34]. In addition, NO is a potent
inhibitor of platelet aggregation and adhesion to the vascular wall [35] and pre-
vents the release of PDGFs, which are known to stimulate SMC proliferation
[36]. Furthermore, the antiatherosclerotic properties of NO are associated with
its ability to decrease endothelial permeability, reduce influx of LDL into the
intima and inhibit LDL oxidation [37]. Red wine has been shown to cause the
endothelium-dependent relaxation of blood vessels via enhanced generation
and increased biological activity of NO [38]. Fitzpatrick et al. [39] have demon-
strated that this effect of red wine is due to its polyphenolic components such
as quercitin and tannic acid, unlike resveratrol and malvidin, which have the
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ability to generate NO from the vascular endothelium as seen in phenyle-
phrine-contracted rat aortic rings. Similarly, NO-mediated vasodilation after
incubation with red wine polyphenols has been observed in human coronary
arteries [40].

Andriambeloson et al. [41] have demonstrated that in rat aortic rings pre-
constricted with norepinephrine, red wine polyphenols-induced endothelium-
dependent relaxation to acetylcholine is linked with enhanced NO synthesis
instead of increasing the biological effectiveness of NO or via protecting
its breakdown by superoxide anions. On the other hand, Zenebe et al. [42] have
reported that polyphenols in red wine prolong the half-life and increase the
bioavailability of NO by preventing its degradation by reactive oxygen species.
Although the molecular mechanisms associated with red wine polyphenols-
induced vasoprotection are not completely elucidated, recent studies have
shown the involvement of endothelial NO synthase (eNOS) activation in the
presence of polyphenols [43]. An increase in the activity of eNOS promoter
with eNOS mRNA stabilization has been demonstrated in human endothelial
cells by red wine polyphenol treatment [43]; resveratrol has been reported to be
the major red wine polyphenol responsible for such an effect [44]. In contrast,
the ethanol present in red wine has not been associated with upregulation of
eNOS expression under similar experimental conditions [43]. However, the
alterations in eNOS expression in the presence of red wine are still controver-
sial as results vary with the variety of red wine. Exposure of French red wine
independent of their maturation in oak barrels or steel tanks, significantly
enhances eNOS activity, mRNA, and protein content in cultured human
umbilical vein endothelial cells (HUVEC) both in a time and concentration-
dependent manner [43]. On the other hand, no such effect on eNOS expression
was observed in the presence of German red wines [43]. The difference in the
polyphenol content may be the reason for these controversial findings because
the French red wine has higher contents of polyphenols than other wines [45].

Additional mechanisms underlying NO-dependent vasoprotection have
been demonstrated in different cell types after red wine polyphenol treat-
ment. An increase in the intracellular Ca2+ concentration, which causes aug-
mentation of NO biosynthesis, has been reported in rat thoracic aorta and
bovine aortic endothelial cells upon red wine polyphenol treatment [41, 46].
In addition, an increase in the expression of cyclooxgenase-2, release of
endothelial thromboxane A2 and the expression of inducible NO synthase
(iNOS) have been observed in rat aorta after treatment with dry powder of
red wine [47]. These investigators have suggested that increased expression
of iNOS may compensate the extra endothelial NO-induced hyporeactivity
in response to norepinephrine in order to maintain the agonist-induced con-
traction [47]. Besides NO production, the formation of other mediators
of vascular tone such as prostacyclin (PGI2), a potent vasodilator, and
antiplatelet agent [48] as well as endothelium-derived hyperpolarizing factor,
a redox-sensitive vasodilator [49], are also increased by red wine polyphenols.
In addition, the synthesis of endothelin-1 (ET-1), a potent vasoconstrictor
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substance, is reduced by polyphenol treatment [50]. Furthermore, red wine
polyphenols decrease the levels of high-sensitivity C-reactive protein (hs-
CRP), which is a marker of early inflammatory disease and a potential risk
predictor for future atherosclerosis [51].

Modification of High-Density Lipoprotein (HDL) Content
by Red Wine
The antiatherosclerotic properties of HDL are related with the role of HDL
in reverse cholesterol transport as HDL removes excess cholesterol from
peripheral tissues and transports it to the liver [52]. In addition, HDL-
induced prevention of LDL oxidation plays an important role in the preven-
tion of atherosclerotic plaque development [53]. Conversion of bioactive
lipid peroxidation products into inactive compounds by HDL associated
enzymes such as paraoxonase [54], platelet activating factor acetylhydrolase
[55] and lecithin-cholesterol acyltransferase [56] appear to be the major
mechanisms for such an effect. Furthermore, shift of lipid peroxidation prod-
ucts from LDL to HDL followed by conversion of cholesteryl ester hydroper-
oxides to stable cholesteryl ester hydroxides are implicated in the protective
effects of HDL [57]. Red wine consumption increases the level of HDL [58],
which is linked with an increase in HDL cholesterol and apolipoprotein A-I
[59]. Enrichment of HDL particles with polyunsaturated phospholipids such
as arachidonic acid and eicosapentaenoic acid, especially those containing
omega-3 (C20:5) are associated with the antiatherosclerotic effects of red
wine [59]. Furthermore, recent studies have shown that HDL causes an
increase in the production of NO [60], a known vasoprotective agent [30–37].
Red wine-induced increase in the plasma HDL content along with an
increase in NO and attenuation of ET-1 as well as hs-CRP play an important
role in maintenance of endothelial function in the initial stages of athero-
sclerosis as shown in Fig. 22.2.

Modification of LDL Oxidation by Red Wine
Polyphenols from red wine such as catechin and quercetin have the capability
to protect the LDL from oxidation [61]. It has been demonstrated that
polyphenols bind to LDL and polyphenol-enriched LDL is resistant to oxi-
dation in contrast to native LDL [62]. Reduction in LDL oxidation followed
by a significant decrease in atherosclerotic lesion area was also observed in
apolipoprotein E (apoE) deficient mice in which accelerated atherosclerosis is
associated with increased lipid peroxidation of plasma, LDL and very low-
density lipoproteins (VLDL), as well as increased susceptibility of these
lipoproteins to undergo lipid peroxidation under oxidative stress [63, 64]. In
addition, LDL aggregation which is directly related with LDL oxidation, and
shown to be taken up by macrophages at an enhanced rate leading to foam cell
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formation, is also reduced by red wine, quercetin, and catechin in atheroscle-
rotic apoE knockout mice [64]. These observations were further verified by
treating LDL, isolated from human volunteers, who consumed wine for a
period of 2 weeks. Cu2+-induced lipid peroxidation manifested by the forma-
tion of lipid peroxides, thiobarbituric acid reaction substances, and conju-
gated dienes was reduced 72%, 54%, and 46%, respectively in these subjects
after red wine consumption [65]. Two possible mechanisms have been pro-
posed; firstly, the phenolic compounds complex with Cu2+ reductase and
covert Cu2+ to Cu+, which in turn reduces hydroperoxides; secondly, phenols
in wine may act as self-regenerating reducing components [61]. Although
grape juice has been reported to inhibit the Cu2+ catalyzed human LDL oxi-
dation in vitro, red wine consumption-induced enhancement of LDL resist-
ance to oxidation in vivo was not mimicked by grape juice consumption [66].
Increased intestinal absorption of flavonoids due to alcohol content of red
wine may be the reason for such an effect [67]. In addition, it has been demon-
strated that alcohol is a natural stabilizing agent for polyphenolic components
in red wine [68] and thus the effectiveness of polyphenols in red wine and
grape juice appears to be different. Red wine polyphenols have also been
reported to prevent LDL oxidation by reducing oxidative stress in
macrophages through inhibition of oxygenases such as NADPH oxidase,
15-lipoxygenase, cytochrome P450, myeloperoxidase as well as by increasing
the cellular antioxidants such as glutathione system [69].

FIGURE 22.2. Effect of red wine on maintenance of endothelial function. HDL, high-
density lipoproteins; NO, nitric oxide; ET-1, endothelin-1; hs-CRP, high sensitivity
C-reactive protein; ↑, increase; ↓, decrease.
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Modification of VSMC Proliferation by Red Wine
VSMC proliferation and migration are the critical events associated with the
progressive intimal thickening and arterial wall sclerosis [16]. Red wine
polyphenols have been shown to inhibit the SMC proliferation and DNA
synthesis in rat aortic SMCs [38]. Different mechanisms have been proposed;
the potential pathway involves the downregulation of activating transcrip-
tional factor-1 and cAMP response element leading to the decreased expres-
sion of cyclin A, a cell cycle regulator in DNA replication at G1/S transition
and in the S and G2/M phases [38]. Red wine polyphenol, resveratrol, has
been shown to be the major component linked with inhibition of the cell
cycle progression at S/G2 phase transition and prevention of VSMC prolif-
eration [70]. Resveratrol-mediated production of reactive oxygen species by
binding with DNA and subsequent reduction of Cu2+ to Cu+ has also been
suggested as the DNA cleaving effect of resveratrol [71]. Another mechanism
involves the downregulation of phosphatidylinositol 3′-kinase and p38 mito-
gen-activated protein kinase activity [38]. In addition, red wine polyphenols
has been shown to be associated with inhibition of VSMC-mediated migra-
tion during atherosclerosis [72]. Inhibition of PDGFβ has also been linked
with red wine polyphenol-mediated VSMC proliferation and migration [72].
Furthermore, PDGF-induced overexpression of vascular endothelial growth
factor and other growth factors such as α-thrombonin and transforming
growth factor-β, which are mainly involved in VSMC proliferation, have been
shown to be inhibited by red wine polyphenols [73].

Modification of Inflammation by Red Wine
Moderate amount of red wine has been reported to inhibit the expression of
MCP-1, a potent chemoattractant for circulating monocytes, and to cause
reduction in neointimal hyperplasia after balloon injury in cholesterol fed rab-
bits [74]. In addition, red wine prevents the activation of nuclear factor kappa
B (NFκB), a transcriptional factor involved in immune and inflammatory
response, in peripheral blood mononuclear cells [75]. Furthermore, a signifi-
cant reduction in the inflammatory mediators of atherosclerosis such as lym-
phocyte function associated antigen-1, Mac-1, very late activation antigen-4,
VCAM-1, ICAM-1, IL-1α, hs-CRP, and fibrogen content was observed in
healthy individuals by red wine consumption [51]. Although no effect on
serum TNF-α content was observed after red wine polyphenols, TNF-α
induced VCAM-1 expression was reduced by polyphenols especially proan-
thocyanidines in human umbilical endothelial cells leading to reduced adhe-
sion with leukocytes and T-cells [76, 77]. Recent studies have demonstrated
that resveratrol in red wine has the capability to reduce TNF-α and
lipopolysaccharide stimulated expression of VCAM-1 in HUVEC [78]. This
effect of red wine was simulated by N-acetyl cysteine, a known antioxidant,
suggesting the involvement of reactive oxygen species in this process [78].
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Since VCAM-1 promoter has various binding regions for transcriptional fac-
tors such as NFκB and activator protein-1, resveratrol has also been shown to
inhibit the activation of these transcriptional factors in addition to VCAM-1
[79]. Previous studies have shown that quercetin and resveratrol prove to be
effective inhibitors of 5-lipoxygenase pathways, which are known to be
involved in the synthesis of leukotriens, powerful mediators of inflammation
[80]. Resveratrol also inhibits the release of elastase and β-glucuronidase from
neutrophil, which inhibits the expression of β2-integrin as well as Mac-1, and
therefore it downregulates the adhesion-dependent thrombogenic functions
[81]. From these observations, it emerges that red wine consumption causes
the inhibition of LDL oxidation, VSMC proliferation and migration, as well
as various inflammatory mediators, which are important targets for impair-
ment of the plaque formation and progression as shown in Figs. 22.3 and 22.4.

Modification of Platelet Aggregation and Thrombosis 
by Red Wine
Red wine supplementation has been shown to prevent experimental thrombo-
sis in mechanically stenosed canine coronary arteries independent of its alco-
hol content [82]. Xia et al. [83] have demonstrated that polyphenols are
responsible for the antiplatelet aggregation effect of red wine. Keevil et al. [84]
have further confirmed the involvement of polyphenols in the inhibition
of platelet aggregation as drinking approximately two cups of purple grape
juice for 1 week inhibits the platelet aggregation in healthy humans as 

FIGURE 22.3. Effect of red wine on impairment of plaque formation. LDL, low-
density lipoprotein; VCAM-1, vascular cell adhesion molecule-1; MCP-1, monocyte
chemoattractant protein-1; NFκB, nuclear factor kappa B; ↓, decrease.

