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Preface

During the twentieth century we saw a veritable revolution in medicine. Some of
the most notable advances have been in the elucidation of the risk factors for and
treatment of cardio- and cerebral vascular disease. Identifying these factors through
epidemiological studies has led to the development of guidelines for a healthy life
style and therapies to control this major killer of the elderly. As a result of these
efforts at the present time cardiovascular disease, rather than being the leading cause
of death in the United States, has dropped to second behind cancer. Beginning with
such seminal studies as the Seven Countries study and the Framingham program,
these major advances have resulted from a collaboration among several disciplines,
including epidemiology, clinical trials, cell biology, and basic biochemistry. The
combined findings from these disparate disciplines have served as the foundation
for the institution of public health measures, such as smoking cessation campaigns
and new dietary recommendations, as well as the development of medications to
prevent disease through the control of such major risk factors as hypertension and
hyperlipidemia. One of the major insights into the underlying cause of vascular
injury is that it is initiated by oxidant injury to the vessel wall. The current volume is or-
ganized around the role of oxidant damage in this disease process. We have sought
to present the most recent studies from various disciplines which can serve as the
basis for further improvements in our understanding and control of cardio- and
cerebral vascular disease.
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Chapter 1
The Pathogenesis of Atherosclerosis and Plaque
Instability

James S. Forrester

Despite the dramatic reduction in cardiac events reported in the lipid lowering trial,
a substantial body of evidence from sources as diverse as epidemiology, clinical
trials and cell biology suggests that the atherogenesis involves processes far more
complex than elevation in serum lipids (Table 1.1). Until the 1980s the central focus
of pathologists was the debate over whether coronary thrombosis is a premortem or
postmortem event. In the late 1980s, however, coronary angioscopy in symptomatic
patients focused attention on plaque rupture. Angioscopy in patients at the time
they were experiencing clinical syndromes definitively demonstrated that the cul-
prit lesion in patients with stable angina was an atheroma with a smooth surface,
whereas those with unstable angina had a disrupted endothelial surface, with or
without thrombus formation.'* Although these data established the causal impor-
tance of intimal disruption in acute coronary syndromes, there was no understand-
ing of its pathologic basis.

In the early 1990s, vascular pathologists identified three characteristic histologic
features of unstable plaque: a large lipid core, an abundance of inflammatory cells,
and a thin fibrous cap.’ The differences in both size of the lipid core and macrophage
volume between stable and disrupted plaques are striking. For instance, Felton et al.
studied 334 human aortic plaques. In the aortae with disrupted plaque, the unstable
lesions had fourfold greater cross-sectional area occupied by lipid, an eightfold
greater area occupied by macrophages, and a fibrous less than a third as thick as
that found in stable atheroma.* Nonetheless, there was very limited insight into
what biologic processes were responsible for the development of these three charac-
teristics. At the turn of the century, therefore, there emerged a clear need to
identify the cellular biologic processes which lead to the three unique histo-
logic features of the unstable plaque.

In this chapter, we describe our current understanding of the cellular processes
responsible for creation of the atheroma and its evolution to instability and rupture.
These processes can be described didactically as a series of discrete steps (Fig. 1.1).
This schema simplifies a complex process because a diverse group of mediators
drive each step and each of the cell mediators affect more than one step in the
plaque destabilization.
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Table 1.1 Inferential evidence from diverse sources, which suggest that the lipid hypothesis is

insufficient as a theory of atherogenesis

Inferential evidence

Source

Major variation in death rates at same serum
cholesterol level

Predicted vs observed trial outcomes
Substantial reduction in cardiac events with a
diet that does not lower LDL

Reduced cardiac events with triglyceride low-
ering, with no change in LDL

Fourfold difference in cardiac mortality among
countries in the same quartile of serum
cholesterol™

35% greater reduction in events with
statin therapy than predicted from an
epidemiologic model**

30-70% short-term reduction in events post
infarction with diets that have little or no
effect on LDL

22% reduction in events in the VA HIT trial
using gemfibrozil*®

2. LDL & cells enter

1. Risk factors injure EC

| Coronary lumen |

Endothelium
4. Cell factors create & rupture cap
Vessel wall

Q
®)
$o % ﬁ
0O
3. LDL is oxidized Smooth muscle cell

Fig. 1.1 The steps in atheroma destabilization. Activated endothelial cells express adhesion
molecules that attract leukocytes that enter the blood vessel wall. LDL in the vessel wall is
oxidized, and taken up by macrophages. The activated cells in the vessel wall express cytokines
that maintain the inflammatory process. Proteases digest the fibrous cap, and smooth muscle cells
undergo apoptosis, leading to rupture of the fibrous cap (see text)

Creation of the Lipid Core

The starting point for atheroma formation and plaque destabilization is endothelial
activation. (In this chapter we use the term “activation” rather than “dysfunction,”
since cells frequently are responding normally to a noxious stimulus.) The activa-
tors of endothelial cells are the traditional risk factors for coronary heart disease
(CHD) including hypercholesterolemia, smoking, and hypertension. But many
other less well-recognized factors such as homocystinemia, immune complexes,
and a wide spectrum of infectious agents also are capable of activating the
endothelium.>¢ The response of the endothelium to these stresses is quite rapid. For
instance, forearm vascular reactivity increases substantially in the 4-h period
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following ingestion of a fatty meal.” Conversely, chronic low density lipoprotein
(LDL) lowering improves vascular reactivity,® and acute LDL apheresis can
increase stress-induced coronary blood flow by 30% within 24 h of the procedure.

Endothelial cell activation is characterized by upregulation of leukocyte
adhesion molecules and selectin adhesion receptors. This response may be particu-
larly prominent at branching points of blood vessels, where the loss of normal laminar
flow reduces the local expression of endothelium-derived nitric oxide, which sup-
presses adhesion molecule expression.®'® In response, circulating white cells
adhere and roll along the endothelial surface. After attachment, the cells express
pseudopods and enter the blood vessel wall through the endothelial gap junctions.
This movement is facilitated by monocyte chemoattractant protein-1 and other
chemoattractants.''

The importance of this initial step at the blood cell-blood vessel interface in the
initiation of atheroma formation is illustrated by studies in atherosclerosis-prone
transgenic mice: animals deficient in platelet and endothelial selectins have 40%
smaller lesions.!? In man adhesion molecule and selectin expression on plaques is
twofold greater than on the normal arterial endothelium,' and serum adhesion
molecule concentration correlates directly with carotid intimal thickness as
measured by ultrasound.™

Cholesterol moves in and out of the blood vessel wall attached to transport
proteins. It enters as low density lipoprotein, with apolipoprotein B as its carrier. In
the presence of local inflammation, the LDL that enters the blood vessel wall
undergoes oxidation by oxygen-free radicals. Although the data from cell culture
studies and animal models suggest that oxidation plays a central role in atherogenesis
and plaque instability, the data in man is more inferential. Antibodies against LDL
are found in atherosclerotic lesions, and human plasma contains antibodies that
react with oxidized LDL.' Further, Hasegawa et al. found that the level of plasma
oxidized LDL increases with increasing age and is significantly higher in patients
with atherosclerosis than controls.!® The process begins with peroxidation of
polyunsaturated fatty acids in the LDL lipid.!”** These modified lipids are no
longer recognized by the LDL receptor, but are recognized by the scavenger recep-
tor of the monocytes that have entered the blood vessel wall. This receptor is not
under sterol-mediated feedback control. Consequently, the monocytes avidly
ingest cholesterol, and in the process become tissue macrophages. The differentia-
tion from monocyte to macrophage is augmented by macrophage colony stimulat-
ing factor. Filled with lipid, these cells, appropriately named foam cells, become
trapped as tissue macrophages in the sub-endothelial proteoglycan substrate of the
extracellular matrix. Over time, the predominant lipids in the evolving atheroma
become free cholesterol and cholesterol esters.

Lipid accumulation in the vessel wall is neither unidirectional nor relentless.
It is balanced by reverse cholesterol transport, i.e., movement of cholesterol out of
the blood vessel wall. This process also involves transport proteins and lipoprotein
carriers. Reverse cholesterol transport begins with efflux of cholesterol from cell
membranes to phospholipid acceptor particles in the interstitial fluid, the most
important of which are nascent HDL particles, which are composed of phospholipid
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apo A-I. Cholesterol in the nascent HDL is esterified by lecithin cholesterol acyl-
transferase (LCAT) to cholesterol esters. Cholesteryl ester transfer protein (CETP)
exchanges the cholesteryl ester for the triglyceride, decreasing HDL-C. Cholesterol
is then transported to the liver where it is excreted into the bile.

As a generality, as serum LDL increases, there is a compensatory increase in
reverse cholesterol transport. For instance, de la Llera Moya found that patients in
the highest decile of plasma LDL had a 30% greater rate of reverse cholesterol
transport than those in the lowest decile.!” On the other hand, plasma HDL concen-
tration correlates only roughly with the level of reverse cholesterol transport. Thus,
because HDL also inhibits adhesion molecule expression, is an antioxidant and
blocks matrix metalloproteinase expression, it has a number of potentially antia-
therogenic actions.?!

When lipid accumulation exceeds reverse cholesterol transport, the lipid core
enlarges, creating the first histologic characteristic of the unstable plaque, the large
lipid core. In compensation the external diameter of the vessel wall increases. This
phenomenon has major clinical importance: serial angiographic studies before and
after plaque rupture in man have that about half of the vulnerable plaques with large
lipid cores are not flow limiting prior to plaque rupture. Thus unstable lesions are
not necessarily severely stenotic, and conversely angiographically severe stenoses
are not necessarily unstable.??

Local Inflammation in the Vessel Wall

Tissue macrophages, activated by oxidized LDL and/or other pro-oxidant stimuli,
initiate and maintain a local inflammatory reaction by expression of cytokines.?***
In the wall of the vessel with an unstable plaque, every cell type is activated (Table
1.2). The endothelial cell expresses adhesion molecules. Degranulating mast cells
increase 15-fold and become TNF-alpha positive, serving as a potent stimulus to
continuing endothelial cell activation.??¢ The smooth muscle cell changes from the
contractile to the secretory phenotype, expressing extracellular matrix proteins,
particularly collagen that forms the fibrous cap.?’ This stabilizing effect, however,
is countered by activated T-lymphocytes that express gamma interferon inhibiting
extracellular matrix expression.” In summary, the complete spectrum of inflammatory
cytokines has now been identified in unstable human plaque.”-** These cytokines

Table 1.2 Cell activation in the unstable plaque

Cell type Unstable vs. Stable atheroma

Smooth Muscle Two-fold increase in volume of synthetic organelles (42% vs. 21%)*
Macrophage Eightfold greater volume of cells*

Mast 17:1 ratio of degranulated to granulated cells®

T-Lymphocyte Along with macrophage, the predominant cell at rupture site?

There are major histologic and functional differences between stable and unstable human
atheroma, even within the same vessel.
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have multiple overlapping actions. For instance TNF-alpha also promotes oxidative
stress, TGF-beta stimulates the production of lipoprotein-trapping proteoglycans,
colony stimulating factors cause macrophage replication, and interferon gamma
suppresses smooth muscle replication.?® Cytokines that promote cap formation and
stabilization, like platelet-derived growth factor and insulin-like growth factor, are
also expressed,* but in the unstable plaque the balance between these competing
factors favors collagen breakdown rather than synthesis.

Reflecting the abundance and diversity of inflammatory cytokines, the tempera-
ture of unstable lesions is increased. For instance, in unstable angina patients the
culprit lesion is on average 0.6°C higher than in patients with stable angina, and in
patients with myocardial infarction it is 1.0°C higher.* There is a direct correlation
between plaque temperature and macrophage volume. In summary, the unstable
plaque is the body’s inflammatory process as it is expressed in the unique tissue of
the blood vascular wall.

The process of plaque destabilization, however, is more complex than local
inflammation alone. Systemic inflammation also plays an important, albeit less
clearly defined role. Remarkably, local plaque temperature also correlates with
the systemic level of circulating cell adhesion molecules, cytokines, and plasma
c-reactive protein (CRP).* Further, the presence of chromic infection and ele-
vated CRP increases the risk of new atheroma formation fivefold.*” Chronic
infection increases the risk of mortality in patients with established CHD by
about 40%. A meta-analysis of seven studies involving 1,053 cases of non-fatal
myocardial infarction or CHD death, with a mean follow-up of 6 years. The risk
ratio of CHD for people in the upper tertile of plasma CRP compared to the bot-
tom tertile was 1.7.38 Thus a reasonable speculation is that systemic inflammation
aggravates local inflammation.

Thinning of the Fibrous Cap

The balance between connective tissue synthesis and breakdown determines the
integrity of the fibrous cap that isolates the lipid core. The strength of the cap
reflects extracellular matrix proteins expressed by smooth muscle cells.
Opposing this action are the activated inflammatory cells, particularly macrophages,
T-lymphocytes, and mast cells.*® Collagen digestion is accomplished by proteases,
particularly the family of metalloproteinases (MMPs), expressed predominantly
by macrophages.*’ Indeed, in human unstable plaques macrophage density cor-
relates with decreased mechanical strength.* MMP expression is intimately
related to LDL oxidation. In macrophages oxidized LDL doubles MMP expression
whereas native LDL has no effect.** Expression of MMP is also upregulated by
tumor necrosis factoralpha and interleukin-1.**** The redundancy of the mech-
anisms responsible for plaque instability is illustrated by the spectrum of other
compounds that induce MMP expression, including plasmin, oxygen radicals,
and Chlamydial heat shock protein.*>4¢
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Table 1.3 Destabilizing effects of cell products identified in unstable atheroma

Important action in unstable plaque Other actions
TNF-o* Upregulates adhesion molecules Increases thrombogenicity
IL-18% Activates endothelial cells Causes SMC apoptosis
MMP? Digests collagen Digests elastin
Tenascin®  Stimulates MMP expression SMC apoptosis
TGF-B% Stimulates collagen synthesis Stimulates lipid trapping proteoglycans
TF* Promotes thrombin generation Promotes MMP expression
IGF-6* Suppresses collagen expression Causes SMC apoptosis

The cell products in unstable plaque each have multiple actions that contribute to stabilization. In
addition, there is substantial overlap among the effects of cytokines. This redundancy makes it
unlikely that targeting a single cytokine will be an effective approach. (Reproduced with permission
from Forrester J. Ann Int Med 2002;137:823—-833).

Concomitant with destruction of collagen in the unstable plaque, there is suppression
of its synthesis. Smooth muscle cell function is suppressed by interferon-gamma from
T-lymphocytes.*’*® The smooth muscle cells in advanced lesions also made suscepti-
ble to apoptosis by TNF-alpha and interferon-gamma. In our laboratory Wallner et al.
have also shown that the extracellular protein tenascin-C, which is not present in the
normal vessel wall, is strongly expressed by macrophages in unstable plaque.*-°
Tenascin stimulates MMP expression and causes smooth muscle cell apoptosis
(Table 1.3).

Erosion of the fibrous cap culminates in plaque rupture, with release of tissue
factor, followed by platelet adhesion and thrombus formation. As we observed
by angioscopy a decade or more ago, if the thrombus is partially occlusive, it
causes the syndrome of unstable angina, whereas complete occlusion causes
myocardial infarction. Plaque rupture most commonly occurs at the plaque
shoulder, where T-lymphocytes and macrophages predominate and smooth
muscle cells are less common.”' Interestingly, tissue factor content in unstable
plaque is twice that in stable plaques, and correlates directly with both macro-
phage volume,’* providing the final link the inflammatory process, plaque
rupture and coronary thrombosis.

The pathogenesis of the three histologic characteristics of unstable plaque, so
poorly understood just a decade ago, can now be defined. The formation of a large
lipid core begins with LDL entry into the vessel wall. In the presence of chronic
systemic or local vascular inflammation, created or amplified by a spectrum of risk
factors, the endothelium is activated. Activated endothelial cells attract monocytes
to enter the vessel wall. Within the vessel wall, the monocytes encounter oxidized
LDL, the product of oxidative stress, also a manifestation of inflammatory activa-
tion. The monocytes avidly ingest oxidized LDL, becoming trapped in the suben-
dothelium as tissue macrophages. As macrophages ingest LDL and later die, a large
necrotic lipid core is created. The abundance of inflammatory cells in the unstable
plaque is maintained and amplified by cytokine-induced cell activation. The third
histologic characteristic of the unstable plaque is the thin fibrous cap. This results
from extracellular matrix breakdown by proteases. At the same time collagen
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synthesis is diminished by cytokine-induced suppression of SMC function and
promotion of SMC apoptosis. When the fibrous cap ruptures, most commonly at
the shoulders, it exposes both tissue factor and collagen to the flowing blood
stream. Both are prothrombotic.

In science, the tools we have for measuring it often determine the way we
perceive reality. For CHD these perceptions have also determined management. In
the 1980s, revascularization therapy had its origin in angiography. In the 1990s
thrust of LDL lowering statin therapy had as its basis the correlation of elevated
blood lipids and cardiac events. Today the ability to measure endothelial reactivity,
oxidative stress, cholesterol transport, and serum and tissue cytokines provide the
basis for an expanded view of management of CHD. Based on cell biology of
plaque rupture, we can now identify at least five therapeutic targets for plaque sta-
bilization: endothelial passivation, very aggressive LDL lowering, inhibition of LDL
oxidation, acceleration of reverse cholesterol transport, and inhibition of inflammation.
If these approaches are additive, substantial further reduction in coronary events
should be possible in the coming decade.
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Chapter 2

Epidemiological Studies on Atherosclerosis:
The Role of the Mediterranean Diet in the
Prevention of Cardiovascular Disease

Edgar R. Miller IIT and Thomas P. Erlinger

Introduction

The Seven Countries Study, reported by Ancel Keys in 1970,'> was the first
substantive epidemiological evidence to support the hypothesis that multiple
dietary factors determine coronary heart disease (CHD) risk. This seminal longi-
tudinal study of populations in Europe, Asia, and the United States was con-
ducted with rigorous, standardized dietary data collection and meticulously
tracked clinical outcomes. A striking finding was the apparent large CHD risk
reduction associated with consumption of a “Crete,” a.k.a. “Mediterranean” diet.
Since this report, further research has attempted to confirm these findings and
characterize features of the diet which may account for the substantial reduction
in CHD risk.

The purpose of this chapter is to characterize the “Mediterranean diet” as it was
originally described, review observational studies that confirm CHD risk reduction
with adherence to the diet, and report the results of clinical trials conducted to
determine the effectiveness of the Mediterranean-style diet at reducing cardiovas-
cular disease risk. In the process, we describe the food composition and nutrient
profile of the Mediterranean diets. Finally, we report results of feeding studies that
provide insight into probable mechanisms that mediate risk reduction: including
effects on oxidative stress markers and traditional cardiovascular disease (CVD)
risk factors including lipids and blood pressure.

Several limitations to our characterization of the Mediterranean diet exist. First,
dietary patterns are exceedingly difficult to describe, in part, because of substantial
heterogeneity of the diets that fall under a common rubric (e.g. Mediterranean
diets) and because of secular trends. The classically described “Crete” diet associ-
ated with reduced CVD risk is being supplanted by contemporary versions of these
diets that often reflect Western culture. This chapter focuses, to the extent possible,
on modifications of the original dietary pattern. Second, health outcomes, such as
CHD mortality, are often unavailable and, when available, are not directly
comparable across studies. Hence, recent observational studies that examine the
association of the Mediterranean dietary patterns and CVD risk may have different
endpoints. Despite these caveats, the health benefits of Mediterranean-style diets
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appear robust and research has advanced our understanding of the mechanisms that
may account for the CVD risk reduction.

The Mediterranean Diet and Risk of CVD

In view of the numerous cultures and agricultural patterns of the Mediterranean
region, the ‘Mediterranean’ diet cannot be characterized by a specific nutrient
profile; rather, this term is applied to a dietary pattern. In this context, the dietary
pattern, extensively described in the Seven Countries Study remains a historical
reference point (Table 2.1).

This study, which began in the mid-1950s, was the first to systematically exam-
ine the relationship between diet and risk of CVD across geographically and cultur-
ally distinct populations. The countries were the United States, Finland, The
Netherlands, Italy, Yugoslavia, Greece, and Japan. Over the course of Syears of
follow-up, CHD mortality varied widely among these countries with the highest
average annual age-adjusted incidence occurring in Finland (47/10,000) and the US
(47/10,000), and the lowest in Greece (8/10,000), Japan (9/10,000), and Italy
(7/10,000)." Results suggest that consumption of a Mediterranean diet, similar to
that of Crete in the 1960s, was associated with one of the lowest risks of CHD in
the world. This reduced risk can be attributed, in part, to differences in dietary pat-
terns. Compared to the diet of the US cohort in the Seven Countries Study, the
Cretan diet in 1960 was higher in bread, legumes, fruit, olive oil (monounsaturated
fat), wine, and fish. Smaller differences were observed for vegetables, cereals, and
potatoes. One common finding was the low consumption of non-fish meats in the
Crete compared to the US diet. Key features of the traditional Mediterranean diet
are summarized in Table 2.2.