↓ LDL
oxidation

↓ VCAM-1

Red wine

Impairment of
plaque formation

↓ Atherosclerosis

↓ MCP-1
↓ Macrophage
transmigration

↓ NF-κB



486 Harjot K. Saini et al.

determined by whole blood aggregometry with collagen, ADP or thrombin.
To further establish whether ethanol or phenolic components of red wine
exert inhibitory effect on hemostasis and thrombosis, Wollny et al. [85] treated
rats with both of these components. The authors concluded that red wine
causes attenuation of hemostatic parameters, such as template bleeding time
and platelet adhesion to fibrillar collagen as well as prevents the experimental
thrombosis regardless of its alcohol content [85]. In addition, alcohol-free red
wine has been shown to be as effective as original wine suggesting that red
wine components other than alcohol may be responsible for the observed
effects [85]. In vitro experiments have demonstrated that polyphenols such as
resveratrol and quercitin have the maximum antiplatelet aggregating effect
[86]. Quercitin and resveratrol have also been found to potentiate PGI2 levels
by increasing cAMP in platelets, which cause a decrease in cytosolic Ca2+ lead-
ing to prevention of platelet aggregation [86]. Resveratrol has also been
reported as an inhibitor of cyclooxygenase pathway as it causes a decrease in
thromboxane A2 production [87]. In addition, quercetin inhibits lipoxygenase
system by impairing 12-hydroxyeicosatetraenoic production. Furthermore, it
has been observed that red wine polyphenols inhibit phosphodiesterase, phop-
sholipase A2 and reduce oxidative stress on thrombocytes [87]. Wolley et al.
[85] have demonstrated the involvement of NO in the prevention of experi-
mental thrombosis by red wine polyphenol treatment. It is pointed out that
ethanol has no effect on hemostatic parameters, whereas it causes a reduction
in experimental thrombosis [85]. These studies indicated that alcohol and non-
alcoholic components of red wine have different effects on atherosclerosis

FIGURE 22.4. Effect of red wine on attenuation of plaque progression. LDL, low-
density lipoprotein; SMC, smooth muscle cell; ↓, decrease.
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plaque development and progression [85]. On the other hand, Pellegrini et al.
[88] in a randomized crossover study have reported that alcoholic content of
red wine, unlike nonalcoholic components, causes a decrease in collagen-
induced platelet aggregation and fibrinogen content suggesting that beneficial
effects of red wine on platelet aggregation and haemostatic variables are asso-
ciated with the alcohol content. Nonetheless, both alcohol and polyphenolic
compounds in red wine have antithrombotic properties as the reduction in the
levels of tissue factor, von Willebrand factor and factor VII was observed after
moderate amounts of alcohol consumption [89] with an increase in tissue
plasminogen activator and reduction in plasminogen activator inhibitor
antigen-1 after red wine intake [90, 91]. The schematic representation of
antithrombotic effect of red wine is given in Fig. 22.5.

Conclusions

From the forgoing discussion, it is evident that we have described the
sequence of events associated with the biochemical and cellular processes
for the development and progression of atherosclerosis. Various factors such
as hypercholesterolemia, oxidative stress, inflammation, endothelial dys-
function, SMC proliferation and migration, platelet activation, and adhe-
sion of monocytes seem to play a critical role in the genesis and progression
of atherosclerosis. Although a variety of possible mechanisms have been
proposed for the antiatherosclerotic effects of alcoholic and polyphenolic

FIGURE 22.5. Effect of red wine on reduction of thrombus formation. TF, tissue
factor; vWF, von Willebrand factor; tPA, tissue plasminogen activator; ↑, increase; ↓,
decrease.

Red wine

↓ TF, vWF,
factor VII ↓ Fibrinogen ↓ Platelet

aggregation

↓ Atherosclerosis

Reduction of
thrombosis

↑ tPA



488 Harjot K. Saini et al.

components of red wine [92, 93] as shown in Figs. 22.6 and 22.7, the con-
clusions drawn from different studies vary from each other. The differences
in the amount of wine consumption, experimental conditions, and varieties
of wines in terms of the type of grapes, the region in which grown or the
method of cultivation may be the reason for such discrepancies [94].
Because of the multifactorial nature of the disease, the results are also influ-
enced by the socioeconomic, genetic, dietary, and environmental factors.
Furthermore, American Heart Association Science Advisory Committee has
stated that red wine consumption is no more beneficial than moderate
amounts of other alcoholic beverages [95]. In fact, the additional beneficial
effects due to red wine polyphenolic components can be achieved by grape
juice consumption [95]. Therefore, the question related to the therapeutic
recommendation of red wine consumption remains unanswered and still a

FIGURE 22.6. Effect of red wine ethanol on different mediators of atherosclerosis. ↑,
increase; ↓, decrease.

FIGURE 22.7. Effect of red wine polyphenolic components on different mediators of
atherosclerosis. ↑, increase; ↓, decrease.
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matter of discussion between the patient and the physician. Further studies
focusing on differentiating the effects of types of alcoholic beverages, iden-
tifying and adjustment of the confounding factors, as well as assessing the
pattern of consumption, may provide definitive evidence of the antiathero-
sclerotic potential of red wine.
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Endothelial Dysfunction and
Atherosclerosis: Role of Dietary Fats

KANTA CHECHI, PRATIBHA DUBEY, AND SUKHINDER KAUR CHEEMA

Abstract
Atherosclerosis or arteriosclerosis is a generic term that defines a number of diseases
in which the arterial wall becomes thickened and loses elasticity. Coronary heart dis-
ease (CHD), myocardial infarction, angina pectoris, cerebral vascular disease, and
thrombotic stroke are few examples of such disorders. The development of atheroscle-
rosis is a complex process that begins with an accumulation of lipid deposits on the
arterial wall called “plaques”. The plaque formation in the inner lining of vessel wall
progresses to arterial thickening and narrowing of its lumen, which can partially block
the flow of blood through the artery. Extensive research is aimed to unravel the cellu-
lar and molecular events involved in the initiation and propagation of an atherogenic
plaque. However, the exact sequence of events that leads to its development is still
unknown. There is an increasing evidence that endothelial dysfunction is the primary
event in the progression of atherosclerosis. Endothelial dysfunction is known to appear
years before the actual symptoms of atherosclerosis develop, which emphasizes its
causal role in the progression of the disease. Oxidative stress and inflammatory
processes have been recognized as key mediators of the loss of normal endothelial
function. In fact, reactive oxygen species (ROS) generation, and triggering of various
inflammatory cascades are now known to be intimately linked with all the phases of
development and progression of atherosclerosis. Consumption of high dietary fats can
alter these parameters and therefore, play an important role in the etiology of CHDs.
However, all fats do not exert similar effects in the development of these disorders.
While saturated fat intake is associated with an increased incidence of CHDs, fish con-
sumption has been shown to lower the incidence of these disorders. Considering the
role played by different dietary fats in the alteration of lipoprotein metabolism and
other inflammatory cascades, they are now looked upon as nutritional tool for the pre-
vention of atherosclerosis and maintenance of normal cardiovascular health. This
chapter provides a detailed account of endothelial dysfunction and its role in the devel-
opment of atherosclerosis. The role of dietary fats in the development and progression
of endothelial dysfunction and atherosclerosis has also been discussed.

Keywords: dietary fats; endothelial dysfunction; nitric oxide; oxidized LDL; reactive
oxygen species

Abbreviations: AngI, angiotensin I; AngII, angiotensin II; ACE, angiotensin-
converting enzyme; ADMA, asymmetric dimethylarginine; AA, arachidonic acid;
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BMK1, big mitogen-activated protein kinase 1; CHD, coronary heart disease; cAMP,
cyclic adenosine monophosphate; cGMP, cyclic guanidine monophosphate; COX,
cyclooxygenase; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; ET-1,
endothelin-1; EDHF, endothelium-derived hyperpolarizing factor; ERK, extracellular
signal-regulated kinase; FGF, fibroblast growth factor; ICAM-1, intercellular adhesion
molecule-1; IFN-γ, interferon-γ; IL, interleukin; LA, linoleic acid; LOX, lipoxygenase;
LDL, low-density lipoproteins; MMP, matrix metalloproteinases; MAPK, mitogen-
activated protein kinase; MUFA, monounsaturated fatty acids; NO, nitric oxide; NOS,
nitric oxide synthase; Ox LDL, oxidized low-density lipoproteins; PLA2, phospholipase
A2; PAF-1, platelet activating factor-1; PDGF, platelet-derived growth factor; PUFA,
polyunsaturated fatty acids; PKC, protein kinase C; ROS, reactive oxygen species; SR,
scavenger receptors; SFA, saturated fatty acids; TGF-β, transforming growth factor
beta; TNF-α, tumor necrosis factor alpha; VCAM-1, vascular cell adhesion molecule-1;
VSMC, vascular smooth muscle cells

Introduction

The vascular endothelium is the innermost lining of the blood vessels. For sev-
eral decades, it was considered a unicellular layer acting as a semipermeable
membrane between the blood and interstitium. However, it is now being rec-
ognized as a dynamic heterogeneous organ, which possesses secretory, regula-
tory, and immunological functions [1]. The endothelium regulates the flow of
nutrients, various biologically active molecules, and blood cells through the
entire human body. It is selectively permeable, possessing various cell mem-
brane receptors for molecules that include proteins (growth factors, coagula-
tion, and anticoagulation proteins), lipid-transporting particles, metabolites
(nitric oxide; NO, serotonin), and hormones (endothelin-1; ET-1). The nor-
mal endothelium also regulates the vascular tone and controls inflammation
and thrombotic events occurring during hemostasis and repair [2].

Activation of the endothelium due to injury or various pathological factors
leads to the alterations in its different regulatory functions. The endothelium
becomes incapable of maintaining vascular homeostasis. This characterizes a
condition of endothelial dysfunction, which can be defined as an imbalance
between relaxing and contracting factors, between procoagulant and antico-
agulant mediators, or between stimulants and inhibitors of cell growth and
proliferation, respectively [3]. Some of the important parameters of endothelial
function, which get disturbed during the diseased or pathological conditions,
are described below.

Regulation of Vascular Tone by the Endothelium

Regulation of normal vascular tone is known to be the most critical function
of the endothelium. Vascular endothelium maintains the vascular tone by
secreting various vasoconstricting and vasodilating factors. The balance
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between these factors determines the functional or dysfunctional state of the
endothelium.

Vasorelaxing Factors
The principle vasodilating factor secreted by the endothelial cells is NO. It is
a free radical that is produced by the oxidation of L-arginine to L-citrulline,
by the enzyme nitric oxide synthase (NOS) (Fig. 23.1) [4]. This enzyme has
three isoforms: the neuronal NOS (nNOS), the inducible NOS (iNOS), and
the endothelial NOS (eNOS). The endothelial cells constitutively express the
eNOS, which constantly releases small amounts of NO in systemic and pul-
monary circulations [5]. Once released from the endothelial cells, NO inter-
acts with the heme prosthetic group of guanylate cyclase present on the
surface of underlying smooth muscle cells. This causes the activation of
guanylate cyclase and increased production of cyclic guanidine monophos-
phate (cGMP). Increased cGMP leads to a decrease in the intracellular
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FIGURE 23.1. Various pathways involved in mediating the antiatherosclerotic effects of
nitric oxide. NOS, nitric oxide synthase; VSMCs, vascular smooth muscle cells. ↑,
increase; ↓, decrease.
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calcium concentration, causing relaxation of the underlying vascular smooth
muscle cells (VSMC) [6].

Prostacyclins and endothelium-derived hyperpolarizing factor (EDHF) are
the other important vasodilators involved in the regulation of vasomotor
tone that are secreted by the endothelium. Prostacyclins are produced in
response to humoral and hemodynamic factors by the endothelium [7]. These
are synthesized by enzyme cyclooxygenase (COX) using arachidonic acid
(AA) as a substrate [8]. Prostacyclins stimulate adenylate cyclase leading to
increased intracellular concentration of cyclic adenosine monophosphate
(cAMP) in VSMC ultimately causing their relaxation [9, 10]. EDHF, on the
other hand is known to promote VSMC relaxation by increasing cell mem-
brane conductance of potassium [11].

Vasoconstrictive Factors
For the regulation of normal vascular tone, endothelial cells express variety
of constrictive factors, which include endothelins, thromboxane A2, and
prostaglandin H. Among these, ET-1 is the most potent factor secreted by the
endothelial cells [12]. It is produced in response to stimuli like thrombin,
adrenaline, angiotensin II (AngII), hypoxia, and increased shear stress [13]. It
antagonizes the action of NO by binding to specific receptors in VSMC caus-
ing increased intracellular concentration of calcium leading to vasoconstric-
tion. Interestingly, ET-1 is known to stimulate the production of NO and
prostacyclins from the functionally intact endothelium, which modulates
vasoconstrictor action and reduces the synthesis of ET-1 itself [14].

Thromboxane A2 and prostaglandin H2, secreted by the endothelial cells
activate the thromboxane receptors in VSMC and platelets. These factors also
bring about the constriction of VSMC as opposed to the effects of NO and
prostacyclins. However, the role of these substances in coronary circulation
has not been clearly established. Platelet activating factor-1 (PAF-1) is another
vasoconstrictor synthesized and released by endothelial cells in response to
humoral and hemodynamic stimuli, which participates in the regulation of
vasomotor tone. Finally, the endothelium also expresses the angiotensin-con-
verting enzyme (ACE), which leads to the production of AngII from the
angiotensin I (AngI), which directly stimulates the production of ET-1 [1].

Overall, it is the fine interplay of vasoconstrictive and vasorelaxing factors
that ultimately determines the vascular tone of healthy endothelium. Any alter-
ations in this balance leads to the development of endothelial dysfunction.

Loss of Vascular Tone Associated with Endothelial
Dysfunction
Loss of vascular tone is the primary event occurring during the manifestation
of endothelial dysfunction. It is characterized by the reduction in vasorelaxing
factors and an increase in vasoconstricting factors. Several studies have
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reported a strong association between reduction in the bioavailability of the
vasodilator NO and progression of endothelial dysfunction [15–20]. This may
result either due to reduced activity of eNOS or due to increased degradation
of NO. Since endothelial NO is largely responsible for endothelium-dependent
dilation of blood vessels, this dilation is severely blunted in coronary and
peripheral arteries during atherosclerosis [18, 21, 22].

In addition to the loss of vasodilator NO, endothelial injury is also asso-
ciated with an increase in the production of vasoconstrictive factors such
as ET-1 [23–25]. This leads to further exaggeration of loss of NO and the
vasculature becomes prone to unregulated constriction. This can further
lead to the development of hypertension and future coronary heart disease
(CHD).

Regulation of Inflammation and Thrombosis 
by the Endothelium

In addition to the maintenance of vascular tone, a normal endothelium pos-
sesses anti-proliferative and anti-inflammatory properties. Endothelium-derived
vasodilator NO inhibits leukocyte adhesion to the endothelium [26, 27], migra-
tion and proliferation of VSMC [28, 29], and stimulates the proliferation of
endothelial cells [30]. NO is further known to inhibit platelet aggregation and
promote platelet deaggregation [31] (Fig. 23.1). Prostacyclins, another endothe-
lium-derived vasodilator, also interact synergistically with NO, causing inhibi-
tion of platelet adhesion and aggregation [32]. Furthermore, the healthy
endothelial cells have a negatively charged surface coated with heparans, which
exert contact inhibition [33]. Endothelial cells also express anticoagulant fac-
tors such as tissue plasminogen activator (tPA), inactivators of thrombin, and
thrombomodulin [32]. As a result, leukocytes do not stick to the vascular sur-
face and cell proliferation is tightly controlled [33, 34]. These are among the
multiple and redundant healthy defenses that are impaired during the endothe-
lial dysfunction and atherosclerosis.

Loss of Control of Inflammation and Thrombosis
Loss of endothelial function results in an impairment of normal anticoagu-
lant defenses. Reduced bioavailability of NO, abnormal heparans, local
thrombin activation, relative lack of tissue PAF-1, and thrombomodulin are
the factors that favor local coagulation [35]. Similarly, increased tissue plas-
minogen activator inhibitor and lack of tissue PAF-1 impair clot lysis [36, 37].
Thrombin activation, membrane-bound platelet adhesion molecules, exposure
of collagen, increased production of tissue factor, and loss of NO also favor
increased platelet adhesion and aggregation [38, 39].

The various risk factors and pathological stimuli associated with the devel-
opment of endothelial dysfunction also lead to the abnormal activation of
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the vessel wall. This leads to the stimulation of certain signaling cascades
resulting in the onset of adhesion and inflammation in the vasculature. This
results in an abnormal increase in the growth of VSMC, fibroblasts, and
matrix within the vessel wall. This process further leads to intimal thickening
and plaque formation [35].

Endothelial Dysfunction: Role of Oxidative stress

The development of the endothelial dysfunction is associated with a number
of altered physiological markers. Oxidative stress or the presence of reactive
oxygen species (ROS) is one such marker that is known to be a key player in
its development. The mechanism for the generation of intracellular ROS
involves multiple enzyme systems including NAD(P)H oxidase, xanthine oxi-
dase, lipoxygenase (LOX), cytochrome p450, monooxygenase, and COX
[40, 41]. Presence of ROS in vasculature leads to quenching of NO, resulting
in the formation of peroxynitrite [42]. Peroxynitrite, a cytotoxic oxidant, fur-
ther enhances the oxidative stress in the system by uncoupling of NOS [43]. It
causes a reduction of eNOS cofactor tetrahydrobiopterin BH4, resulting in
the formation of BH2. When this occurs, eNOS is uncoupled, thus losing the
oxygenase and NO formation activity. This further activates the reductase
function of eNOS and more ROS are generated. So, NOS switches from its
NO-producing oxygenase activity to ROS producing reductase activity. This
leads to a positive feedback loop resulting in enhanced ROS generation,
thereby causing endothelial dysfunction [44]. Peroxynitrite is also known to be
an important mediator of oxidation of low-density lipoproteins (LDL) [45].
Oxidized LDL (Ox LDL), once formed, can induce endothelial dysfunction
and thus significantly contribute to the pathogenesis of atherosclerosis. There
is evidence that the degree of endothelial dysfunction relates to the number
and density of LDL particles, the level of Ox LDL, the susceptibility of LDL
to oxidation in an individual and the titer of autoantibodies to Ox LDL [46].
Ox LDL also affects NO production by several mechanisms like: (a) Ox LDL
can inhibit agonist-stimulated arginine transport by endothelial cells, (b) Ox
LDL can mediate downregulation of eNOS expression both at mRNA and
protein levels, thereby directly inhibiting NO production [47], (c) Ox LDL
upregulates asymmetric dimethylarginine (ADMA), which is a competitive
antagonist of NOS and may reduce NO production via substrate competition
with L-arginine [48, 49], (d) Ox LDL increases synthesis of caveolin-1, which
is a membrane protein known to bind and inactivate eNOS, thereby inhibiting
production of NO [50]. By reducing NO production, Ox LDL also promotes
thrombin generation and platelet aggregation [51]. In addition, Ox LDL alters
the balance of other endothelial products, such as prostacyclins and ET-1, fur-
ther contributing to platelet aggregation [52, 35]. Thus, generation of Ox LDL
may mediate endothelial dysfunction by a range of molecular mechanisms
(Fig. 23.2).
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The importance of Ox LDL in atherogenesis has been well appreciated.
Ox LDL activates vascular component cells, such as endothelial cells,
macrophages, and VSMC. Also, it increases the chemotactic stimulus for
monocytes, attracting them to the site of endothelial dysfunction and trans-
forming them into monocyte-derived macrophages. These macrophages take
up Ox LDL via the scavenger receptors (CD-36, SR-A, SR-PSOX) and further
get transformed to “foam cells”, which are a key feature of atherosclerosis [53].

The ROS and their modified target biomolecules (e.g., Ox LDL) are also
defined as true second-messenger molecules that regulate various signal trans-
duction cascades upstream of nuclear transcription factors, including modu-
lation of Ca2+ signaling, protein kinase, and protein phosphatase pathways
[54, 55]. Recently, G-protein Ras has been proposed to act as a mediator of
ROS signaling, activating a cascade of kinases, including diverse members 
of the mitogen-activated protein kinase (MAPK) family [56]. In the case of
extracellular signal-regulated kinase 5 (ERK5) or big mitogen-activated pro-
tein kinase 1 (BMK1), hydrogen peroxide appears to be an exclusive activator
[57]. Different agents that induce oxidative stress have been demonstrated to
stimulate tyrosine kinase activity, induce tyrosine phosphorylation events, and
activate downstream kinases such as protein kinase C (PKC), c-Src, Raf-1,
and MAPK [54, 57–59]. MAPK phosphorylates and enhances the transcrip-
tional activity of redox sensitive nuclear transcription factors such as NFκB
and activator protein-1 [54, 60]. Activation of these nuclear factors can further
upregulate genes encoding proteins that control adhesion and binding of
macrophages and leukocytes to the endothelium.
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FIGURE 23.2. Different mechanisms by which Ox LDL causes endothelial dysfunction
and atherosclerosis. Ox LDL, Oxidized low-density lipoprotein; eNOS, endothelial
nitric oxide synthase; ADMA, asymmetric dimethylarginine. ↑, increase; ↓, decrease.
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The increased production of macrophage chemoattractant protein-1
(MCP-1) recruits mononuclear phagocytes and increased expression of inter-
cellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1
(VCAM-1), and E-selectin leads to an increase in the aggregatory events of
these cells to the vessel wall. This upregulation has been proposed to be medi-
ated both directly by Ox LDL and indirectly by changes in the redox state of
endothelial cells [61–63]. Decreased NO and increased oxidative stress can
also activate matrix metalloproteinases (MMP) namely MMP-2 and MMP-9,
which contribute to the progression of atherosclerosis [64, 65]. Thus, endothe-
lial dysfunction with reduced NO bioavailability, increased oxidative stress,
and expression of adhesion molecules and cytokines contributes not only to
the initiation but also to the progression of the atherosclerotic disease [66].

The vasoconstrictive factor, AngII, also contributes to ROS generation by
activating NADPH oxidase leading to the production of superoxide radicals
and decreased availability of NO, thus, resulting in impaired vascular function
[67]. AngII not only acts as a prooxidant but also stimulates the production of
ET-1 [68]. ET-1 and AngII promote proliferation of VSMC and thereby con-
tribute to the development of atherosclerosis [69, 70].

Endothelial Dysfunction: Role of Inflammation

Oxidative stress has been intimately linked to the proinflammatory state
of the endothelium. The expression of VCAM-1, ICAM-1, integrins, and 
E-selectin, in response to oxidative stress, plays an important role in the ini-
tiation of the inflammatory process [71]. In fact, the soluble forms of
VCAM-1, ICAM-1, and E-selectin in the plasma have been hailed as the
markers of endothelial dysfunction [72–75]. Under normal physiological
conditions, the endothelium does not allow the circulating immune effector
cells to adhere to its surface. However, dysfunction of the endothelium results
in the loss of this property of nonadherence. Dysfunctional endothelium
expresses a variety of adhesion molecules such as VCAM-1 and ICAM-1 that
mediate the recruitment of monocytes, macrophages, T-lymphocytes, and
platelets to the endothelium. This results in the production of proinflamma-
tory cytokines such as interferon-γ (IFN-γ), tumor necrosis factor alpha
(TNF-α), interleukins (IL-1, 2, 6, 8), and other factors like MCP-1, MCP-4,
COX, and MMP by the endothelium, which in turn stimulate the immune
cells to secrete these proinflammatory factors [76–77]. A proinflammatory
feedback loop is thus established, as these mediators will (a) recruit addi-
tional local cytokine releasing immune cells to the endothelium (b) promote
LDL receptor expression by the endothelium causing injurious aggregation
of Ox LDL particles on its surface, and (c) promote the stimulation of sys-
temic inflammation cascades [78].

The proinflammatory status of endothelium affects its membrane perme-
ability. It allows the passage of adherent Ox LDL into the subendothelial
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space. Circulating macrophages recognize this immunogenic LDL and
migrate into the subendothelial space in order to sequester and phagocytose
these lipid antigens [79]. This directed migration is driven by the interaction
of MCP-1 with its receptors. Once resident in the intima, the macrophages
express scavenger receptors (SR) to capture the internalized Ox LDL parti-
cles, which ultimately results in the formation of “foam cells,” a hallmark of
the arterial lesions [80]. Importantly, these foam cells continue secreting
proinflammatory cytokines that results in a disproportionate recruitment of
additional immune cells [81]. This process further activates the classical and
alternative complement pathways, which in turn stimulates the proliferation
of VSMC [82, 83]. Thus, a vicious cycle of inflammatory activity is estab-
lished in the vessel wall, which exacerbates the endothelial dysfunction and
lesion development (Fig. 23.3).

The dysfunctional endothelium is highly synthetic and proliferative in nature
and functions like an endocrine tissue in several ways. The production of vari-
ous growth factors like platelet-derived growth factor (PDGF), fibroblast
growth factor (FGF), transforming growth factor beta (TGF-β), IL-1, and
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FIGURE 23.3. Involvement of monocyte/macrophages in the formation of foam cells
and lesions. Ox LDL, Oxidized low-density lipoprotein; MCP-1, macrophage
chemoattractant protein-1 (modified from Ref. [159]).
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TNF-α promote VSMC proliferation and migration as well as the proliferation
of the endothelium itself [78]. Moreover, other factors like loss of NO,
increased platelet adherence, release of vasoactive agents (thromboxanes, ET-1,
AngII), and increased expression of MMP leads to enhanced local vasocon-
striction, fibroblast-mediated collagen synthesis, and matrix deposition in the
endothelium [84–88]. Especially, MMP secreted by the endothelium and other
immune cells play an important role in the degradation of extracellular matrix
that lends stability to the plaque’s fibrous cap. MMP-mediated areas of fissur-
ing or ulceration that subsequently develop in advanced atherosclerotic plaques
are particularly vulnerable to platelet-associated vascular hemorrhage, rupture,
thrombosis, embolization, and occlusion [78, 89]. Thus, inflammatory mole-
cules play an important role in mediating the phases of the onset and progres-
sion of atherosclerosis.

Endothelial Dysfunction: Role of Dietary fats

The development of endothelial dysfunction and its progression to athero-
sclerosis is a multistep process, where each step is regulated by an array of
vasoactive molecules, growth factors, cytokines, and ROS. This multifactor-
ial etiology has known to be modulated through diet. This has sparked an
interest in the role of nutritional factors in modulating endothelial function.
However, to derive maximum health benefits from dietary fats, it is necessary
to possess knowledge of the varied effects of different dietary fats on
processes like endothelial dysfunction and atherosclerosis.

Saturated Fatty Acids
Excess consumption of saturated fatty acids (SFA) has always been associ-
ated with increased CHD [90–94]. Furthermore, there are numerous epi-
demiological studies that relate high SFA intake with increased endothelial
dysfunction. However, the mechanisms employed by SFA to induce these
abnormalities are not completely understood. One of the possible mecha-
nisms is the elevation of plasma LDL levels [95]. SFA like lauric (12:0), myris-
tic (14:0), and palmitic (16:0) acids are associated with increased plasma LDL
levels [96, 97], thereby causing endothelial dysfunction. Both in vitro and
in vivo studies in animals have shown that endothelial function may be abnor-
mal within a few hours of exposure to increased levels of LDL cholesterol
[98, 99]. Furthermore, increased LDL levels increase their susceptibility to
oxidation, resulting in the formation of Ox LDL that affects endothelial
function, as discussed in the earlier sections.

In addition to altering the plasma LDL levels, some of the SFA may also
affect thrombosis. Stearic acid (18:0) has been shown to induce thrombosis in
experimental animals via affecting platelet activity and the activation of coag-
ulation [100]. There is further evidence from human studies that increased
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dietary intake of stearic acid is strongly associated with enhanced platelet
reactivity [101]. Stearic acid has also been reported to result in increased
plasma levels of fibrinogen and factor VII (which could increase thrombotic
tendency) [102, 103]. However, stearic acid has no effect on the excretion of
thromboxane, prostacyclin metabolites, and eicosanoids that modulate
platelet aggregation [104].

SFA can further affect relaxation of the vessels by influencing endothelial
NO production. Feeding a diet rich in SFA has been shown to impair
endothelium-dependent relaxation in pregnant rats and their offspring, sug-
gesting a decrease in NO production by endothelial cells [105]. The possible
mechanism behind the decreased endothelial NO synthesis is the enhanced
acylation of eNOS by SFA like myristate (C14:0) and palmitate (C16:0).
Acylated eNOS interacts strongly with the inhibitor caveolin-1 resulting in
decreased NO production [106] thereby altering endothelial function
(Fig. 23.4).

As discussed earlier, adhesion molecules like VCAM-1, ICAM, and
selectins play an important role in mediating leukocyte–endothelial interac-
tions, which facilitate impairment of the endothelial function. An in vitro
study reported that SFA does not affect cytokine-induced expression of adhe-
sion molecules like VCAM-1 and thus has no effect on leukocyte–endothelial
cell interactions [107]. It has further been shown that SFA has a little effect on
lymphocyte proliferation or cytokine production [108]. Though SFA plays an
important role in elevating plasma LDL levels, inducing thrombosis, and
reducing NO production, however its role in the leukocyte–endothelial cell
interactions is yet to be elucidated.