Over time, the diet of Crete has changed remarkably and is now characterized
by higher intake of saturated fat and cholesterol, and reduced intake of monoun-
saturated fats.’> At the same time, total fat consumption has fallen. These trends
have been accompanied by a steady rise in CHD risk during 25 years of follow-up
of the Cretan cohort.'® Today, the Cretan diet increasingly resembles a western diet;
there has been a concurrent rise in CHD risk. Hence, the reference Mediterranean
diet should be anchored to its original description and characterization.

Observational Study Results

Since the publication of the Seven Countries study, others have examined the asso-
ciation between the consumption of Mediterranean dietary pattern and risk of CHD.
Notably, the characterization of the diet has required development of a Mediterranean-
diet score that incorporates salient characteristics of this diet.? A scale of 0-9 was
created and indicates the degree of adherence to the traditional Mediterranean diet.
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Table 2.2 Dietary features characteristic of the traditional Mediterranean diet®

High intake of vegetables, legumes, fruits, nuts, and whole-grain non-refined cereals
High intake of olive oil

Low intake of saturated fats

Moderately high intake of fish

Low to moderate intake of dairy products (mostly yogurt and cheese)

Low intake of meat and poultry

Regular but moderate intake of alcohol (primarily wine with meals)

A value of 0 or 1 was assigned to each of nine components with the use of sex-
specific median as a cut-off. For beneficial components (vegetables, legumes, fruits
and nuts, cereal, high monounsaturated fat intake, and fish), persons whose con-
sumption was below the median were assigned a value of 0, and persons whose
consumption was above the median were assigned a value of 1. For components
presumed to be detrimental (meat, poultry, and dairy products), persons whose
consumption was below the median were assigned a value of 1, and persons whose
consumption was at or above the median were assigned a value of 0. For alcohol,
a value of 1 was assigned for those who consumed between 5 and 25 g/day and
0 to those with more or less consumption.

In a prospective study of 22,043 adults in Greece followed for 44 months, there
was a reduction in total mortality (adjusted hazards ratio (HR) = 0.75, 95% confi-
dence interval (CI), 0.64-0.87) and in death due to CHD (HR = 0.67, 95% CI,
0.59-0.98) associated with a two point increment in the Mediterranean diet score.”
A subgroup analysis of those with prevalent CVD at baseline, showed that adher-
ence to the diet by two units was associated with a 27% lower total mortality (HR =
0.73, 95% CI, 0.58-0.93) and 31% lower risk of cardiac deaths (HR = 0.69, 95%
CI, 0.52-0.93).% Hence, the diet was associated with a reduced risk of CVD in both
those with and without prevalent disease. This Greek population was part of the
European Prospective Investigation into Cancer and Nutrition (EPIC) cohort study
that reported results for the entire cohort of 74,607 men and women from 10
European countries. In the entire cohort, using a similar scoring technique, each 2
point increment in the diet score was associated with a reduction of 8% in total
mortality (95% CI, 3—-12%).%°

The Healthy Ageing Longitudinal study in Europe (HALE), examined singly
the effects of consumption of the Mediterranean diet, and in combination with
being physically active, moderate alcohol use, and nonsmoking on 10 year all-
cause and CHD mortality in 2,339 men and women ages 70-90 from 11 European
countries.”® Adherence to the Mediterranean diet was associated with a significant
reduction in all-cause mortality (HR = 0.77, 95% CI, 0.68-0.88). Adherence to the
Mediterranean diet combined with additional diet and lifestyle factors lowered the
all-cause mortality rate (HR = 0.35, 95% CI, 0.28-0.44). In total, lack of adher-
ence to this low risk pattern was associated with a population attributable risk of
60% for all deaths, 64% for deaths from coronary heart disease, and 61% from
cardiovascular diseases.
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Clinical Trial Results — Variations to the Mediterranean Diet

The interpretations of the findings from these and other observational studies
suggest that partial adoption of the Mediterranean diet is associated with reductions
in CVD across many populations, in the young and old, and those with and without
prevalent disease ages. Since observational studies do not establish a cause and
effect relationship, a stronger test of the hypothesis for a relationship between the
effects of the Mediterranean diet on CVD risk is in the setting of a clinical trial.
Two trials designed to test the effects of variations of the Mediterranean diet on
clinical CVD outcomes were the Lyon Diet Heart Study® and the Indo-Mediterranean
Diet Heart Study.” Both randomized trials were conducted in participants with
established CVD.

The Lyon Diet Heart Study

The Lyon Diet Heart Study was designed to evaluate the impact of a Mediterranean
diet on the risk of cardiovascular mortality in persons at high risk for CHD.? The
diet was based on the 1960 Cretan diet as defined by the Seven Countries Study,
but the intervention also included supplementation with margarine rich in alpha-
linolenic acid (ALA). Participants were advised to eat more bread, root vegetables,
green vegetables, fish, and fruit. In addition, participants were asked to reduce their
intake of red meat and pork. Finally, participants were asked to replace butter and
cream with the supplemental margarine rich in ALA that was provided by the study.
Estimated energy intake (% kcal) from fats was 30.5% from total fat, 8.3% from
saturated fats, 0.8% from n-3 fatty acids, and 3.6% from n-6 fatty acids. Mean cho-
lesterol intake was 217 mg/day. After a mean follow-up of 27 months, there was a
70% reduction in total mortality (20 deaths in control group vs. 8 deaths in experi-
mental group) and a 73% reduction in the combined endpoint of cardiovascular
deaths and non-fatal myocardial infarctions among persons assigned to the
Mediterranean diet intervention compared to the control group (33 events in control
group vs. 8 events in experimental group).

While the results of this trial were impressive, several issues deserve com-
ment. First, a beneficial effect of the intervention was observed very early in the
trial, well before significant regression of atherosclerotic plaque might occur.
This would suggest that mechanisms other than prevention of atherosclerosis,
per se, might be responsible for the beneficial effects of the study diet.
Experimental evidence suggests that ALA could have anti-thrombotic and anti-
arrythmogenic effects.'®* Hence, the impact of the intervention in preventing
atherosclerosis is uncertain. A second and related issue is whether the Lyon
Diet Heart Study diet can prevent CHD to the same extent as a traditional
Mediterranean diet and other diets associated with a very low incidence of
CHD. Despite the impressive relative risk reductions associated with the Lyon
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Diet Heart Study diet, it is quite possible that the absolute risk of CHD might
still exceed that associated with other dietary patterns. Third, it is difficult to
separate the effects of the diet from the effects of the ALA supplements that
were provided to participants. Dietary advice was given infrequently in the
trial, whereas the ALA rich oils were supplied free of charge to participants.
Behavioral intervention studies suggest that the frequency of dietary advice
provided in the Lyon Diet Heart Study was insufficient to substantially change
diet. In contrast, provision of the free ALA supplements might have been suffi-
cient to accomplish this aspect of the intervention.

Indo-Mediterranean Diet Heart Study

A recently completed trial conducted in India, the Indo-Mediterranean Diet Heart
Study,” complements findings from the Lyon Diet Heart Study. The study popula-
tion consisted primarily of men (~90%) who were at high-risk for either a first
myocardial infarction or a recurrence; approximately 60% had a history of myocar-
dial infarction at baseline, and 35% had a recent (<4 weeks) myocardial infarction.
In contrast to the Lyon Diet Heart Study, two-thirds of participants were vegetarian
at baseline. All participants were given advice to reduce their intake of fat, saturated
fat, and cholesterol (<30% kcal from fat, <10% kcal from saturated fat, and
<300mg cholesterol/day). Those participants in the intervention arm were also
advised to increase their consumption of fruits, vegetables, and nuts and to use
mustard seed and soybean oil (3—4 servings/day), both of which are rich in ALA.

It is noteworthy that approximately 60% of calories came from carbohydrates,
of which a substantial proportion was presumably from fruit, vegetable, and grain
consumption. In contrast to the Lyon Diet Heart Study, consumption of the Indo-
Mediterranean diet resulted in significant reductions in total and LDL cholesterol,
and an increase in HDL-cholesterol. In addition, blood pressure and body mass
index were reduced with the Indo-Mediterranean diet compared to controls. A com-
mon feature of both the Lyon Diet Heart study and Indo-Mediterranean Diet Heart
study was the emphasis on ALA consumption. In the latter study, increased con-
sumption was achieved by emphasizing foods and oils rich in ALA (nuts, soybean
oil, and mustard seed oil).

After 2years of follow-up, there was a 50% reduction in total cardiovascular
endpoints (fatal myocardial infarction, non-fatal myocardial infarction, and
sudden cardiac death) in the intervention group (39 events) compared to the
control group (76 events). Both non-fatal myocardial infarction and sudden
death were reduced in the intervention group; however, there was no significant
difference in fatal myocardial infarction. These results are consistent with
results from the Lyon Diet Heart Study, where there were significant reductions
in sudden death and non-fatal myocardial infarctions. Still, these impressive
results are somewhat surprising, because, at baseline, two-thirds of participants
were vegetarians.
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Clinical Feeding Study Results

The Lyon Diet Heart study and the Indo-Mediterranean diet trial relied on behavior
modification strategies to promote adoption of the Mediterranean diet plans to par-
ticipants. Compliance with dietary recommendations was hard to assess and effects
of on-traditional CVD risk factors hard to ascertain. In fact, in the Lyon Diet Heart
study, end-of study assessment of the traditional CVD risk factors including blood
pressure and lipids, were not different between groups.® This finding was unexpected
as emphasis on unsaturated fatty acids rather than saturated or trans-fatty acids
would be expected to beneficially affect serum lipid levels.”® Likewise, dietary pat-
terns emphasizing fruits and vegetables have been shown to substantially lower
blood pressure and are discussed next.? Hence determining the effects of the
Mediterranean diet on traditional CVD risk factors, including blood pressure and
lipids, and on markers of oxidative stress, may be best determined in a different set-
ting: clinical feeding studies. Feeding trials are conducted under ideal conditions of
monitoring and compliance where all components of diet are controlled. Three semi-
nal feeding trials described below were designed to examine effects of dietary pat-
terns on blood pressure and lipids and allows for true estimates of the effects of
changes of dietary patterns on traditional CVD risk factors.