Trans Fatty Acids
Unsaturated fatty acids with trans configuration (trans-fatty acids) are also
known to result in endothelial dysfunction similar to SFA. Trans-fatty
acids can directly impair endothelial function by altering vasodilation as
well as certain inflammatory cascades [109]. However, high consumption of
trans-fatty acids might also affect endothelial function indirectly by increas-
ing plasma LDL concentrations [110, 111] and affecting LDL oxidation
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FIGURE 23.4. Effects of different dietary
fats on nitric oxide production. The
inhibitory effects of different fatty acids are
indicated by “−” and the stimulatory effects
are indicated by “+”. SFA, saturated fatty
acids; OA, oleic acid; LA, linoleic acid;
EPA, eicosapentaenoic acid; DHA, docosa-
hexaenoic acid.
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[112]. Certain studies have examined the relation between the intake of
trans-fatty acids and plasma concentrations of biomarkers of inflammation
and endothelial dysfunction [109, 113]. One of these studies indicated a
positive correlation between plasma concentrations of IL-6, soluble ICAM-
1, soluble VCAM-1, E-selectin, and dietary trans-fat intake [109]. In addi-
tion, trans-fatty acids can inhibit enzymes of the eicosanoid metabolism,
which further results in disturbed prostaglandin balance and increased
thrombosis [114].

Monounsaturated Fatty Acids
Consumption of monounsaturated fatty acids (MUFA) has been linked with
a reduced incidence of CHD [115, 116]. Among these, oleic acid (18:1) has
been shown to reduce plasma LDL levels as well as its oxidative modification
[117, 118]. MUFA can decrease dietary thrombogenic potential when substi-
tuted for SFA diets. However, it has never been reported to have antithrom-
botic effects on its own. One study aimed at analyzing the effects of MUFA
on the expression of VCAM-1 revealed an increased inhibition of VCAM-1
activity [107]. Thus, the presence of even one double bond appears to be cru-
cial to the effects of modulation of endothelial–leukocyte interactions. It was
also predicted that the substitution of SFA in membrane phospholipids by
MUFA, renders the endothelial cells less responsive to the stimulation of
cytokines [119]. Also, human studies have shown that a high MUFA diet pos-
sesses potential beneficial effect on platelet aggregation and postprandial
activation of factor VII [120]. However, oleic acid has also been shown to
inhibit endothelial NO synthesis by decreasing eNOS activity, resulting in
impaired endothelium-dependent vasorelaxation [121] (Fig. 23.4).

Polyunsaturated Fatty Acids
Dietary polyunsaturated fatty acids (PUFA) comprise n−6 and n−3 PUFA.
N−6 PUFAs are derived from linoleic acid (LA, 18:2), consumption of which
has been promoted in the Western diets based on its plasma LDL lowering
properties [122]. However, dietary LA is now being recognized to favor oxida-
tive modification of LDL [123, 124], increase platelet response to aggregation
[125], and suppress the immune system [126]. Furthermore, it is known to
play an important role in the development of endothelial dysfunction. It can
cause an imbalance in cellular oxidative stress of the endothelium thereby
resulting in the activation of certain stress responsive transcription factors,
inflammatory cytokine production, and the expression of adhesion mole-
cules [127]. An increased consumption of n−6 PUFA is also known to result
in the accumulation of AA, which results in the enhanced production of
eicosanoids. In small quantities, the eicosanoids from AA are biologically
active, however, they can contribute to the formation of thrombi and athero-
mas when formed in large quantities. Thus, high dietary intake of n−6 fatty
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acids shifts the physiological state to prothrombotic and proaggregatory,
resulting in progression of atherosclerosis. [122].

In contrast to LA, α linolenic acid (ALA, n−3, 18:3) is known to reduce
endothelial dysfunction and CHD [127]. ALA is the precursor for other impor-
tant n−3 PUFA, i.e., eicosapentaenoic acid (EPA, 20:5) and docosahexaenoic
acid (DHA, 22:6). Fish or fish oil serve as a rich source of these n−3 fatty acids.
Several studies have reported an association between fish oil consumption
and protection against CHD [128–132]. The primary mechanism by which
n−3 fatty acids are beneficial in cardiovascular disorders is by decreasing
plasma LDL levels. However, their role in affecting the oxidative status of
LDL is not clear. There are conflicting results among studies on the suscep-
tibility of LDL to oxidation due to n−3 PUFA supplementation. There are
some human studies which reported enhanced oxidation of LDL [133, 134],
whereas some other studies observed no effect of dietary n−3 PUFA on LDL
oxidation [135–137]. It, therefore, remains to be established whether LDL
oxidative status in vivo is affected by n−3 fatty acids [138].

In addition to the hypolipidemic effects, EPA has been shown to increase
endothelium-dependent relaxation in vitro through multiple mechanisms,
including an increase in intracellular Ca2+ concentration and translocation of
eNOS [139, 140]. Similarly, treatment of isolated rat aortic rings with DHA
was shown to enhance NO synthesis in endothelial cells and relaxation of
VSMC [141] (Fig. 23.4).

N−3 fatty acids have also been shown to mediate anti-inflammatory effects
by decreasing the expression of adhesion molecules and cytokines, thus
affecting leukocyte–endothelium interactions. N−3 fatty acids are known to
inhibit the synthesis and release of proinflammatory cytokines such as TNF-
α, IL-1, and IL-2 that are released during the early course of ischemic heart
diseases [142]. Mice fed fish oil were reported to have lower plasma concen-
trations of TNF-α, IL-1β, and IL-6 following endotoxin injection than mice
fed safflower oil [143]. An anti-inflammatory cytokine IL-10 has been shown
to be upregulated by n−3 fatty acids [144]. There are some studies, which
demonstrate that n−3 fatty acids can further alter the metabolism of adhesion
molecules such as VCAM-1, E-selectin, and ICAM-1 [138, 145]. One study
reported that supplementation with a moderate dose of fish oil (1.2 g EPA+
DHA per day) for 12 weeks decreased plasma levels of soluble VCAM-1 in
older human subjects [146]. Fish oil has further been shown to increase
plasma soluble E-selectin [147]. In vitro studies have highlighted the potential
for n−3 PUFA to modulate the expression of adhesion molecules by some cell
types. Murine peritoneal macrophages were reported to show less adherent
properties when cultured in the presence of EPA or DHA [148]. Similarly,
human monocytes revealed a reduction in the expression of ICAM-1 when
incubated with EPA, while DHA had no effect [149].

N−3 PUFAs are known to protect the cells from oxidative damage. It 
is proposed that long chain PUFA can scavenge the ROS undergoing self-
peroxidation, thereby preventing the formation of hydrogen peroxide, which
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mediates cell activation due to oxidative stress [150]. Alternatively, long-chain
PUFA can induce the expression of antioxidant enzymes like glutathione
peroxidase, superoxide dismutase, and catalase, which maintain the oxidative
balance of the cells [151]. Therefore, decreased expression and altered metab-
olism of adhesion, inflammatory, and antioxidant molecules caused by fish
oil results in reduced platelet aggregation and their binding to the endothelial
cells, ultimately resulting in an antiatherogenic phenotype.

Another potential antiatherogenic mechanism employed by n−3 fatty acids
is their interference with the AA cascade that generates a wide variety of
eicosanoids. When ingested, EPA and DHA can partially replace AA in cell
membranes of platelets, erythrocytes, neutrophils, monocytes, and liver cells
[122]. In addition, EPA and DHA are known to be the competitive inhibitors
of COX, which results in reduced production of AA-derived eicosanoids
[152, 153]. As a result, ingestion of EPA and DHA from fish or fish oil leads
to an increased production of total prostacyclin by increasing PGI3, which is
known to promote vasodilation and reduce platelet aggregation. In addition,
n−3 fatty acids reduce the production of thromboxane A2, known to promote
platelet aggregation and vasoconstriction. This is associated with an increase
in thromboxane A3, which is a relatively weak vasoconstrictor [154]. N−3
fatty acids also affect the inflammatory processes by decreasing leukotriene
B4, and simultaneously increasing leukotriene B5 [155, 156].

N−3 fatty acids are further known to possess a novel stabilizing effect on
the myocardium itself, resulting in lowering the incidence of arrhythmias
[138]. This seems to be due to the ability of n−3 fatty acids to prevent calcium
overload by maintaining the activity of L-type calcium channels during peri-
ods of stress [157], and to increase the activity of cardiac microsomal
Ca2+/Mg2+-ATPase [158]. In addition, n−3 fatty acids (including ALA) are
potent inhibitors of voltage-gated sodium channels in cultured neonatal car-
diac myocytes, which may contribute to a reduction in arrhythmias [152].

Conclusions

Atherosclerosis is known to be the leading cause of morbidity and mortality
worldwide. It is a complex disease that involves exploitation of various cellular
pathways for its progression. However, there is increasing evidence that viola-
tion of normal endothelial function is the primary event for the initiation of
these disorders. Endothelium not only serves as a barrier between blood and
the interstitium, it further maintains the cardiovascular health by regulating
vascular tone, anti-inflammatory, and anti-aggregatory pathways. Endothelial
dysfunction caused due to injury or any pathophysiological stimuli renders it
susceptible to the development of atherosclerosis and CHD. Oxidative stress
and inflammation are known to play a key role in the development of endothe-
lial dysfunction. Various dietary fats exert different effects on the endothelial
function. While, increased consumption of SFA and trans-fatty acids has been
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shown to have deleterious effects, MUFA and n−3 PUFA are known to possess
cardioprotective effects. Although individual effects of dietary fats are well
established, the complete understanding of the employed molecular mecha-
nisms is still lacking. It is crucial to advance our knowledge in this area, as this
will not only provide us with primary nutritional management of these disor-
ders, but will further allow the secondary control of these disorders.
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Oxidized LDL and Antioxidants 
in Atherosclerosis

LESLEY MACDONALD-WICKS AND MANOHAR GARG

Abstract
Athersoclerosis is characterized by the development of foam cells from mononuclear
phagocytes, which progress to become fatty streaks and further into plaque in the
arterial intima. It has long been associated with the development of cardiovascular
disease (CVD) and coronary heart disease (CHD). Low-density lipoprotein (LDL),
the plasma transport protein for cholesterol, are downregulated by the cellular con-
centration of cholesterol and therefore are unlikely to be the initiator of the develop-
ment of foam cells, fatty streaks, or atherosclerosis.
It is clear that the development of foam cells is due to an altered state of metabolism
and one of the most popular hypotheses for the development of foam cells from the
mononuclear phagocytes is via an oxidative modification of the LDL molecule. This
modification allows unregulated uptake of oxidized LDL (Ox-LDL) by the phagocyte
scavenger receptor and through this process the development into the foam cell. There
is much evidence in the literature to support this hypothesis.
It is unlikely that the oxidative modification of the LDL is an initiator of foam
cell development. Therefore it is unlikely that oxidation is the initiator for the devel-
opment of atherosclerosis. Clearly there is a role for the oxidative process in the
ongoing proliferation of atherosclerosis; however, the evidence to date does not
support oxidation as essential to the initiation of the process of atherosclerotic
development.

Keywords: antioxidants; atherosclerosis; inflammation; oxidation; oxidized LDL

The Oxidized LDL Hypothesis: Atherosclerosis

Atherosclerosis is a disease of the large arteries that is associated with the
development of coronary heart disease (CHD) and coronary vascular dis-
ease. It is characterized by the accumulation of lipid-laden cells in the intima
of the arterial wall. These cells are known as foam cells and are derived from
mononuclear phagocytes. The fatty streaks that develop are comprised pre-
dominantly of both free and esterified cholesterol.

Low-density lipoproteins (LDL) deliver cholesterol to the peripheral cells
where cellular uptake of the cholesterol occurs through the LDL receptor,
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which recognizes the apo B100 moiety on the particle. The LDL receptor is
then downregulated in response to cellular cholesterol concentrations [1].
Due to this it is recognized that the native LDL and the LDL receptor can-
not be responsible for the creation of foam cells. One avenue of thought is
that the LDL is oxidatively modified in order for the aberrant uptake of
the cholesterol to occur in sufficient quantities to lead to the development of
the foam cell. This hypothesis was first articulated by Steinberg and cowork-
ers [2] when they noted that oxidation of LDL impacts on the pathophysiol-
ogy of atherosclerosis by facilitating recruitment of monocytes into the
arterial intima, preventing resident macrophages exiting the intima, and
accelerating uptake of LDL. This resulted in the formation of foam cells and
the loss of endothelial integrity due to the cytotoxic nature of the oxidized
LDL (Ox-LDL).

Macrophages scavenge oxidatively modified LDL through the scavenger
receptors, which is the main route for the uptake and accumulation of cho-
lesterol in the quantities required. When the blood concentration of LDL is
high, the intimal LDL concentration also increases. In the intimal location,
the LDL is brought into close proximity with endothelial cells, which causes
the LDL to be minimally oxidized (MM-LDL). MM-LDL is oxidized but
not to the extent that the apo B100 molecule is changed [3] therefore the LDL
receptor can still recognize MM-LDL. MM-LDL is a chemoattractant for
mononuclear phagocytes and encourages their proliferation indirectly
through the production of monocyte chemotactic protein-1 (MCP-1) [4]. MM-
LDL also stimulates the production of monocyte colony-stimulating factor
(M-CSF), which stimulates mononuclear phagocytes to differentiate into tis-
sue macrophages, which are therefore prevented from rejoining the circula-
tion [4]. The presence of the macrophages stimulates further oxidation of the
LDL. The macrophages take up the now Ox-LDL in an unregulated manner
through the scavenger pathway, causing cholesterol accumulation and even-
tually the creation of the foam cell.

What is still largely unclear is where the oxidation occurs. It is unlikely to
be in the antioxidant-rich environment of the plasma, and more likely to be
in the microenvironment of the intima of the arterial wall where the local
concentration of antioxidants can be exhausted allowing oxidation to
progress [5]. It is generally believed that it is in the intima that the MM-LDL
could be further oxidized to Ox-LDL. However, recent studies have shown
that the quantities of antioxidants, in particular coantioxidants that could
reduce the tocopherol radical, are nearly as high in the intima and in the ath-
erosclerotic lesions as found in plasma [3].

In vitro the LDL can become modified in a number of ways, including
enzymatically (principally through myeloperoxidase and 15-lipoxygenase)
and through oxidation and due to this modification is retained in the arterial
wall. These biologically active compounds stimulate the endothelium and
attracted macrophages, T cells, mast cells, and smooth muscle cells to the
fatty streak, leading to further oxidation of LDL [6]. This leads to the creation
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of the fatty streak, which develops into a lesion and eventually atherosclero-
sis. The Ox-LDL hypothesis requires that oxidation is integral to the process
of initiating and developing atherosclerosis and that antioxidants will slow or
prevent the development of the atheroma [6].

The Evidence: for and against

There is evidence for the existence of the MM-LDL particle. Berliner et al. [4]
have identified a particle in plasma that responds in a way that is consistent
with a partially Ox-LDL molecule. Avagaro et al. [7] also identified subfrac-
tions of LDL that exhibit characteristics of Ox-LDL but are also sufficiently
similar to native LDL.

A number of modifications occur to the LDL when it is oxidized by
incubation, for example, with endothelial or smooth muscle cells. There
is increased electrophoretic mobility toward the anode and extensive frag-
mentation occurs leading to the production of short- and long-chain
aldehydes such as malondialdehyde (MDA) [8]. Some of these fragments
are free, however others become bonded to the apo B100 or other lipids caus-
ing conjugated dienes. The surface phosphatidylcholine are vulnerable to
hydrolysation to lysophosphatidylcholine. The removal of oxidized fatty
acids from the surface of the LDL may have a role in the rapid propagation
of the oxidation within the LDL itself [8]. The oxidation of cholesterol
components can also lead to the fragmentation of apo B100. This frag-
mentation is not caused by proteolysis, as proteolytic inhibitors do not pre-
vent the fragmentation, though antioxidants have been shown to do so in
animals [4, 8, 9].

In Vitro Studies
The work of Goldstein and Brown [1] supplied the first evidence that some-
thing other than native LDL and the LDL receptor are required for sufficient
accumulation of lipid that lead to foam cell formation. Mouse peritoneal
macrophages, incubated with LDL in vitro, did not accumulate lipids, which
is evidence that the macrophages had few LDL receptors. To support this,
patients with familial hypercholesterolemia and the Watanabe heritable
hyperlipidemic (WHHL) rabbit both develop lipid lesions while having only
limited amounts of functional LDL receptors. To further support the lack of
LDL receptor involvement in the development of atherosclerosis, in situ
hybridization techniques show little or no mRNA for the LDL receptor in
macrophage-rich lipid lesion [10].

Goldstein and Brown [11] subsequently showed that the LDL could be
modified, and initial modification was through acetylation, which resulted
in the uptake by the scavenger receptor of macrophages. In acetylation the 
ε-amino groups of the lysine residues are affected which causes a neutralization
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of the positive charge on the protein. This enables recognition by the scav-
enger receptor on the macrophage. Studies have shown that many such mod-
ifications are possible though many are also not likely under physiological
conditions [8]. Oxidation of the LDL is a modification that is likely and also
prevents recognition by the LDL receptor. It is likely that the lipids of the
LDL themselves become oxidized, leading to the generation of peroxides and
small- to long-chain aldehydes, such as MDA, which could then modify the
apo B100. This modification could cause the Ox-LDL to be recognized by the
scavenger receptor.

The scavenger receptor has been shown to be ubiquitously expressed on
macrophages of different origin, and on endothelial cells, cultured smooth mus-
cle cells of the rabbit, and on fibroblasts [8]. Via et al. [12] have characterized the
scavenger receptor from a murine macrophage cell line, and similar receptor
characterizations have followed from a number of studies using a variety of cell
types [8]. Although the exact nature of the receptor recognition site is unclear, it
is clear that it occurs in the apoprotein moiety of Ox-LDL. Parthasarathy et al.
[13] showed that delipidated and resolublized Ox-LDL protein was still recog-
nized by the scavenger receptor and competed with Ox-LDL for uptake.
Similarly considerable animal evidence shows that where there is no scavenger
receptor, for example mice lacking scavenger receptor-A gene, there is resistance
to the development of atherosclerosis [3].

The adhesion of leukocytes to the endothelium, via the vascular cell adhe-
sion molecule-1 (VCAM-1), appears to be influenced by oxidation.
Interestingly the genes for the MCP-1 and VCAM-1 appear to be regulated
by the redox-sensitive transcription factor NFκβ [14].

It has been shown that LDL incubated with endothelial cells becomes
cytotoxic. Vascular cells and macrophages can produce reactive oxygen
species (ROS) and reactive nitrogen species (RNS) that Ox-LDL in vitro [3].
Henriksen et al. [15] showed that the modifications to the LDL, caused by
proximity to the endothelial cells, resulted in uptake by the scavenger recep-
tor, and was competitive with acetyl-LDL for uptake, which indicated a role
for the same receptor in both modifications. The oxidative modification of
LDL has been shown to act to promote atherosclerosis [6]. However, there is
also evidence of another receptor that is not subject to competition by acetyl-
LDL [16]. There are two forms of scavenger receptors A1 and A2. In addi-
tion to this, other receptors such as CD68, CD36, SR-B1, and LOX-1 also act
in ways similar to the classic scavenger receptor [3].

Ox-LDL has been shown to have components that are powerful chemoat-
tractants thought to be monocyte-specific, largely because neutrophils are
rarely seen in atherosclerotic aorta [4]. This chemotactic activity is associated
with the lysophosphatidylcholine (lyso PtdCho) that is generated during the
oxidative modification of the LDL. The β-VLDL, isolated from cholesterol-
fed rabbit plasma, has high concentrations of lyso PtdCho and these 
β-VLDL are also potent chemotactic molecules for human monocytes [4].
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Native LDL is not chemotactic for human monocytes. MM-LDL may be
active in stimulating the endothelial cells to recruit the monocytes [4]. The
monocytes migrate to the area in increasing numbers, and differentiate into
tissue macrophages. Ox-LDL prevents both basal and stimulated migration
of macrophages from the intima [17, 18].

In Vivo Studies
Initially the evidence for the Ox-LDL hypothesis of atherosclerosis only showed
that oxidation occurred in atherosclerotic lesions. Studies demonstrated the
presence of oxidized lipoproteins in atherosclerotic plaques [4]. These studies
showed that the lipid and cholesterol peroxides could be correlated with
disease severity.

This initial evidence began in 1971 when human peripheral lymph was
found to contain an apoprotein of higher density than that found in plasma
[19]. Raymond and Reynolds [20] isolated LDL from rabbit interstitial
inflammatory fluid that had properties similar to Ox-LDL. Hoff et al. [21]
then isolated apo B lipoproteins from the atherosclerotic aorta that contained
peroxides, and Yla-Herttuala et al. [22] showed that isolated lipoprotein had
many properties of Ox-LDL and was also chemotactic to monocytes.

Since then autoantibodies to Ox-LDL (aOx-LDL) have been isolated from
humans and rabbits. Haberland et al. [23] and Palinski et al. [24] used these
antibodies to identify modified LDL in atherosclerotic lesions of WHHL
rabbits. Also, immunohistochemical techniques detected material in the
macrophage-rich areas of the lesions that were shown to cross-react with
these antibodies. Prospective studies have shown aOx-LDL can predict
myocardial infarction (MI) [25]. aOx-LDL is elevated in established athero-
sclerosis and aOx-LDL are present in healthy individuals. However, there was
no evidence to show that oxidation was the cause of disease not simply due
to the presence of concentrated lipid. What is also unclear is the role of
Ox-LDL in different stages and in the development of atherosclerosis.
Finally, while it is believed that Ox-LDL is atherogenic, it is unclear whether
aOx-LDL is also atherogenic [26].

Some of the most compelling direct evidence for this hypothesis comes
from the studies of apo–/– mice, which are a good model of oxidative stress.
These mice develop atherosclerosis in a manner similar to human atheroscle-
rosis, and in these mice F2-isoprostanes (a lipid peroxidation product that is
used as a marker of oxidative stress) are elevated in the plasma, tissue, and
urine [27, 28].

The evidence to date is quite convincing that oxidation has a role in the
development of atherosclerosis, although the evidence is mostly indirect. In
summary, it is clear that some form of modification of the LDL is required
for foam cell formation and that the most likely modification is through
oxidation of the lipids in the LDL molecule. There is significant data on the 
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Ox-LDL role in the formation of foam cells via the scavenger pathway in
macrophages, and that the Ox-LDL exists in vivo and that it is present in
aortic lesions. It is also clear that there are autoantibodies generated to Ox-
LDL and that titers of aOx-LDL are generally correlated with the extent of
atherosclerosis.

However, the evidence cannot provide answers at this stage for whether oxi-
dation is an initiating factor for the development of atherosclerosis or
whether the oxidation is caused by the inflammatory nature of atherosclero-
sis, and is therefore subsequent to the development of atherosclerosis. What
is also still unclear is the exact location of the oxidation events.

Antioxidants
The definition of antioxidant is given by Halliwell [29] as a substance present
in low concentrations when compared to the oxidizable substrate, which sig-
nificantly delays or prevents oxidation of that substrate.

If oxidation is the cause of atherosclerosis then antioxidants must also be
able to delay or prevent the progression of the atheroma development. In
support of this idea studies of human populations have shown an association
between the intake of antioxidants and the low prevalence of cardiovascular
disease (CVD) [6, 30, 31, 32]. Similarly, most but not all animal studies have
also been successful in showing antioxidant interventions have slowed the
development of atherosclerosis [4, 6] with reductions of up to 60% in athero-
sclerotic lesions [33].

The most often studied antioxidants include probucol, vitamin E, β-carotene,
and vitamin C [34, 35]. Several studies have demonstrated inhibition of ath-
erosclerosis by probucol in animals [36–39]. Successful inhibition of athero-
sclerotic development has been shown in rabbits [37] and monkeys [38]. The
treatment of LDL receptor-deficient rabbits with the hypolipidemic agent
and antioxidant, probucol, had an antiatherogenic effect independent of the
traditionally recognized cholesterol lowering effect of probucol. Presumably
this added effect was due to the protection of the LDL from oxidation [39].
Studies of probucol compared to lovastatin, a drug known to reduce choles-
terol to a similar degree to probucol, demonstrated a greater reduction in
atherosclerosis from probucol [40]. Similarly, Mao et al. [41] demonstrated
that a probucol analog inhibited LDL oxidation and atherosclerosis in the
absence of any cholesterol lowering effects, suggesting the effect was medi-
ated by an antioxidant mechanism. In a murine model of atherosclerosis,
probucol promoted atherosclerosis in the aortic root, but inhibited disease
progression at distal sites [42].

Subsequent tests in humans appear to have equivocal results, and are con-
troversial. One study by Walldius et al. [43] showed no improvements in hyper-
cholesterolemic subjects, while another study by Sawayama et al. [44] showed
significant reduction in the progression of atherosclerosis in the carotid artery
as assessed by intima-to-media thickness. It is unlikely that antioxidants
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would have no role in the prevention of atherosclerosis as the basic etiology of
atherosclerosis in humans and in animals is similar, therefore it would be
difficult to understand why antioxidants work so effectively in animals but not
in humans [45].

From the vitamin E studies it is clear that vitamin E alone is insufficient
to prevent LDL oxidation, and it requires the synergistic effect of a number
of lipid and aqueous soluble antioxidants to protect LDL from oxidation,
termed coantioxidants. Studies have clearly shown that the lag time to
oxidation ex vivo can be extended by the addition of vitamin E, and that
only when the vitamin E is fully expended to form the tocopheryl radical
can oxidation continue [35]. At best vitamin E can only delay the onset of
peroxidation by 15–20 min, a small amount of time compared to an antiox-
idant, such as probucol, which can delay oxidation of the LDL fats by up
to 20 h [45]. In vivo supplementation of 100 IU to 1600 IU of vitamin E
lead to reduced ex vivo copper-induced oxidation of LDL in a dose-
dependent manner. Although the oxidizability of LDL was reduced there
was no reduction in plasma LDL autoantibodies, indicating the aOx-LDL
may not be a sensitive in vivo marker of the susceptibility of LDL to oxida-
tion [46]. Wen et al. [46] speculated that this may be due to the long half-life
of aOx-LDL or, that once initiated, there is a continuous immunological
response to Ox-LDL contained in the atherosclerotic lesions. Dietary
antioxidants appear to reduce in vivo markers of inflammatory chemokines
and cytokines, as well as reducing the levels of autoantibodies to oxidatively
modified proteins. This may well indicate a long-term attenuation of oxida-
tion. Antioxidants also appear to ameliorate the proliferation of smooth
muscle cells in culture whereas oxidants appear to promote proliferation.
Also human studies appear to show that intimal–medial thickness is reduced
upon antioxidant supplementation [33].

In support of these and many other animal, cell culture and ex vivo stud-
ies, epidemiological studies have shown an inverse relationship between vita-
min E intake and ischemic heart disease. The positive results from animal
studies and the presumed safety of naturally occurring antioxidant lead to
large, prospective cohort studies. In particular two of these studies reported
an association between antioxidant intake, serum concentration of antioxi-
dants, and improved cardiovascular outcomes [47, 48]. As these were obser-
vational studies, no cause and effect relationship could be concluded. These
favorable results were from the Health Professionals Follow-up Study [31, 32]
and the Nurses Health Study [30]. These two studies could be considered to
be primary prevention studies as individuals with existing disease were
excluded from the analysis. Contrary to these findings, the Rotterdam Study
[47], which focused on the elderly found a reduced risk of MI with β-carotene
intake, but none with vitamin E or vitamin C. This may be due to the low
rates of supplementation in the Rotterdam Study in comparison to the
Health Profession Follow-up Study where the highest quintiles of vitamin E
intake were achieved largely through supplementation.
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The concern is that, although antioxidant defenses are comprehensive, there
is still evidence of lipid peroxidation products in the plasma, although there is
no indication where the oxidation occurred.