The Dash Trials

The Dietary Approaches to Stop Hypertension (DASH) and DASH-sodium trials>**
tested the effects of a carbohydrate-rich diet that emphasizes fruits, vegetables, and
low-fat dairy products and that is reduced in saturated fat, total fat, and cholesterol on
blood pressure, total cholesterol, and LDL cholesterol. This diet is rich in potassium,
magnesium, calcium, and fiber, and is reduced in total fat, saturated fat, and choles-
terol; it is also slightly increased in protein. Effects of this diet were compared against
a group randomized to a “control” diet which had a nutrient composition that is typi-
cal of that consumed by many Americans (Table 2.2). Its potassium, magnesium, and
calcium levels were comparatively low, while its macronutrient profile and fiber con-
tent corresponded to average US consumption. A “fruits and vegetables” diet tested
in the original DASH trial was rich in potassium, magnesium, and fiber but otherwise
similar to the control diet. All three diets contain similar amounts of sodium (approxi-
mately 3,000mg/day) and both studies used isocaloric feeding to avoid the influence
on weight loss and calorie restriction on these CVD risk factors.

In the original DASH study, among all participants, the DASH diet significantly
lowered mean systolic BP by 5.5 mmHg and mean diastolic BP by 3.0mmHg.> The
fruits and vegetables diet also significantly reduced BP but to a lesser extent, about
50% of the effect of the DASH diet. The reductions in hypertensive individuals
(11.6/5.3mmHg) (Fig. 2.1) were striking and were significantly greater than the
corresponding effects in non-hypertensive individuals (3.5/2/2mmHg). The effects
occurred rapidly and were apparent after only 2 weeks. The DASH-sodium trial
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Fig. 2.1 DASH diet results: change in systolic blood pressure (mmHg) in hypertensive
participants randomized to diets®

confirmed these results and further documented the effect of sodium intake on
blood pressure in those who consumed the control and DASH diets. In addition to
BP reduction, the DASH diet also reduced serum homocysteine levels' and had
favorable effects on blood lipids.?!

The DASH trials results give important insight into the effects of dietary patterns
on CVD risk factors. Similarities between the Mediterranean dietary pattern and
DASH diets include the high daily servings of fruits and vegetables (8—10 serv-
ings/day), the emphasis on whole-gain foods, fish, and nuts. Both diets are low in
saturated fat and high in fiber. These factors and the concomitant increases in
potassium, magnesium, and calcium may in part account for a substantial propor-
tion of the observed CVD risk reduction with consumption of the Mediterranean
diet and may be mediated through effects on traditional CVD risk factors and
reductions in oxidative stress. However, unlike the Mediterranean dietary pattern
which has a high fat content (41% — primarily monounsaturated fat) the DASH diet
is reduced in total fat (27%).

OMNI Heart Trial

Results of DASH trials were important in providing an estimate of the magnitude
of effects of diet on blood pressure, total cholesterol, and LDL cholesterol.
However, the diet also lowered HDL-cholesterol and had no effect on triglycerides,
traditional risk factors that are associated with CVD risk. These carefully conducted
trials can provide insight into components of the Mediterranean dietary pattern which
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Table 2.3 The change from baseline on serum LDL-cholesterol, HDL-cholesterol, triglycerides,
and blood pressure in participants after consuming each of the OMNI-Heart diets for
6 weeks

OMNI Heart - Lipid results (mg/dL)

Mean change from baseline in each diet

LDL-C Baseline CARB PROT UNSAT
All 129.2 -11.6 -14.2 -13.1
LDL-C > 130 156.7 -19.8 -23.6 -21.9
LDL-C < 130 105.2 -4.4 —-6.1 -5.4
HDL-C 50.0 -1.4 -2.6 -0.3

Triglycerides 101.5 0.1 -16.4 -9.3

Omni-Heart blood pressure results (mmHg)

Mean change from baseline in each diet

Systolic BP Baseline CARB PROT UNSAT
All 131.2 -8.2 -9.5 -93
HTN Only 146.5 -12.9 -16.1 -15.8
PreHTN Only 127.5 -7.0 -8.0 =77

Diastolic BP 77.0 -4.1 =52 -4.8

might reduce CVD risk either through traditional CVD risk factors or through
effects which lower oxidative stress.

The OMNI-Heart trial, the third in the series of clinical feeding studies, tested
whether partial replacement of carbohydrate with either unsaturated fat or protein can
improve blood pressure and lipid risk factors.? The OMNI-Heart trial was a randomized,
3 periods, crossover, feeding trial designed to determine the effects on blood pressure
and serum lipids of three healthful diets. Each feeding period lasted 6 weeks and body
weight was held constant. Each diet was reduced in saturated fat. The three diets (char-
acterized in Table 2.2) include: a carbohydrate-rich diet, similar to the DASH diet
(CARB diet); a diet rich in proteins (PROT), approximately half from plant sources; and
a diet rich in unsaturated fat (UNSAT), predominantly monounsaturated fat. The
UNSAT diet not only had all the DASH diet similarities previously described, but also
was higher in fat (37%), predominantly monounsaturated fat (21%) primarily from
olive and canola oils, approaching levels characteristic of the Mediterranean diet.
Participants were 164 healthy adults with prehypertension of Stage 1 hypertension.
Results of the OMNI trial are presented in Table 2.3. Reductions in blood pressure and
lipids from baseline were substantial. The magnitude of blood pressure reduction across
all diets is similar to that which can be achieved with medication treatment.

Mediterranean Diet Effects on Oxidative Stress

The direct relationship between traditional CVD risk factors and risk of atheroscle-
rosis is well established. Dietary modifications which lower blood pressure and
lipids provide a likely explanation for much of the risk reduction. However,
oxidative stress, including oxidation of LDL-c (oxLDL) appears to be an important,
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if not obligatory step in the pathogenesis of atherosclerosis and may accelerate this
process.” Hence, measurement of oxidative stress using biomarkers may offer
insight into mechanisms of CVD risk reduction beyond that which is predicted by
lipids or other CVD risk factors alone.

Oxidative stress markers commonly used, including nonspecific in vitro assays
to determine the susceptibility of lipids to oxidation (i.e. lag time, thiobarbituric
acid substances, malondialdehyde, oxygen radical absorbing capacity (ORAC) or
assays that measure, in vivo, end-product of oxidative damage to lipids (e.g., breath
ethane or urinary isoprostanes). Formation of these oxidation products is dependant
on free radical activity (i.e. metabolic rate), substrate concentration (i.e. lipids), and
antioxidant activity (both endogenous and dietary). Hence, alterations in dietary
patterns can give important insight into the benefit or harm of nutrients when linked
to subsequent changes in markers of oxidative stress.

In the DASH trial, consumption of the DASH diet reduced breath ethane exhala-
tion (an in vivo marker of oxidized n-3 polyunsaturated acids)'” and reduced uri-
nary isoprostanes (an in vivo degradation product of arachidonic acid). These
findings provide indirect evidence for reduced oxLDL in vivo. In addition, con-
sumption of the DASH diet was previously shown to prevent an expected rise in
urinary isoprostanes induced by acute hyperlipidemia.'> Consumption of the DASH
diet resulted in increasing serum antioxidants and the ORAC of serum (Fig. 2.2).

A limitation of the ORAC assay is the inability to determine which component(s)
of the diet provides the greatest activity in protecting against oxidative stress.
However, consumption of the DASH diet resulted in increased serum levels of sev-
eral carotenoids including lutein, cryptoxanthin, zeaxanthin and P-carotene,
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important lipid soluble antioxidants. A proportionate increase in lipid peroxidation
products derived from a higher polyunsaturated fat intake, can be diminished by
supplementation of diet with plant-based sources of antioxidants such as flavenoids."!
In addition, supplementation of diet with carotenoid-rich vegetable products has
been shown to enhance lipoprotein carotenoid concentrations and reduce lipid per-
oxidation in healthy men consuming a diet controlled for fat intake.* Consumption
of a diet high in fruit and vegetable has also been shown to increase endogenous
enzymatic antioxidant activity (erythrocyte glutathionione peroxidase activity) and
resistance of plasma lipoproteins to oxidation.” Finally, reduced oxidative stress
observed in the DASH trial may, in part, be explained by the higher serum content
of these dietary antioxidants and enhanced antioxidant enzymatic activity.

Additional benefits of consumption of the Mediterranean diet may be related to a
predominance of monounsaturated fat in the diet. Monounsaturated fats are more
resistant to oxidation than polyunsaturated fats.'>!* A higher proportional polyunsatu-
rated fatty acid intake results in an increased number of double bonds (targets of oxida-
tion) which has previously been linked to greater oxidation in vitro.” The Mediterranean
diet, compared with the typical US diet, is greatly reduced in polyunsaturated fatty
acids. Hence, enrichment of diet with monounsaturated fatty acids will reduce the rate
of oxidized lipids.”” Finally, olive oil is enriched with several compounds that consti-
tute the unsaponified fraction of the oil, (hydrocarbons, sterols, and polyphenols), that
prevent the oil from oxidation and underlie its exceptional stability.'

Collectively, these studies suggest that the consumption of the Mediterranean
style diet may lower risk of CVD, independent of traditional CVD risk factors, via
the increased antioxidants and reduced oxidative stress.

Summary and Conclusion

The Mediterranean dietary patterns are associated with lower CHD rates and with
improved CHD risk factors. In the interpretation of observational data, it is often
difficult to separate the effects of diet from other factors, e.g., smoking and physical
inactivity, that likely account, in part, for observed differences in CHD risk.
Nonetheless, the totality of evidence documenting a beneficial impact of
Mediterranean dietary patterns on CHD risk is remarkable and consistent in both the
original Seven Countries Study and in recent studies of populations with Western
variants of the original diet. Cardiovascular disease risk reduction by consumption
of the Mediterranean diet may be mediated through demonstrated effects on tradi-
tional CVD risk factors of through effects of factors which reduce oxidative stress.

Overall, such findings have tremendously important public health implications.
Despite broad variation in geography, lifestyle, and locally available foods, it is
evident that for most populations, a Mediterranean style diet that reduces CHD risk
is readily available. The public health challenge is achieving population-wide adop-
tion of beneficial dietary patterns in the setting of powerful influences that promote
unhealthy lifestyles.
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Chapter 3
Interventional Trials of Antioxidants

Thomas S. Bowman, Shari S. Bassuk, and J. Michael Gaziano

Introduction

Prospective observational studies have found consistent associations between
higher intakes of fruit and vegetables and reduced rates of coronary heart disease
(CHD)'* and ischemic stroke."3® The exact mechanisms for these apparent protec-
tive effects are not entirely clear. It is possible that higher fruit and vegetable intake
replaces fat and cholesterol intake, but alternatively, the observed beneficial effects
may be due to micronutrients contained in the fruits and vegetables. Micronutrients
with antioxidant properties might be responsible for the lower rates of cardiovascu-
lar disease (CVD) associated with fruit and vegetable consumption.