The Evidence against
The evidence for the oxidation hypothesis is mounting though it is important
to note that there is evidence that contradicts these findings and does not sup-
port the oxidative hypothesis under discussion. Williams and Fischer [6]
argue that the following evidence indicates caution when interpreting the clin-
ical role of Ox-LDL in CVD:

— Some of the animal studies failed to show improvement from antioxidant
supplementation, this was shown even though there was reduction of LDL
oxidation in vitro or in the vessel wall [3, 48].

— It appears that the oxidized material does collect in the vessel wall, but
only after nonoxidized material accumulates initially, this questions the
requirement of oxidation to initiate the atherosclerotic process [49]. Also,
high-density lipoprotein (HDL) retards the progress of atheroma develop-
ment but does so without altering oxidative processes.

— In some studies it has been shown that the retardation of the scavenger
receptor increases the development of the atheroma process [50] and the
overexpression of this receptor decreases the development of the atheroma
[51]. This is contrary to the expectations of the oxidative hypothesis.

— Studies that have genetically manipulated the two enzymes believed to be
involved with the oxidation of LDL, myeloperoxidase, and 15-lipoxyge-
nase, in an effort to ameliorate their oxidative effect on LDL, have instead
shown a protective role of these enzymes in some animal models of ather-
osclerosis. This is contrary to their believed role in the oxidative modifica-
tion of LDL and the subsequent chain of events that leads to lesion
development and atherosclerosis [6].

— Lastly, the correlation between autoantibodies to Ox-LDL and CVD in
humans have not been consistent [3] indicating that there may be another
explanation for the correlation when it does occur. Williams and Fischer
[6] state that from their studies hyperlipidemia and other factors correlate
with the antibody concentration, but vascular disease does not.

Perhaps the most damning evidence against the hypothesis is the lack of effi-
cacy of the myriad of antioxidant clinical trials that have sought to show that
antioxidant supplementation halted or prevented the development of athero-
sclerosis. However you term the criticism of the antioxidant trials they did
not achieve a clinical outcome and, for antioxidant supplementation to be
effective, a clinical outcome that is measurable is required [3,6,52]. As ather-
osclerosis is essentially an inflammatory illness, any antioxidant used must
perhaps also have an anti-inflammatory effect.
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Antioxidant Trials

The body of evidence that was mounting for the effectiveness of antioxidants
in atherosclerosis in animals, and the support provided by the epidemiologi-
cal evidence in favor of antioxidant protection of LDL from oxidation has
been followed up with large randomized clinical trials of antioxidant supple-
mentation. These trials were largely secondary prevention trials where the
patients recruited had known vascular disease, active tobacco use, asbestos
exposure, or documented previous malignancies.

The results of the large clinical antioxidant supplementation trials
appeared to disprove the role of antioxidants in preventing or halting CHD.

The conflicting evidence from the animal, in vitro, and clinical trial appears
to have been resolved when a meta-analysis of these key studies was under-
taken by Vivekananthan et al. [52], involving 138,113 persons enrolled in the
β-carotene trials and 81,788 enrolled in the vitamin E trials using all cause
mortality as the clinical end point in common. This analysis showed no clin-
ical benefit from the supplementation of antioxidants in these randomized
placebo-controlled clinical trials. In the vitamin E analysis the authors
divided the trials into primary prevention and secondary prevention trials
and this also showed no clinical benefit from the supplementation of antiox-
idants. This lack of clinical benefit was seen even when the antioxidant
supplement was shown to increase antioxidant plasma concentration, to
decrease oxidation lag time ex vivo, and to lower the levels of circulating 
Ox-LDL [53].

This is indeed damning evidence against the oxidation hypothesis of ath-
erosclerosis. However, some authors argue that it is not as damming as it may
seem. According to Parthasarathy et al. [33] the failure is more in the clinical
trial study design, specifically in the inappropriateness of the outcome
measures chosen, than in the oxidation hypothesis itself.

It is important to note that the decision to focus on vitamin E and 
β-carotene may not have been the appropriate route to take. There is very
little evidence to show that either of these naturally occurring antioxidants is
the most efficacious in protecting LDL from oxidation [45]. In particular, the
stage of atherosclerotic development where plaque rupture occurs, although
oxidation could indeed have a role in the lead up to the rupture, prevention
of oxidation at this stage would only have limited effect and to achieve that
limited effect large amounts of chain-breaking antioxidants would be
required.

As most of the clinical trials have been secondary prevention trials, with
established coronary artery disease (CAD) beyond fatty streak lesion forma-
tion, relating these patients to the oxidized hypothesis may be beyond the
scope of the hypothesis. Indeed in the meta-analysis only one of the trials
studied was a primary prevention trial of vitamin E alone, therefore the neg-
ative/neutral results were driven by the secondary prevention trials perhaps
biasing the results [52].
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So, the end points of these trials, such as plaque rupture or MI do not
relate to oxidation, and are not an appropriate end point to measure the Ox-
LDL hypothesis. Markers of oxidative stress (autoantibodies to oxidatively
modified proteins) and surrogate markers of arterial and tissue response
(VCAM-1 and MCP-1) can be seen to be reduced by antioxidants—perhaps
these are more appropriate markers to test the Ox-LDL hypothesis [33]. Again
the authors [4, 52] of the meta-analysis clearly state that none of the large clin-
ical trials use oxidative stress end points in their studies. The authors specu-
late that the vitamins could have been incorrectly dosed, that is given to
patients with low oxidative stress, or given too late in the course of CVD to
be efficacious in inhibiting LDL oxidation. The authors [52] state in their arti-
cle that, although they report no benefit from antioxidant vitamins, this does
not disprove the Ox-LDL hypothesis, a position supported by Steinberg and
Witztum [45]. It is clear from the evidence to date that, in order to prove or
disprove the Ox-LDL hypothesis in relation to atherosclerotic development,
it is necessary to have biomarkers that would accurately assess the level of
oxidative stress the patient is experiencing and also measure the efficacy
of the antioxidant used. Until such biomarkers are tried and tested it is not
possible to design an effective clinical trial to test the oxidative hypothesis of
atherosclerosis.

In some of the antioxidant clinical trials there were small increases in
antioxidant potential in the plasma reported due to the supplementation.
The studies often relied on “natural”’ antioxidants, such as vitamin E or 
β-carotene, instead of pharmacologically devised, high-powered antioxidants
where a clinically significant increase in antioxidant potential might have
been able to be achieved. One study by Meagher et al. [69] indicated that
despite very high doses of vitamin E, there was still evidence of lipid peroxi-
dation products in plasma indicating that perhaps vitamin E is not as power-
ful a lipid protecting antioxidant as often purported.

There is building evidence that the studies performed to date have tar-
geted the wrong micronutrients. Perhaps vitamin E and carotenoids do not
have a protective role, but rather are markers for other nutrients also pres-
ent in the foods. Folate may be of interest due to its role in the reduction of
homocysteine concentrations, a risk factor of CHD. Although the mecha-
nism whereby homocysteine is a risk factor of CHD is not clearly eluci-
dated, it is believed to be related to modulation of nitric oxide (NO)
production in the endothelium. Recently it has been shown that folate could
be operating independently of homocysteine concentrations. It appears
that the addition of folate to ex vivo LDL increases lag time of Cu2+ Ox-
LDL [54]. This effect cannot be attributable to NO production or the indi-
rect effect on homocysteine concentrations, but rather to the scavenging
ability of folate itself.

Of particular interest are the phenolic compounds found in foods. One
explanation for the French paradox (i.e., a seemingly high intake of dietary
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fat, in particular, saturated fat, combined with low population rates of
heart disease) is the phenolic substances present in red wine [55]. Also 
of particular interest are the polyphenols present in all plants, but not in
vitamin supplements. Some studies have shown an inverse relationship
between flavonoid intake and CVD [56, 57]. In particular, flavonoids can
prevent the oxidation of LDL [58]. Flavonoids and other polyphenolics do
have antioxidant behavior, but interestingly they also have other mecha-
nisms whereby they could influence the development and progression of
CVD. Flavonoids can inhibit platelet aggregation and adhesion, inhibit
enzymes in lipid metabolism, and inhibit endothelium-dependent vasodila-
tion. These molecules are also investigated for their role in modulating
immune cell function and act in a anti-inflammatory manner [59]. Many of
these studies are not well controlled, thus interpretation of the data must be
done with care.

Oxidative Stress: Friend or Foe?

To say that oxidative stress is ubiquitously problematic is to ignore the many
important cellular and protective functions that oxidation performs. This can
be highlighted by the role of the oxidative burst in the immune system.
Recently Williams and Fisher [6] reported a significantly important role for
ROS and RNS in the posttranslational destruction of apolipoprotein-B reg-
ulation, and as such would have a role in the normal regulation of this poten-
tially atherogenic protein. It is also clear that ROS are required for the
downstream phosphorylation of tyrosine, and insulin signaling in hepato-
cytes indicating that oxidative stress is a normal and necessary function of
insulin signaling in hepatocytes [6]. It should be noted that in the pancreas
ROS are responsible for the destruction of pancreatic islet cells and due to
this the decreased production of insulin. This is not a desirable result. It is
clear that in some circumstances increased antioxidant presence would be
desirable and lead to the prevention of chronic illness, and equally in other
location or circumstance this would not be the case [6].

Susceptibility of LDL to Oxidation

Esterbauer and colleagues [60] have shown that in lipid oxidation within the
LDL particle the rate of diene generation is initially slow and the induction
time (lag period) to formation may vary but, once this period has been
passed, the rate of diene generation reaches a maximum and continues for
some time. This leads to questions about what aspects of the LDL particle
could influence the lag period and also the maximum rate of peroxidation (or
the slope of the curve).
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Type of Fat in the Diet
The Ox-LDL hypothesis holds oxidation to be the key process in the initia-
tion and proliferation of atheromas in the intima of the arterial wall. This is
in direct contradiction of the evidence that dietary intake of polyunsaturated
fats, which are incorporated into the LDL molecule and are highly oxidizable,
are protective of heart disease. Similarly, exercise and moderate alcohol con-
sumption are also considered to be protective of heart disease, and them-
selves are initiators of oxidative stress.

Many studies from the 1990s indicated that the type of fatty acid in the
LDL molecule could radically affect susceptibility to oxidation. From these
studies it is clear that the presence of monounsaturated fatty acids (MUFA)
in LDL particles decreased the presence of oxidation products, indicating the
oleic acid in particular is resistant to oxidation in comparison to linoleic acid.
In a study by Bonanome et al. [61] the ratio of oleic acid and linoleic acid in
the LDL particle was inversely related to the peroxidation rate. The presence
of oleic acid increased the induction time somewhat, but the main effect was
to reduce the slope of the curve during the peroxidation period [62]. This indi-
cates that when the antioxidant present in the particle is exhausted, the par-
ticle with greater oleic acid concentration resist oxidation in comparison with
a high polyunsaturated fatty acid (PUFA) intake. The fatty acid composition
of the lipoprotein will affect the stability of these lipoproteins independent of
antioxidant concentration [61]. In fact in a study by Dimitriadis et al. [63]
showed that the LDL from a diabetic population was more susceptible to oxi-
dation than the control equivalent. This study showed differences in the fatty
acid composition of the LDL with increased free/esterified cholesterol ratio
in diabetic patients.

Studies by Williams and Fisher [6] indicate that n−3 fatty acids, which are
highly unsaturated and therefore susceptible to oxidation, inhibit Apo-B
secretion in the liver through stimulating its degradation by the postendoplas-
mic reticulum presecretory proteolysis (PERPP) process. This process is
dependent on the oxidation of PUFAs and is potentially protective of athero-
sclerotic development as the Apo-B moiety is very atherogenic. Similarly, sat-
urated fatty acids, such as myristic acid a 14 carbon saturated fatty acid, are
not susceptible to oxidation, have been found to stimulate secretion of Apo-B
containing lipoproteins and to protect them from the PREPP process [64].

Presence of Antioxidants
Most of the animal experiments looking at the role of antioxidant in protect-
ing the LDL from oxidation were done using probucol. Probucol is a hypolipi-
demic agent with impressive reducing potential. Due to the success of
probucol, it was decided to proceed with large clinical trials on antioxidants,
and in fact the decision was made that all antioxidants, whether soluble in
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lipid or aqueous solutions, could be grouped together due to their antioxidant
actions being similar [45].

What is clear is that the addition of antioxidants lengthens the time to
induction of LDL oxidation in vitro, that is the lag period, but does not affect
the maximum slope of the curve during the peroxidation period [62]. Vitamin
E was the most frequently used antioxidant in the clinical trials, however the
evidence for a role for vitamin E was at best unclear. From animal trials the
evidence is equivocal, there was some protection from atherosclerosis in the
mouse model [27], but the rabbit models have not been as effective [65]. In ex
vivo measurement of LDL oxidation there is only brief increase in lag time
(15–20 min), whereas probucol has much greater peroxidation delaying abil-
ity (up to 20 h or more). A study by Jialal and Grundy [66] did show that the
propagation of LDL was reduced by vitamin E supplementation, and in pop-
ulations with increased oxidative stress such as cigarette smokers [67] and
hemodialysis [68] vitamin E has been effective in protecting LDL from oxi-
dation. This is not the case in a healthy population indicating that there is
only benefit from taking vitamin E in situations where there is increased
oxidative stress [69], or perhaps in a population that is deficient in vitamin E
initially.

Vitamin E has been shown to be reduced by coantioxidants, such as vita-
min C and uric acid [60], but in situations where the coantioxidants are lack-
ing vitamin E has been shown to be a prooxidant [3]. Extensive research into
the dual ability of vitamin E to be both pro- and antioxidant has lead to the
conclusion that in cases of strong oxidative challenge vitamin E acts as an
antioxidant with little concomitant lipid peroxide formation. When in mildly
oxidizing conditions, vitamin E is slowly consumed and there is a build-up of
lipid peroxides in the LDL molecule but there is no conversion to secondary
lipid oxidation products (such as aldehydes) [3]. It is these secondary lipid
peroxidation products that are highly atherogenic. So, in vivo, the vitamin E
radical replaces the lipid peroxide radical, and is the promoter of auto-
oxidation, but at a slower rate than incurred if the lipid peroxide radical was
the initiator. Vitamin E is very reactive with free radicals, and the presence of
vitamin E determines the rate of oxidation, the more vitamin E the more oxi-
dation that occurs, and vitamin E acts as a prooxidant [3]. It is likely that the
in vivo environment reflects the milder oxidation condition. This leads to the
conclusion that vitamin E is not necessarily the most efficacious antioxidant
to study the protection of LDL from oxidation or to test the LDL oxidation
hypothesis of atherosclerosis [45].

β-Carotene is often used as a biomarker of fruit and vegetable intake, and
fruit and vegetable intake is inversely related to CHD in many epidemiologi-
cal studies [70]. It is not unreasonable to assume that β-carotene is protective
of CHD itself. β-Carotene is not an effective chain-breaking antioxidant in
comparison to vitamin E, it is an effective singlet oxygen quencher [3], so
using β-carotene in trials to prevent LDL oxidation is not useful. It is particularly
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important that β-carotene should not be used to prove or disprove the Ox-
LDL hypothesis of atherosclerosis [45].

The large clinical trials show there is no evidence for using vitamin E and
β-carotene supplements in established CHD. This indicates that more potent
antioxidants are required to test the role of Ox-LDL in atherosclerosis,
Parthasarathy et al. [33] suggests antioxidants that are not naturally occur-
ring, such as probucol, may be better suited to testing this hypothesis.

There is some evidence that folate protects against CHD other than
through its potential for lowering homocysteine levels. Ex vivo testing of the
antioxidant potential of folate suggest there may be a role for folate as an
in vivo antioxidant [55]. Although it appears that there is little reducing power
of the polyphenolics compared to other more traditional antioxidants in vivo
[3], there have been some successful studies showing their efficacy in protec-
tion from development of atherosclerosis. Some studies suggest that the
flavonoids present in onions, apples, and tea provide some protection against
CHD [58], although the results are not consistent across all studies.

Perhaps the protective effect of the standard antioxidants, such as vitamin
E and flavonoids, does not rely solely on antioxidant ability, this is particu-
larly true as vitamin E has been isolated in atherosclerotic lesions [71].
Vitamin E has many antiatherosclerotic properties; it is an antithrombotic, it
inhibits smooth muscle cell proliferation [72], and decreases monocyte adhe-
sion to endothelium, decreases platelet adhesion and proliferation, stabilizes
membranes, and affect intracellular calcium mobilization [9, 73]. It has also
been shown to modulate superoxide formation and leakage from the mito-
chondria by preventing electron leakage, directly or indirectly impacting on
the superoxide-generating systems, and by scavenging the superoxide that is
generated [74]. Flavonoids are anti-inflammatory molecules and this is the
role they may have in protecting against atherosclerosis, an established
inflammatory condition.

Methods of Detecting Oxidized LDL

Indirect Methods
Initially the oxidation of LDL was measured by the ex vivo method, whereby
oxidation of the unsaturated lipids in human LDL molecule was catalyzed by
copper and the change in absorption at 234 nm measured. The change in
absorption was due to the production of conjugated dienes, which absorb at
a different frequency. Similarly the presence of thiobarbituric acid-reacting
substance (TBARS) formation can be measured in the presence of copper
ions. This is a severe form of oxidation that results in an LDL molecule that
is capable of forming foam cells. In this case the LDL is completely devoid of
antioxidant potential. This is contrary to the findings that LDL in fatty
lesions in humans contain adequate concentrations of antioxidants, includ-
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ing vitamin E [75]. It must be remembered that as the LDL is removed from
its native environment and then oxidized, it is difficult to draw comparisons
to an in vivo environment [76].

Direct Methods
A study of an animal model of atherosclerosis (apo-E knockout mice)
demonstrated that autoantibodies against Ox-LDL recognize different epi-
topes of the complex structures that develop due to oxidative modification of
the apolipoprotein moiety [77]. Holvoet et al. [78] developed a competition
ELISA method to detect Ox-LDL in plasma using monoclonal antibody
4E6. This monoclonal antibody is directed against the apo B100 moiety of
LDL that is generated when oxidative modification occurs due to the pres-
ence of mid- to long-chain aldehydes. Using this method, elevated levels of
Ox-LDL have been shown to correlate well with CAD in heart transplant
patients [78]. The limitation of this monoclonal antibody is that it binds to
MDA-LDL as well as an array of other modified LDL particles [79].

Toshima et al. [80] also developed a simple sandwich enzyme immuno-
assay for human Ox-LDL. These authors used a monoclonal antibody
FOH1a/DHL3 that reacts specifically against oxidized phophatidylcholine
(oxPC) but not against native LDL, MDA-LDL, acetylated LDL, or glycated
LDL. This monoclonal antibody was developed by using a homogenate of
human atheromatous plaques from the aorta as the antigen. The authors
were also able to show a relationship between circulating levels of Ox-LDL
using this method and CHD, and showed that the relationship is superior to
that of other markers of CHD, such as total cholesterol, triglycerides, or
HDL levels [80].

Ehara et al. [79] developed a sandwich ELISA method to measure Ox-LDL
levels using a mouse anti-Ox-LDL monoclonal antibody (DLH3) and an anti-
apolipoprotein B (apoB) polyclonal antibody. DLH3 is specific of Ox-LDL
and does not bind to native or acetylated, glycated, or MDA-treated LDL.
This method is highly sensitive to detecting minute amounts of Ox-LDL and
avoids the interference of other plasma substances, although strictly speaking
does not measure the plasma Ox-LDL levels as the LDL is separated from the
blood before the testing. Using this ELISA method Ehara et al. [79] showed
that Ox-LDL levels are related to the severity of the coronary syndrome, and
thus could serve as a marker of cardiovascular events. It may be that the
increased presence of circulating Ox-LDL acts as a destabilizing agent on
plaque composition, most likely by enhancing the inflammatory processes and
surface thrombosis [79].

The interest in the clinical role of Ox-LDL has been growing since the elu-
cidation of its role in the progression of atherosclerosis. Unfortunately the
ongoing study of the clinical role of Ox-LDL has been hampered by a lack
in sensitive and specific markers of circulating Ox-LDL. It is currently appar-
ent that this has been rectified with the development of direct ELISA
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methods for the testing of levels of circulating Ox-LDL and enable a direct
comparison between different populations in order to speculate on the likeli-
hood of that population developing atherosclerotic complications.

Use of Ox-LDL as a Marker of Vascular Disease

Studies have indicated an association  between increases in the concentration of
circulating Ox-LDL in patients and CAD [78]. Holvoet et al. [78] speculated
that this increase could be due to a back diffusion of Ox-LDL from the ather-
osclerotic arterial wall and would be independent of plaque stability. Toshima
et al. [80] studied the clinical relevance of circulating antibodies against Ox-
LDL and found they were significantly higher in patients with CHD, than the
control population. Based on their findings the authors [80] concluded that the
Ox-LDL could be a possible risk marker for CHD. In a study by Ehara et al.
[79] there was a significant positive correlation between the severity of acute
coronary syndromes and the level of Ox-LDL, indicating that the levels of
Ox-LDL relate to the instability of plaque in atherosclerotic lesions.

The idea that Ox-LDL and aOx-LDL could be used as a biomarker for
CAD has been developed in populations that traditionally are vulnerable to
increased CVD, such as type 1 and type 2 diabetes mellitus. Diabetes mellitus
(DM) is associated with an increased risk of atherosclerosis; studies in these
patients have shown evidence of the increased presence of Ox-LDL and aOx-
LDL [81, 82]. There is also evidence that there is increased concentration of
Ox-LDL in hypertensive patients [26].

There are many diseases that have been studied and found to have evidence
of increased Ox-LDL concentrations in populations at increased risk of
developing heart disease. In prospective studies, antibodies to Ox-LDL have
been shown to predict MI and progression of atherosclerosis in populations
without autoimmune disease. As such these antibodies may be seen as mark-
ers of determinants of atherosclerosis such as lipid oxidation, a proinflam-
matory environment, endothelial dysfunction, and impaired vasodilation
[25]. They may in fact be a useful marker for indicating individuals at
increased risk of CVD [83, 84].

It appears that antibodies to LDL is a much more sensitive marker to ath-
erosclerosis and CHD than the more traditional biomarkers used currently
such as LDL concentration [84], sensitive enough that it may be useful in the
identification of silent atherosclerosis in clinically healthy individuals [84].

OxLDL and Inflammation

It is clear that the evidence to support the oxidation hypothesis is compelling,
it is also clear that there is also equally compelling evidence that oxidation is
not a key process in the development of atherosclerosis. When results are
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equivocal it implies there is another causative factor not originally considered
in the hypothesis. For the Ox-LDL hypothesis to remain viable, oxidation
must be the initiating factor in atherosclerotic development, and at this stage,
the evidence does not support this. There are avenues for foam cell develop-
ment that do not rely on oxidation [3].

It is likely that this other factor is inflammation. It is clear that this inflam-
mation is a key to atherosclerosis. Initially in the early 1980s, Ross [59] con-
cluded that diets leading to the development of atherosclerosis produced
inflammatory cellular adhesion to arteries. Since then many studies have
established markers of inflammation, such as C-reactive protein a systemic
marker of inflammation, as sensitive and specific markers of the develop-
ment and progression of atherosclerosis. C-reactive protein may be a more
sensitive marker of atherosclerotic development than traditional biomarkers
such as cholesterol [85].

It is clear that there is an intertwined role of Ox-LDL and inflammation.
The increased entry and decreased exit of inflammatory cells from the arte-
rial intima would be expected to increase arterial inflammation. Similarly,
Ox-LDL is able to upregulate a number of genes associated with inflamma-
tion such as MCP-1, and has been shown to alter the scavenger receptor
(CD36) expression [3]. Due to the antioxidant clinical trials showing little or
no efficacy in the protection or prevention of atherosclerosis, it must now be
considered that oxidative events are the consequence of atherosclerosis.

It is likely that oxidation is not the causative agent in the development of
atherosclerosis, but rather a by-product of inflammation. LDL oxidation, a
key step for the development of atherosclerosis, therefore, could be a result of
increased inflammation [3, 6].

Conclusion

Some indirect evidence has accumulated to support a link between Ox-LDL
and the pathophysiology of atherosclerosis. To date intervention strategies
for reduction of cardiovascular risk included increased intake of antioxidant-
rich foods and/or supplements for prevention of oxidation of LDL and the
rate of atherogenesis. However, large clinical trials involving isolated antiox-
idants have failed to produce equivocal evidence to support involvement of
Ox-LDL in the development of CAD. It is clear from these large trials that
there is no evidence to support the use of supplements to treat or prevent
CHD, in fact the only epidemiological evidence that has been sustained is
that a high intake of fruits and vegetables is protective in CHD.

It is also important to distinguish whether inflammation increases oxidative
stress, which further increases atherosclerosis or it is the increased oxidative
stress that increases inflammation to accelerate atherosclerosis. This answer
is likely to lie in the former. If that is the case, and taking into consideration
the role of redox processes in many cell signaling and other normal cellular
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activities the ubiquitous prophylactic supplementation with antioxidants may
in fact be damaging.

Recent studies have implicated a role for inflammation in the development of
atherosclerosis, among other chronic lifestyle diseases. It is well recognized that
oxidative stress has a role in, and is a product of, the inflammatory process. The
evidence does not appear to support the primary role of oxidative stress in
atherogenesis, however the evidence is more favorable for inflammation as the
initiating factor in the development of atherosclerosis and through this the
development and progression of CHD. Therefore, there is a need to separate
oxidative stress and inflammation and their individual and synergistic effect on
CHD to improve strategies for the prevention of this number one killer.
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Dietary Fatty Acids and Stroke

GENE R. HERZBERG

Abstract
The relationship of dietary fatty acid intake and the risk of stroke has been the sub-
ject of numerous investigations. The results of studies of the effects of saturated fat
have been conflicting making it difficult to reach a conclusion about saturated fat and
stroke. Intake of n6 fatty acids, particularly linoleic acid, appears to be inversely
related to stroke risk. Although concerns have been expressed about a possible
increase in risk of hemorrhagic stroke related to long chain n3 intake caused by
changes in the clotting ability of blood, the results suggest that these fatty acids, when
consumed at levels found in typical Western diets, reduce the risk of ischemic stroke
with no increase in risk of hemorrhagic stroke.

Keywords: blood clotting; diet; fatty acids; hemorrhagic stroke; ischemic stroke; n3
fatty acids, n6 fatty acids; saturated fatty acids

Abbreviations: EPA, eicosapentaenoic acid 20:5 n3; COX-2, cyclooxygenase; TX,
thromboxane; PUFA, polyunsaturated fatty acids; DHA, docosahexaenoic acid 22:6
n3; P/S, polyunsaturated/saturated ratio; ALA, alpha-linolenic acid, 18:3 n3

Introduction

Stroke is a leading cause of cardiovascular deaths. Annual stroke incidence in
Europe, Russia, Australasia, and the United States for those 45–84 years of age
is between 0.3% and 0.5% [1]. Worldwide, stroke is the second leading cause of
death accounting for 4.4 million deaths in 1990 [2] and results in significant
morbidity. The death rate due to stroke varies among countries but is between
17% and 38% [3]. Of those who survive, approximately one half will remain
permanently disabled and one half will be capable of independent living [4].