Laboratory research has identified a possible mechanism — the inhibition of oxi-
dative damage — by which antioxidants might reduce the risk of atherosclerosis and
CVD. In addition, many cross-sectional, case-control, and cohort studies have
found an association between antioxidant vitamin consumption and a reduced risk
of CVD. These results suggest that antioxidants such as vitamin E, beta-carotene,
and vitamin C may be involved in the prevention of CVD but do not provide a
definitive answer. Several large-scale, randomized trials of antioxidant supplements
have now been completed and are not entirely consistent. In this chapter, we discuss
the rationale for conducting large-scale trials of antioxidant supplements and
review completed and ongoing trials.

Basic Laboratory Research

Oxidative processes may play an important role in the pathogenesis of many
chronic diseases, including atherosclerosis, cancer, arthritis, eye disease, and
reperfusion injury during myocardial infarction (MI). Data from in vitro and in
vivo studies suggest that oxidative damage to low-density lipoprotein (LDL) pro-
motes several steps in atherogenesis,’” including endothelial cell damage,®® foam
cell accumulation,'™" and growth'>'* and synthesis of autoantibodies.'® In addi-
tion, animal studies suggest that free radicals may directly damage arterial
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Table 3.1 Natural defense mechanisms against oxidative damage

Compartmentalization of oxidative metabolism

Binding of molecular oxygen and reactive species to proteins to prevent random oxidative
reactions

Binding of transition metals (e.g., iron and copper) to transport and storage proteins
to prevent involvement in free radical reactions

Enzymatic antioxidants (e.g., superoxide dismutase, catalase, and glutathione peroxidase)

Nonenzymatic antioxidants (e.g., vitamin C, vitamin E, beta-carotene, urate, bilirubin, and
ubiquinols)

Mechanisms to repair or dispose of damaged DNA, proteins, lipids, and carbohydrates

endothelium,'® promote thrombosis,'” and interfere with normal vasomotor regula-
tion.'® Oxidative damage may enhance atherogenesis by a cascade of reactions.

Several systems have evolved in aerobic organisms to minimize the damaging
effects of uncontrolled oxidation (Table 3.1). Mechanisms exist to prevent the for-
mation of unintended free radicals, and oxidative metabolism is carefully compart-
mentalized with oxygen and its highly reactive species tightly bound to enzymes.
Metal ions such as copper and iron are bound to storage or transport proteins to
prevent catalytic reactions with oxygen species that could lead to the formation of
free radicals. In addition, enzymatic (e.g., superoxide dismutase, catalase, glutath-
ione peroxidase) and nonenzymatic (e.g., vitamins E and C, urate) antioxidants
scavenge free radicals, thereby minimizing the damage they can cause once they
have been formed. Lastly, there are mechanisms for repairing the damage resulting
from unintended oxidative reactions.

Antioxidant vitamins represent one of the many nonenzymatic antioxidant
defense mechanisms. Vitamin E (of which alpha-tocopherol is the major compo-
nent), beta-carotene (a provitamin A), and vitamin C (ascorbic acid) are among
the most abundant and most widely studied natural antioxidants. However, there are
many other dietary compounds that may function as antioxidants. In vitro data
have demonstrated the possible role of these antioxidants in preventing or slowing
various steps in atherogenesis by inhibiting the oxidation of LDL or other free radi-
cal reactions. These antioxidants have also been shown to prevent experimental
atherogenesis in many but not all animal models of atherosclerosis.

Observational Epidemiology

While molecular mechanisms exist to explain potential benefits of antioxidants,
clinical outcomes are needed to evaluate the benefit in humans. Observational
studies can use information about diet and vitamin intake to identify potential pro-
tective effects of antioxidants. Results from cross-sectional, case-control, and
cohort studies suggest that antioxidant consumption reduces the risk of developing
heart disease and stroke'” with the strongest data in favor of vitamin E.*
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Several large cohort studies have evaluated the relationship between vitamin E intake
and incidence of CHD. The largest of these is the Nurses’ Health Study (NHS), a cohort
study of more than 87,000 U.S. female nurses aged 34-59 years with no history of
CVD.?! Dietary antioxidant intake and use of antioxidant vitamin supplements were
ascertained through a semiquantitative food frequency questionnaire administered at
baseline in 1980 with information on antioxidant supplements updated biennially. After
8 years, women in the highest quintile of vitamin E intake had a 34% lower risk of CHD
(nonfatal MI and fatal CHD) compared with those in the lowest quintile (P for trend
< 0.001). It was vitamin E supplementation — not dietary intake — that was associated
with lower risk. Participants who took at least 1001U of vitamin E supplements per day
for more than 2 years experienced reductions of 40% or more in the risk of CHD, after
adjustment for age and cardiac risk factors.

These results were consistent with the Health Professionals Follow-up Study
(HPES), an observational study of nearly 40,000 US male health professionals aged
40-75 years who did not have CHD, diabetes, or hypercholesterolemia.”? After
adjustment for cardiac risk factors, the relative risk (RR) of CHD for those in the
highest vs. lowest quintile of vitamin E intake was 0.60 (95% confidence interval
(CI) 0.44-0.81; P for trend = 0.01). Further analysis revealed that the protective
association was strongest for vitamin E consumed in supplements. Men who took
at least 100IU per day for at least 2 years had a multivariate RR of 0.63 (95% CI,
0.47-0.84) for CHD compared with men who did not take vitamin E supplements.
A weak association was found for dietary vitamin E intake alone; among men who
did not take vitamin supplements, the RR comparing the extreme quartiles was 0.79
(95% CI, 0.54-1.15, P for trend = 0.11).

The Iowa Women’s Health Study evaluated the association between antioxidant
vitamin intake and CHD mortality over 7 years among 34,486 postmenopausal
women with no history of CVD.? In contrast to the NHS and HPFS findings, vita-
min E intake from food but not from supplements was strongly associated with a
lower risk of CHD mortality. Women in the highest quintile of dietary vitamin E
intake, without any supplementation, had a RR of 0.38 compared with those in the
lowest quintile (P for trend = 0.004). Controlling for other dietary factors associ-
ated with vitamin E intake, such as intake of linoleic acid, folate, and fiber did not
affect the results. Similarly, a Finnish study also found a significant inverse associa-
tion between dietary intake of vitamin E and CHD mortality among 2,385 women
30-69 years of age over a 14-year period.?

The relationship between vitamin E and CVD has also been examined in two elderly
cohorts. The Established Populations for Epidemiologic Studies of the Elderly program,
a 10-year study of 11,178 U.S. men and women aged 67-105 years, found a decreased
risk of CHD mortality (RR = 0.53; 95% CI, 0.34-0.84) and overall mortality (RR =
0.66; 95% CI, 0.53-0.83) among those taking vitamin E supplements.* However, no
association between dietary vitamin E intake (using the semiquantitative food frequency
questionnaire) and MI was observed in the Rotterdam Study which followed 4,802
Dutch men and women aged 55-95 years with no history of MI over 4 years.?

In contrast to studies of vitamin E intake, studies of vitamin E blood levels, con-
ducted as nested case—control studies within large cohorts, have generally yielded
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null results. For example, a study of 734 men in the Multiple Risk Factor
Intervention Trial found no association between serum vitamin E levels and risk of
nonfatal MI or CHD death over a 20-year follow-up period.?

Rationale for Randomized Trials

Observational results suggest that antioxidants may have protective effects, but
these studies have important limitations. For example, uncontrolled confounding
from unknown or unmeasured confounders can be similar in magnitude to the
observed health effects, and antioxidant consumption may be merely a marker for
a different cardioprotective factor (e.g., exercise, diet) that is responsible for the
observed health benefits. In addition, intakes of individual dietary antioxidants tend
to be highly correlated with each other, making it difficult to determine the specific
benefit of a particular antioxidant. Because of these limitations, randomized trials
of adequate power, length of follow-up, and therapeutic dose are necessary to sort
out the effects of antioxidants. By assigning subjects randomly to treatment or
placebo, potential confounders should be evenly distributed between the two groups.

Antioxidant vitamins are commonly used nutritional supplements, and their use
is rapidly increasing. Evaluation of the benefits and risks of antioxidants is essential
for determining the place of these supplements in clinical medicine. Large-scale
randomized trials could provide positive results to justify the rational use of certain
antioxidants, and null results could limit the unneeded use of supplements and
allow for a focus on proven therapies.

In 1991, the U.S. National Heart, Lung, and Blood Institute’s (NHLBI) conference,
“Antioxidants in the Prevention of Human Atherosclerosis” concluded that large-scale
randomized trials were required to test the hypothesis that dietary antioxidants
reduce the risk of CVD and recommended the initiation of randomized trials to
examine the role of vitamin C, vitamin E, and beta-carotene in the primary and second-
ary prevention of CVD.” Antioxidant use in the general population was increasing at
that time, and researchers realized that randomized trials would have to start soon so
that enough people would be willing to be assigned to a placebo group. In this chapter,
we review the large-scale clinical trials of vitamin E alone, beta-carotene alone, vitamin
C, and combination antioxidants in both the primary and secondary prevention of CVD.

Vitamin E Primary Prevention Trials

Clinical trials of vitamin E have focused on alpha-tocopherol, the major component
of vitamin E and the predominant antioxidant in circulating lipoproteins.?® Large
randomized trials that examined vitamin E alone in the primary prevention of CVD
are summarized in Table 3.2.
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The Alpha-Tocopherol, Beta-Carotene (ATBC) Cancer Prevention Study was
the first large-scale randomized trial of antioxidant vitamins in a well-nourished
population. This 2 x 2 factorial trial tested the effect of synthetic vitamin E (50 mg/d)
and beta-carotene (20 mg/d) in the prevention of lung cancer among 29,133 Finnish
male smokers aged 50-69 years.” After a median of 6.1 years, vitamin E supple-
mentation did not reduce the risk of lung cancer (the primary endpoint). There was
also no clear reduction in risk of death due to ischemic heart disease (RR = 0.95;
95% CI, 0.85-1.05) or ischemic stroke (RR = 0.84; 95% CI, 0.59-1.19) although
the risk of developing angina was lower among those assigned to vitamin E
(RR =0.91; 95% CI, 0.83-0.99).% It was initially thought that the lack of convinc-
ing beneficial effect may have been due to inadequate dosing of vitamin E or a short
follow-up time, but post-trial results with 8 more years of follow-up found no effect
of alpha-tocopherol on total mortality (RR = 1.01; 95% CI, 0.96-1.05).3!