Stroke results from an interruption in the blood supply to a portion of the
brain. The extent of the injury depends on the location and severity of the
stroke. Strokes can be broadly divided into two categories namely, hemor-
rhagic and ischemic. Hemorrhagic strokes are a result of the rupture of a
blood vessel with the resulting loss of blood supply. Ischemic strokes are the
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result of a clot forming in an artery. The relative proportion of ischemic com-
pared to hemorrhagic strokes is a function of the age of the population stud-
ied since the proportion of ischemic strokes increases with age [5]. Studies in
eight countries in those aged 45–84 indicate that hemorrhagic strokes account
for approximately 85% of all strokes with ischemic strokes, accounting for
approximately 10%, the remainder being of undetermined cause [1].

The type of dietary fat has been suggested to modify the risk of stroke. The
effect of dietary fatty acids on stroke is complicated by the fact that different
fatty acids have different effects on both blood clotting and blood pressure. For
example, linoleic acid (18:2, omega-6; n6) may lead to increases in platelet aggre-
gability via its conversion to arachidonic acid (20:4 n6), which may increase the
likelihood of a clot forming, but may decrease blood pressure. The balance
between these effects might depend on dose, and thus make it difficult to deter-
mine the mechanism for a relationship between a given fatty acid and stroke.

Fatty Acids and Clotting

The effects of fatty acids on hemostasis have been recently reviewed by
Knapp [6], who concluded that evidence of effects of saturated or monoun-
saturated fatty acids on hemostatis in humans has been difficult to demon-
strate conclusively. Polyunsaturated fatty acids (PUFA) alter platelet
aggregation and other pathways related to coagulation and fibrinolysis.

Saturated Fatty Acids
Several reports have shown that addition of saturated free fatty acids stimu-
lates aggregation of human platelets [7–10]. Various trials both epidemiologic
and intervention in humans and feeding trials in animals have shown effects
of saturated fatty acids on platelet function. However, it is difficult to sepa-
rate the effect of removal of saturates from the diet from the effects of the
resulting increase in n3 and n6 fatty acids in the diet [11–13]. Hoak [14] has
concluded that there is no evidence that dietary stearate is thrombogenic.

Monounsaturated Fatty Acids
Oleic acid is generally considered to be neutral with regard to coagulation [6]
although there are reports of decreased platelet aggregation when oleic acid
was replaced with linoleic acid [15].

Polyunsaturated Fatty Acids
Chronic dietary supplementation with large quantities of fish oils has a mod-
est inhibitory effect on blood clotting compared with aspirin [16]. Ingestion of
the pure ethyl ester of eicosapentaenoic acid; 20:5 n3 (EPA) led to prolonged
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bleeding times, so it seems likely that EPA or a product derived from it is
responsible for the prolongation of bleeding time after fish oil ingestion [17].

Accumulation of long-chain n3 fatty acids in platelets after fish oil sup-
plementation is partially in place of arachidonic acid in membrane phos-
pholipids. Consequently, the increased phospholipase activity after
stimulation of platelets results in less arachidonic acid being released.
A consequence of this is reduced conversion of arachidonic acid to the
proaggregatory and vasoconstrictive thromboxane (TX) A2 due to the com-
petitive inhibitory effect of the long-chain n3 fatty acids on cyclooxygenase
(COX-2) activity [18].

An increase in the intake of long-chain n3 fatty acids, EPA in particular, is
associated with a decrease in blood clotting and an increase in bleeding time
in humans [19]. This was first reported by Bang and Dyerberg in 1980, who
found that Greenland Eskimos had prolonged bleeding times related to their
high intake of fat from marine mammals high in long-chain fatty acids [20].
The mechanism for the antithrombotic effect is not certain, but the most
commonly proposed mechanism involves changes in TX levels. EPA com-
petes with arachidonic acid for COX-2, which results in an increase in the
TXA3/TXA2 ratio. Changes in this ratio are associated with reduced platelet
aggregation and vasoconstriction and result in prolonged bleeding time [21].
Products of COX-2 action on arachidonic acid such as prostaglandin I2 and
isoprostanes have been associated with reduced blood flow after traumatic
cerebral insult [22]. As with clotting, competition for COX-2 by long-chain n3
fatty acids could decrease some of these products and lead to increased blood
flow after cerebral trauma leading to increased blood flow. Increased n3 fatty
acid intake has also been associated with several factors in the intrinsic clot-
ting pathway and with reduced blood viscosity [21, 23].

Perhaps of greatest practical relevance to the relationship between long-
chain n3 fatty acids and bleeding time is the lack of significant bleeding in
patients taking high doses of n3 fatty acids. These studies have included
examination of bleeding after major surgical procedures or childbirth
[24–26]. Thus it appears that while long-chain n3 fatty acids may prolong
bleeding times, they do not contribute to increased incidence of bleeding
except when consumed at very high levels.

Studies of the effects of dietary linoleic acid have generally found that
measured platelet aggregation is reduced but with no change in bleeding time
(summarized by Knapp [6]). Sanders and Hochland [27] compared a fish oil
supplement with a supplement high in oleic and linoleic acids and reported
similar reductions in collagen-induced platelet aggregation with both supple-
ments. Overall, studies suggest that n6 PUFA may reduce thrombotic
processes in vivo but have generally not found altered bleeding times.

The available data suggest that PUFA, particularly EPA may increase
measured bleeding time or decrease platelet aggregation but there is little evi-
dence, except at high levels of intake, that these fatty acids increase the risk
of bleeding.
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Fatty Acids and Blood Pressure

Grimsgard et al. studying Norwegian men 40–42 years old, found that blood
pressure was linearly related to plasma phospholipid saturated fatty acids
and inversely associated with linoleic acid [28]. These relationships were inde-
pendent of body mass index. Studies in several other countries have also
found a positive association between the blood level of palmitic acid and
blood pressure [29–31]. Dietary intake of linoleic acid [32] and plasma levels
of linoleate have been shown to be inversely associated with blood pressure
[30, 31, 33].

Dietary supplementation with high doses of fish oil compared to safflower
oil or a mixture of oils that approximated the types of fat present in the
American diet can reduce blood pressure in men with essential hypertension
[34]. Some [35, 36] but not all [37] clinical trials have supported a blood pres-
sure lowering effect of dietary linoleic acid. A fish oil supplement of 15 g/day
reduced blood pressure in a six-month study [38]. Meta-analyses of con-
trolled clinical trials of the effects of fish oil on blood pressure concluded that
daily intake of EPA + DHA (docosahexaenoic acid 22:6 n3) ≥ 3 g/day signif-
icantly lowered blood pressure [39, 40].

Studies in both spontaneously hypertensive rats [41] and humans [42–44]
have shown that alpha-linolenic acid (ALA, 18:3 n3) lowers blood pressure.
The effects in humans were seen when blood pressure was related to either
dietary intake measured directly or indirectly as the adipose tissue content of
alpha linolenate.

While the relationship between blood pressure and diet fatty acid content
remains somewhat controversial, the majority of the evidence supports a pos-
itive correlation of blood pressure with saturated fat and an inverse relation-
ship with polyunsaturated fat and the polyunsaturated/saturated (P/S) ratio.

Dietary Fatty Acids and Stroke

Saturated Fatty Acids
Results of studies of the relationship between saturated fat and stroke have
been inconsistent. In an ecological study, Sasaki et al. [45] reported a positive
correlation between saturated fat intake and total stroke mortality. Iso et al.
[46] found an inverse relationship between the risk of hemorrhagic stroke
in women and intake of saturated or trans-unsaturated fat intake but no
association with PUFA or monounsaturated fat. Similarly, in men, the
Framingham study found the risk of ischemic stroke declined with increasing
intake of saturated fat and monounsaturated fat but not polyunsaturated fat.
Too few cases of hemorrhagic stroke occurred to reach any conclusions [47].
In a study of Japanese men and women, a high consumption of animal fat
was associated with a reduced risk of death from cerebral infarction [48].



Results of the Seven Countries Study, after 20 years of follow-up, found a
nonsignificant inverse relationship between consumption of saturated fats
and stroke [49]. In a study of men of Japanese descent living in Japan, McGee
et al. found the percentage of calories as saturated fat was inversely related to
stroke mortality [50].

In both the Lyon Diet Heart Trial as well as in the large Finnish interven-
tion study, decreasing the intake of saturated fat was associated with a large
reduction in mortality from stroke [51, 52].

Polyunsaturated Fat
N3 Fatty Acids

The first suggestions that dietary n3 fatty acids might modify the risk of hem-
orrhagic stroke came from ecologic studies of Greenland Eskimos who have
a very high intake of n3 fatty acids and were shown to have an increased risk
of hemorrhagic stroke compared with Danish whites [53, 54]. It should be
noted that the intake of n3 fatty acids by Greenland Eskimos (10.5 g/day) is
much higher than that of Danish whites (0.8 g/day) [55] or of US residents
(0.1–0.2 g/day) [56]. Increased mortality due to hemorrhagic stroke has also
been reported in some traditional Japanese fishing communities with high
intakes of long-chain n3 fatty acids [57]. However, Yamori et al. [58] found
that n3 PUFA levels were significantly higher in the inhabitants of Japanese
fishing villages with relatively low stroke morbidity compared to those of
farming villages with extremely high stroke morbidity, although the type
of stroke was not specified.

Iso et al. [46] examined the association between n3 PUFA intake and the
risk of stroke in women and found that those in the highest quintile of intake
had reduced risk of both total and thrombotic strokes with no increased risk
of hemorrhagic stroke. The intake of long-chain n3 fatty acids by women in
the highest quintile was 0.48 g/day.

In the GISISI-prevenzionne trial, subjects were given a supplement of n3
PUFA of 1 g/day, which reduced the risk of an acute heart attack but had no
significant effect on the risk of stroke [59].

He et al. [60] examined the relationship between long-chain n3 PUFA
intake and stroke in men and found an inverse relationship between intake
and risk of ischemic stroke while there was no association found with hem-
orrhagic stroke. However, in a subsequent report, He et al. found no evidence
that the type of dietary fat affects the risk of either hemorrhagic or ischemic
stroke [61].

Mortality rates from stroke among Alaska Natives, who had previously
been shown to have elevated concentrations of plasma n3 PUFA [62], are
higher than rates for US whites [63]. High levels of long-chain n3 fatty acids
in perirenal adipose tissue, which reflects high dietary intake, was found to be
associated with increased incidence of hemorrhagic stroke [64].
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A recent meta-analysis concluded that fish consumption is inversely related
to risk of ischemic but not hemorrhagic stroke [65]. Fish is the main dietary
source of long-chain n3 PUFAs, which have been shown to have many favor-
able effects on factors related to stroke risk such as hypertension and blood
clotting as discussed previously and reviewed by Dyerberg et al. [66] and
Nestel [67].

Simon et al. [68] found that higher serum levels of ALA were associated
with a lower risk of stroke in middle-aged men at high risk for cardiovascu-
lar disease while stearic acid was associated with an increased risk of stroke.
Similarly, Leng et al. [69] found that ALA was significantly lower in the red
blood cell phospholipids of patients with stroke even after controlling for
blood pressure.

Vegetable Fat
A multivariate analysis of the relationship between foodstuffs and stroke in
19 countries found both ischemic and hemorrhagic stroke to be positively
correlated with vegetable fat intake [70]. A number of case control studies
have found that a lower proportion of linoleic acid in tissues that reflect
dietary intake is associated with increased risk of total or ischemic stroke
[71–74]. Japanese, who have a higher mortality rate from both ischemic and
hemorrhagic stroke [75], have lower serum levels of linoleic acid and higher
levels of saturated and n3 fatty acids [76]. In a more recent case control study
of Japanese men and women, Iso et al. [77] found that linoleic acid was
inversely associated with the risk of total stroke and ischemic stroke.

Functional Outcome of Stroke and Effect of Dietary Fatty
Acids
Studies of the effects of dietary long-chain n3 fatty acids on functional
outcome after a stroke have been limited to those with experimental ani-
mals. Black et al. [78] using an acute model of cerebral ischemia induced by
ligation of the middle cerebral artery in cats found that the neurological
deficit and volume of brain infarction was less in a group treated with fish
oil than the control group. In contrast, Clarke et al. [79] found, in a model
of intracerebral hemorrhage in rats, that a diet high in fish oil compared to
safflower oil led to significantly greater impairment of forelimb dexterity
and fine motor control. There was no difference in infarct volume but ani-
mals maintained on a diet enriched with fish oil exhibited increased cere-
bral blood flow after the stroke. The differences in these two studies suggest
that the effects of fish oil may be related to effects on coagulation or blood
flow, and that whether or not fish oil is beneficial depends on the type
of stroke.
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Conclusion

Overall, given the conflicting results, it is difficult to reach a conclusion about
saturated fat and stroke. Intake of n6 fatty acids, particularly linoleic acid,
appears to be inversely related to stroke risk. Despite expressed concerns
about a possible increase in risk of hemorrhagic stroke related to long-chain
n3 intake, the results suggest that these fatty acids, when consumed at levels
found in typical Western diets, reduce the risk of ischemic stroke with no
increase in risk of hemorrhagic stroke.
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in fibroblasts, 26
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Cobalamine, 345, 347
Cobalamin metabolism, 343
Cocaine, 461
Coenzyme

A, 336
Q10, 310, 316

Colesevelam, 15
Colestipol, 347
Collagen, 251, 294, 311, 361, 459, 479, 486
Collaterals, 456, 461
Complete LCAT deficiency (CLD), 27
Coronary artery(ies)

endothelial vasodilator function of, 437
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Tacrolimus, 448
Tangier disease, 40, 44, 46, 96, 100

patients with, 5
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-reacting substance (TBARS), 534
Thiol(s), 305, 369

protease inhibitors, 47
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TLR, see Toll-like receptor
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