The Primary Prevention Project (PPP) was an open-label 2 x 2 factorial trial of
vitamin E (300mg/d) and low-dose aspirin in 4,495 Italian men and women with
one or more of the following CVD risk factors: hypertension, hypercholestero-
lemia, diabetes, obesity, family history of premature MI, or age 265 years.*? Since
there was convincing evidence that aspirin was beneficial, the trial was stopped
early after a mean follow-up of 3.6 years. At that time, vitamin E had no effect on
any prespecified endpoint including the main combined endpoint of CVD death,
nonfatal MI, and nonfatal stroke (RR = 1.07; 95% CI, 0.74-1.56). The negative
result may have been due to insufficient statistical power or inadequate dosing of
vitamin E.

In the Vitamin E Atherosclerosis Prevention Study (VEAPS), 353 men and
women aged >40 years with an LDL >130mg/dL and no evidence of CVD were
randomized to vitamin E (4001U) or placebo, and followed every 3 months for an
average of 3 years.** Vitamin E supplementation increased plasma vitamin E levels,
decreased circulating oxidized LDL and decreased LDL oxidative susceptibility,
but there was no difference in the primary endpoint of progression of common
carotid artery intima-media thickness. In this group of low-risk participants,
vitamin E did not reduce the progression of subclinical atherosclerosis.

The Women’s Health Study (WHS) was designed to test whether vitamin E sup-
plementation decreases the risk of CVD and cancer among a cohort of initially
healthy women.* Beginning in 1992, this clinical trial enrolled 39,876 U.S. female
health professionals and evaluated the effect of vitamin E (6001U every other day)
on CVD events with a mean follow-up of 10.1 years.’ For the primary combined
CVD outcome (nonfatal MI, nonfatal stroke, or CVD death), vitamin E supplemen-
tation did not have a significant effect (RR = 0.93; 95% CI, 0.82-1.05). For
individual endpoints, vitamin E did not have an effect on MI (RR = 1.01; 95% CI,
0.82-1.23), stroke (RR = 0.98; 95% CI, 0.82—1.17), or total mortality (RR = 1.04;
95% CI, 0.93-1.16); however, there was a reduction in CVD death (RR = 0.76;
95% CI, 0.59-0.98). The WHS was the largest trial to date to evaluate clinical out-
comes over an extended time period, and the results of this important study did not
support the use of vitamin E supplementation for the prevention of CVD among
healthy women.
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In summary, trials of vitamin E supplementation have provided inconsistent
results in the primary prevention of CVD, with a recent large study (WHS) that
failed to show convincing CVD benefit for long-term use of vitamin E. One ongo-
ing clinical trial, the Physicians’ Health Study II (PHS II), is a large study assessing
several antioxidants, including vitamin E (4001U every other day) and results are
expected in 2007.% The PHS II will provide additional data to help identify the
potential benefits and possible risks of vitamin E supplementation in the primary
prevention of CVD.

Vitamin E Secondary Prevention Trials

Patients with established CVD may have high oxidative stress and be at a higher
risk for a clinical event. As a result, antioxidant use may be most beneficial in the
secondary prevention of CVD. Randomized trials of vitamin E alone in the
secondary prevention of CVD are summarized in Table 3.3.

Early small trials used surrogate endpoints to test the effects of supplemental
vitamin E in patients with established atherosclerotic disease. In a trial of 100
patients over 4 months, 1,2001U/d of vitamin E supplementation following percu-
taneous transluminal coronary angioplasty led to a 30% reduction in the risk of
restenosis, but this did not reach statistical significance (P = 0.06).”” A study of 120
men and women with intermittent claudication randomized to antioxidants or pla-
cebo over 2 years found little improvement in lower limb function and similar rates
of cardiovascular events and death,?® and the ATBC trial found that 50mg/d of
vitamin E had no preventive effect on the development of claudication (RR = 1.05;
95% CI, 0.98-1.14).%*

Studies of vitamin E for the prevention of angina pectoris have had mostly nega-
tive results. A placebo-controlled trial of 3,2001U/d of vitamin E in stable angina
patients led to a nonsignificant trend toward an improved angina pain score in a
9-week placebo-controlled trial*® while a trial of large dose vitamin E (1,6001U/d)
in 48 patients with angina found no benefit on exercise capacity, left ventricular
function or angina symptoms.*' These small studies of short duration may not have
been adequately powered to detect small-to-moderate benefits of antioxidant ther-
apy, but even among 1,795 smokers with angina followed over 4 years in the ATBC
trial there was no evidence of a beneficial effect with low-dose vitamin E supple-
mentation (RR = 1.06; 95% CI, 0.85-1.33).#

In the Cambridge Heart Antioxidant Study (CHAOS), vitamin E in two doses
(400 or 800IU/d) was tested vs. placebo over a median of 510 days in 2,002
patients with CHD.* Those assigned to vitamin E had a lower risk of nonfatal MI
(RR = 0.23; 95% CI, 0.11-0.47), but they also had a nonsignificant increase in
CVD deaths (RR = 1.18; 95% CI, 0.62-2.27). The study’s primary endpoint was
combined nonfatal MI and CVD death, and vitamin E reduced this risk (RR = 0.53;
95% CI, 0.34-0.83). Because of the relatively small number of study participants,
the randomization process left imbalances in the treatment groups, with the placebo
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group having more men, lower total cholesterol levels, lower systolic blood pres-
sures, and fewer diabetics. There is no clear explanation for the striking difference
in results for nonfatal MI and CVD death. CHAOS was the first large prospective
clinical trial to produce some results in favor of the oxidation theory in
atherosclerosis.

In the Gruppo Italiano per lo Studio della Sopravvivenza nell’ Infarto miocardico
(GISSI) Prevention Trial, 11,324 patients with a history of acute MI within the last
3 months were randomized in an open-label design to vitamin E (300 mg daily), n-3
polyunsaturated fatty acids (1 g daily), both, or neither over 3.5 years.* The primary
analysis included nonfatal MI, nonfatal stroke, and CVD death, and vitamin E did
not have an effect on this combined endpoint (RR = 0.98; 95% CI, 0.87-1.10).
However, vitamin E supplementation did have a statistically significant effect on
the secondary endpoint of CVD death (RR = 0.80; 95% CI, 0.65-0.99), in contrast
to the results of the CHAOS study.

The Heart Outcomes Prevention Evaluation (HOPE) study randomized 9,541
participants with CVD or diabetes and at least one other CVD risk factor (hyperten-
sion, hypercholesterolemia, smoking, low HDL, or microalbuminuria) into a study
of vitamin E (400IU daily), the angiotensin-converting enzyme inhibitor ramipril,
both agents, or neither.* The study was stopped early after a mean follow-up of 4.5
years because of the beneficial effects of ramipril. Vitamin E had no effect on the
primary combined endpoint of MI, stroke, and CVD death (RR = 1.05; 95% CI,
0.95-1.16), and secondary analysis of various CVD endpoints (e.g., unstable
angina, revascularization) also failed to show any reduced risk with vitamin E sup-
plementation. The HOPE study had high rates of compliance and used large doses
of vitamin E, and an extension of the trial, HOPE-The Ongoing Outcomes (HOPE-
TOO) continued to follow nearly 4,000 participants for a median duration of 7.0
years.* In HOPE-TOO, vitamin E supplementation did not reduce major CVD
events (RR = 1.04; 95% CI, 0.96-1.14), and there was an increased risk of heart
failure (RR = 1.13; 95% CI, 1.01-1.26) and hospitalization for heart failure (RR =
1.21; 95% CI, 1.00-1.47) associated with long-term vitamin E supplementation.

Because antioxidants may have an earlier and more pronounced effect in patients
with high oxidative stress, the Secondary Prevention with Antioxidants of
Cardiovascular Disease in Endstage Renal Disease (SPACE) trial randomized 196
hemodialysis patients with CVD to large doses of vitamin E (800IU daily) or
placebo.*” After a median follow-up of 519 days, vitamin E was associated with
significant reductions in the combined endpoint of MI (fatal and nonfatal), ischemic
stroke, peripheral vascular disease, and unstable angina (RR = 0.46; 95% CI, 0.27-
0.78). Those in the vitamin E group were less likely to have an MI (RR = 0.30; 95%
CI, 0.10-0.80), but there was no significant difference in other secondary endpoints
including total mortality (RR = 1.09; 95% CI, 0.70-1.70). The results of this small
trial with relatively short follow-up were consistent with the CHAOS trial and sug-
gest that high doses of vitamin E may have a role in selected patients with high
oxidative stress. A subsequent 9.4-year trial among 8,171 female health professionals
at increased risk of CVD either because of a prior history of CVD (i.e., prior MI,
angina, stroke, TIA, coronary revascularization, carotid endarterectomy, peripheral
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arterial disease), the Women’s Antioxidant Cardiovascular Study (WACS), found
no overall effect of vitamin E (600IU every other day) on the combined endpoint
of MI, stroke, revascularization, or CVD death (RR = 0.94; 95% CI, 0.85-1.04) or
on the individual components of this endpoint. However, in subgroup analyses by
prior CVD (vs. 3 or more risk factors), there were significant reductions in the
combined endpoint (RR = 0.88; 95% CI, 0.78-0.98) and in MI (RR = 0.75; 95%
CIL, 0.56-0.99) among those with prior CVD.*

A 2003 meta-analysis of large randomized vitamin E trials found no benefit
in total mortality (RR = 1.02; 95% CI, 0.98-1.06) or CVD death (RR = 1.00;
95% CI, 0.95-1.06) from supplementation in a wide range of doses in various
study groups,*” and the authors concluded that vitamin E supplementation in
primary or secondary prevention of CVD could not be routinely recommended.
However, they were unable to assess particular groups with high oxidative
stress and antioxidants may work best in individuals with high rates of lipid
peroxidation.®® The clinical trials of vitamin E do not disprove the oxidation
hypothesis in atherosclerosis, and future studies may need to be conducted in
younger subjects (i.e., prior to a lifetime of lipid oxidation) or high-risk subgroups
(perhaps using a marker to identify high oxidative stress) most likely to benefit
from antioxidant therapy.*!

Beta-carotene Primary Prevention Trials

Results from large-scale randomized trials of beta-carotene in the primary preven-
tion of CVD have been disappointing. These trials are summarized in Table 3.4. In
the previously described ATBC trial among Finnish male smokers, participants
assigned to 20 mg/d of beta-carotene had an increased risk of ischemic heart disease
mortality (RR = 1.12; 95% CI, 1.00-1.25) and no reduction in the risk of angina
(RR = 1.06; 95% CI, 0.97-1.16). For the primary endpoint of lung cancer, an
increased risk was noted after 4 years (RR = 1.18; 95% CI 1.03-1.36), but this
association disappeared after 6 years of post-trial follow-up (RR = 1.06; 95% CI
0.94-1.20).%! There were no late preventive effects of beta-carotene.

The Skin Cancer Prevention Study randomized 1,805 men and women with a
history of skin cancer to 50 mg of beta-carotene daily or placebo.>> After a median
treatment period of 4.3 years and median follow-up of 8.2 years, there was no sig-
nificant reduction in CVD mortality (RR = 1.15; 95% CI, 0.81-1.63), cancer mor-
tality (RR = 0.86; 95% CI, 0.56-1.32), or total mortality (RR = 1.05; 95% CI,
0.83-1.32) associated with beta-carotene supplementation.

The Physicians’ Health Study (PHS I) was a randomized, double-blind, placebo-
controlled trial of beta-carotene (50mg every other day) and low-dose aspirin
among 22,071 U.S. male physicians aged 40-84 years, of whom 11% were current
smokers and 39% were former smokers.”* After 12 years of follow-up, those
assigned to beta-carotene experienced no benefit with respect to CVD mortality
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(RR = 1.09; 95% CI, 0.93-1.27), MI (RR = 0.96; 95% CI, 0.84-1.09), stroke
(RR =0.96; 95% CI, 0.83—1.11), or a composite of the three endpoints (RR = 1.00;
95% CI, 0.91-1.09). The beta-carotene group also did not have any significant
change in rates of cancer mortality, malignant neoplasms, or lung cancer. In analy-
ses limited to current or former smokers, there were no early or late effects of beta-
carotene on any endpoint.

Due to the null results of other studies, the ongoing Physicians’ Health Study II
(PHS 1)’ terminated its beta-carotene treatment arm (50 mg every other day) early
(results not yet published). The Women’s Health Study (WHS) also initially had a
beta-carotene arm (50 mg every other day)** that was stopped early after 2.1 years,
at which time participants assigned to active beta-carotene had no benefit with
respect to CVD mortality (RR = 1.17; 95% CI, 0.54-2.53), MI (RR = 1.08; 95%
CI, 0.56-1.27), stroke (RR = 1.42; 95% CI, 0.96-2.10), or a composite of these
endpoints (RR = 1.14; 95% CI 0.87-1.49), as compared with those assigned to
placebo. In the WHS, there was no significant benefit or harm from beta-carotene
during the shortened follow-up time.

The results of these primary prevention trials of beta-carotene provide strong
evidence that this antioxidant taken alone does not have a protective effect on CVD.

Beta-carotene Secondary Prevention Trials

Supplementation with beta-carotene alone has not been well studied in
secondary prevention. Two subgroup analyses and an ongoing trial are listed
in Table 3.5.

In the ATBC trial, 1,862 men with a history of MI assigned to beta-carotene
had a reduction in the risk of nonfatal MI (RR = 0.67; 95% CI, 0.44-1.02) and
an increased risk of fatal CHD (RR = 1.58; 95% CI, 1.05-2.40) after 6 years of
treatment. In the PHS I, 333 men with a history of chronic stable angina or cor-
onary revascularization who were assigned to beta-carotene had a reduced risk
of a major CVD event after 5 years (RR = 0.46; 95% CI, 0.24-0.85), but the
effect was attenuated after 12 years (RR = 0.71; 95% CI, 0.47-1.07).% In addi-
tion, beta-carotene supplementation was associated with a reduced risk of non-
fatal MI (RR = 0.76; 95% CI, 0.36—1.60), nonfatal stroke (RR = 0.66; 95% CI,
0.28-1.58), and revascularization (RR = 0.66; 95% CI, 0.34-1.30), but it was
also associated with an increased risk of CVD mortality (RR = 1.42; 95% CI,
0.72-2.80). The WACS was the only large trial that evaluated beta-carotene
alone in the secondary prevention of CVD, and after 9.4 years, beta-carotene
(50mg every other day) had no effect on CVD outcomes (RR = 1.01; 95%ClI,
0.91-1.12).48

A meta-analysis of large antioxidant trials that evaluated beta-carotene supple-
mentation alone or in combination with other antioxidants found a small but significant
increased risk of CVD death (RR = 1.10; 95% CI, 1.03—-1.17) and total mortality
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(RR = 1.07; 95% CI, 1.02—-1.11).* In summary, beta-carotene supplementation may
have more risk than benefit and cannot be routinely recommended for the primary
or secondary prevention of CVD.

Vitamin C Trials

For the primary or secondary prevention of CVD, vitamin C has not been well
studied in randomized trials. In the Chinese Cancer Prevention Trial, no reduction
in cerebrovascular mortality was found among participants assigned a combination
of vitamin C (125mg) and molybdenum (30ug). The HDL-Atherosclerosis
Treatment Study (HATS) and Heart Protection Study (HPS) trials used antioxidant
combinations that contained vitamin C, and both studies failed to show a reduction
in CVD events. The only large trial of vitamin C alone (500 mg daily) was in one
study arm of the WACS, which found no overall effect of vitamin C on CVD out-
comes (RR =1.02; 95% CI, 0.92-1.13).*8 The Physicians’ Health Study IT (PHS II)
is the only other large trial with a study arm analyzing vitamin C (500 mg daily)
alone, and this trial is scheduled to end in 2007.3¢

Combination Antioxidant Primary Prevention Trials

Because observational studies of antioxidants found that individuals with a
higher intake of vitamin E or beta-carotene also had a higher intake of other
antioxidants and micronutrients,*?!»>378 it is possible that a combination of
antioxidants work together as cofactors to confer a beneficial effect. For exam-
ple, vitamin E alone can be oxidized to a harmful radical, while vitamin C
reduces the radical back to alpha-tocopherol. Vitamin E alone can have neutral,
pro-, or antioxidant effects under various cellular conditions.’® As a result, trials
of a single antioxidant supplement may lead to a null result, but an appropriate
combination of antioxidants may provide a clinical benefit. Several trials have
tested combinations of antioxidants, and the primary prevention trials are sum-
marized in Table 3.6.

The Chinese Cancer Prevention Trial randomized 29,584 poorly nourished residents
of Linxian, China to one of eight treatment arms testing various combinations of vita-
mins and minerals.®° For participants assigned to a combination of a low dose of vita-
min E (30 mg daily), beta-carotene (15 mg daily), and selenium (50 ug daily), there was
a reduction in total mortality (RR = 0.91; 95% CI, 0.84-0.99) after nearly 6 years of
treatment; most of the mortality benefit was due to a reduction in stomach cancer deaths
(RR =0.79; 95% CI, 0.64-0.99). It is unclear which components of the combination
treatment led to any benefit, and the findings may not be generalizable to a well-nour-
ished population with different baseline health risks than this study group.
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The Beta-Carotene and Retinol Efficacy Trial (CARET) evaluated a combined
treatment of beta-carotene (30 mg daily) and retinol (25,0001U daily) in 18,314 men
and women at elevated risk of lung cancer due to cigarette smoking and/or occupa-
tional exposure to asbestos.®! The trial was stopped early due to lack of benefit and
an increased incidence of lung cancer in the active treatment group (RR = 1.28; 95%
CI, 1.04-1.57). After 4 years, the group assigned to the antioxidant combination had
an increased risk of total mortality (RR = 1.17; 95% CI, 1.03-1.33) and a trend
toward increased CVD mortality (RR = 1.26; 95% CI, 0.99-1.61).

The SUpplémentation en VItamines et Minéraux AntioXydants (SU.VIL.MAX)
Study evaluated the efficacy of a balanced combination of antioxidants and minerals
in the primary prevention of cancer and CVD.®* By using a daily combination of
vitamin C (120mg), vitamin E (30mg), beta-carotene (6 mg), selenium (100 ug),
and zinc (20 mg), nutritional-level doses of supplements were tested in a representa-
tive sample of the French population. In this randomized trial, 13,017 participants
(7,876 women aged 35-60 years and 5,141 men aged 45-60 years) were followed
for a median of 7.5 years and antioxidant supplementation did not reduce ischemic
CVD (RR =0.97; 95% CI, 0.77-1.20).%

The ongoing Physicians’ Health Study II (PHS II) randomized nearly 15,000
healthy U.S. male physicians aged > 55 years into a 2 x 2 x 2 x 2 factorial design
to test beta-carotene (50 mg every other day), vitamin E (4001U every other day),
vitamin C (500 mg daily), and a multivitamin daily.*® The vitamin C and multivitamin
arms will provide the first randomized data on whether these agents can prevent
CVD, cancer, or age-related eye disease. The beta-carotene arm was stopped, and
the vitamin E, vitamin C, and multivitamin arms are continuing into 2007.

Combination Antioxidant Secondary Prevention Trials

Trials testing combinations of antioxidants in secondary prevention are summarized
in Table 3.7. The HDL-Atherosclerosis Treatment Study (HATS) was a trial of 160
patients with CHD, normal LDL cholesterol, and low HDL cholesterol who were rand-
omized to a relatively high-dose combination of four antioxidants (8001U of vitamin E,
1,000mg of vitamin C, 25mg of beta-carotene, and 100ug of selenium) and/or lipid-
modifying therapy (simvastatin to lower LDL and niacin to raise HDL) vs. placebo.**
After 3 years, simvastatin/niacin therapy decreased both coronary stenosis (P = 0.004
vs. placebo) and the event rate for a combined endpoint of death from coronary causes,
M, stroke, or revascularization (3% vs. 24% for placebo, P = 0.03). The antioxidant-
only group did not show a reduction in coronary stenosis (P = 0.16 vs. placebo) or CVD
events. While supplemental antioxidants attenuated the angiographic benefits of lipid-
modifying therapy (P for interaction = 0.02) and diminished the clinical benefits as well
(P for interaction = 0.13), the confidence intervals were wide and some of the interac-
tions may have been due to chance. This small study raised the possibility that adding
antioxidants to an effective lipid-modifying regimen may be harmful, but bigger and
longer studies were needed.
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In the much larger Heart Protection Study (HPS), 20,536 participants with
CHD, diabetes, or treated hypertension were randomized in a 2 x 2 factorial trial
to either a daily antioxidant combination (600 mg of vitamin E, 250 mg of vitamin C,
and 20mg of beta-carotene), simvastatin 40 mg daily, both, or neither. After 5
years, simvastatin proved effective in reducing major vascular events (CVD
death, MI, stroke, or revascularization)® while the antioxidant combination did
not (RR = 1.00; 95% CI, 0.94-1.06).° There was no increased harm observed in
the antioxidant group, and in contrast to the HATS study, there were no adverse
interactions between the study groups. This large study demonstrated neither
harm nor benefit to taking large daily doses of antioxidants over a substantial
amount of time.

In the Women’s Angiographic Vitamin and Estrogen (WAVE) trial, 423 post-
menopausal women with coronary artery disease were randomized to a combina-
tion of vitamin E (400IU twice daily) and vitamin C (500mg twice daily) or
placebo.”” After a mean follow-up of 2.8 years, those assigned to the high-dose
antioxidant combination had the suggestion of an increased risk of death, stroke, or
nonfatal MI (RR = 1.5; 95% CI, 0.80-2.9), but the confidence intervals were wide.
This study suggested that there may be an increased risk associated with antioxi-
dant combination supplements.

In the Antioxidant Supplementation in Atherosclerosis Prevention (ASAP) trial,
520 Finnish men and postmenopausal women with hypercholesterolemia were
assigned to one of four treatment arms: vitamin E (1361U twice daily), slow-
release vitamin C (250 mg twice daily), placebo, or both. After 3 years of follow-
up, men assigned to both antioxidants had a slowing of the progression of
carotid atherosclerosis that was not seen in participants assigned to placebo or a
single antioxidant.%® Three more years of an open-label follow-up comparing the
combination therapy and placebo confirmed the initial findings that moderate
doses of vitamin E and vitamin C safely slowed atherosclerotic disease, particu-
larly in men.%

Because transplant patients are under increased oxidative stress and often have
accelerated atherosclerosis, antioxidant supplements may be particularly beneficial
in this group. In a small study of 40 patients who had received a heart transplant
within the last 2 years, a combination of vitamin E (400U twice daily) and vitamin C
(500 mg twice daily) was compared to placebo. After 1 year, the progression of
transplant-associated coronary atherosclerosis was significantly slowed in the
group assigned to the antioxidant combination.”

The WACS was a secondary prevention trial that utilized a 2 x 2 x 2 factorial
design to evaluate vitamin C (500mg daily), vitamin E (600IU every other day),
and beta-carotene (50 mg every other day). In this trial, 8,171 U.S. female health
professionals at high risk of CVD either because of preexisting CVD or the pres-
ence of three or more CVD risk factors were randomized in a study design that
allowed for analyses of multiple interactions between antioxidants.* In this study
of high-risk individuals, supplementation with vitamin E, beta-carotene, or vitamin
C did not have a beneficial effect on CVD outcomes, and there were no significant
interactions between the antioxidants.*
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Conclusions

Basic laboratory research findings strongly suggest that oxidative stress may play an
important role in the development of atherosclerosis. Basic and animal studies sug-
gest that antioxidant vitamins may delay or prevent various steps in the pathophysi-
ologic process. Several observational studies have demonstrated an association
between antioxidant intake either from foods or supplements and subsequent risk of
CVD. However, neither basic research nor observational research can provide con-
clusive evidence. Because of these results and an increasing use of antioxidant sup-
plements despite lack of documented benefit, many large-scale trials of antioxidant
supplements have been completed and others are ongoing to test further the efficacy
both of single supplements and combinations in varied populations.

Clinical trials of vitamin E alone for primary prevention of CVD have not gener-
ally supported the observational results, but the largest trials may have used sub-
therapeutic doses (ATBC and the Chinese Cancer Prevention Trial) or had inadequate
follow-up time (PPP). Secondary prevention trials of vitamin E supplementation
have shown minimal or no benefit. One of the first trials (CHAOS) found benefits
for vitamin E, but subsequent large trials have not confirmed those results. Patients
with high oxidative stress (e.g., hemodialysis patients in the SPACE trial) may ben-
efit more from vitamin E supplementation. Both the CHAOS and SPACE trials
demonstrated a risk reduction after less than 2 years of vitamin E supplementation
while longer and larger trials (GISSI, HOPE, and HPS) found no benefit.
Subsequent larger studies with longer follow-up have not demonstrated an overall
CVD benefit to vitamin E supplementation (WHS, WACS), and the PHS 1I is
scheduled to be completed in 2007. There have not been any large randomized trials
evaluating antioxidants consumed in natural food sources.

Primary prevention trials of beta-carotene in well-nourished populations have
demonstrated no reduction in CVD or cancer (ATBC, Skin Cancer Prevention Study,
CARET, PHS, WHS), and some studies have raised the possibility of harm (ATBC,
CARET). The few secondary prevention trials have also failed to show any benefit of
beta-carotene supplementation. A meta-analysis of major beta-carotene trials found a
slight increase in both total and CVD mortality. At this time beta-carotene supple-
mentation cannot be routinely recommended for either the primary or secondary pre-
vention of CVD.

The only completed large trial of vitamin C in primary prevention (Chinese Cancer
Prevention Trial) found no effect on cerebrovascular mortality but did not have ade-
quate power to analyze CVD outcomes. In a secondary prevention trial (WACS),
vitamin C did not have any beneficial effect on CVD. A large randomized trial of
vitamin C in a well-nourished population is scheduled to end in 2007 (PHS II).

Antioxidants may be most effective when taken in particular combinations. A few
trials of combinations have shown a CVD benefit (Chinese Cancer Prevention Trial,
ASAP), while others show no benefit (SU.VL.MAX) or raise the question of increased
risk (CARET, HATS, WAVE). Two large-scale secondary prevention trials have dem-
onstrated no beneficial effect on total CVD from antioxidant combinations (HPS,
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WACS), but one these trials found a reduction in stroke with the combination of vita-
min E and vitamin C (WACS). One large ongoing primary prevention trial was spe-
cifically designed to test the effect of antioxidant supplements both alone and in
various combinations in order to identify potential therapeutic interactions (PHS II).

Recommendations

The American Heart Association (AHA) issued its first Science Advisory on anti-
oxidant vitamins in 1999.7" At that time, the committee concluded that there was
insufficient efficacy and safety data from completed randomized trials to justify the
establishment of population-wide recommendations regarding the use of vitamin E
supplements for CVD prevention; however, the AHA discouraged the use of beta-
carotene supplements.’” Instead, the AHA endorsed dietary guidelines that recom-
mended a balanced diet with an emphasis on antioxidant-rich fruits and vegetables
and whole grains.” This type of diet is likely to provide a wide range of nutritional
benefits beyond any potential antioxidant effects. In 2002, the Institute of Medicine
agreed with this recommendation while noting that the relationship between vitamin
E supplement use and CVD prevention is “uncertain.””® In 2003, the U.S. Preventive
Services Task Force (USPSTF) concluded that trials of antioxidants have not demon-
strated a “consistent or significant effect of any single vitamin or combination of
vitamins” on CVD and encouraged the design of better long-term clinical trials.”
Although the evidence was deemed insufficient to recommend for or against the use
of vitamins A, C, or E, multivitamins with folic acid, or antioxidant combinations, the
USPSTF did recommend against the routine use of beta-carotene supplementation for
the prevention of CVD. In 2004, the AHA Science Advisory committee reviewed
completed trials of antioxidants and concluded that the trials failed to demonstrate a
beneficial effect on CVD and “the existing scientific database does not justify routine
use of antioxidant supplements for the prevention and treatment of CVD.””

Even if future clinical trials demonstrate that antioxidant vitamin supplements
reduce the risk of CVD, the use of these supplements should be considered an
adjunct to other established cardioprotective measures, such as smoking abstention,
avoidance of obesity, adequate physical activity, and control of high blood pressure
and dyslipidemia.
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Chapter 4
Oxidative stress and Hypertension

Rhian M. Touyz and Ernesto L. Schiffrin

Abstract Oxidative stress is defined as the imbalance between the formation
of ROS and antioxidant defense mechanisms. The vasculature is a rich source of
ROS, which under pathological conditions, plays an important role in vascular
damage. There is growing evidence that increased oxidative stress and associated
oxidative damage are mediators of vascular injury in cardiovascular pathologies,
including hypertension, atherosclerosis, and ischemia-reperfusion. Increased
production of superoxide anion and hydrogen peroxide has been demonstrated in
experimental and human hypertension. This development has evoked considerable
interest because of the possibilities that therapies targeted against reactive oxygen
intermediates by decreasing generation of ROS and/or by increasing availability
of antioxidants, may be useful in minimizing vascular injury and hypertensive
end organ damage. This chapter focuses on vascular actions of ROS, the role of
oxidative stress in vascular damage in hypertension and the therapeutic potential of
modulating oxygen radical bioavailability in hypertension.

Introduction

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are highly
reactive byproducts of O, metabolism that play an important physiological role in
vascular biology and a pathophysiological role in hypertensive vascular disease.'?
Under normal conditions, the rate of ROS production is balanced by the rate of
elimination. However, a mismatch between ROS formation and the ability to
defend against them by antioxidants results in increased bioavailability of ROS
leading to a state of oxidative stress.>* The pathogenic outcome of oxidative stress
is oxidative damage, a major cause of vascular injury in hypertension. Among the
major ROS important in these processes are superoxide anion (*O,"), hydrogen
peroxide (H,0,), hydroxyl radical (*OH), hypochlorous acid (HOCI) and the RNS,
nitric oxide (NO), and peroxynitrite (ONOO~). Under physiological conditions,
ROS/RNS are produced in a controlled manner at low concentrations and function
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as signaling molecules to maintain vascular integrity by regulating vascular smooth
muscle cell contraction-relaxation and vascular smooth muscle cell growth.*’
Under pathological conditions, increased production of ROS leads to endothelial
dysfunction, increased contractility, vascular smooth muscle cell growth and apop-
tosis, monocyte migration, lipid peroxidation, inflammation, and increased deposi-
tion of extracellular matrix proteins, major processes contributing to vascular
damage in hypertension.””

In experimental models of hypertension, production of cardiac, renal, neural,
and vascular ROS is increased.'®"3 In human hypertension, plasma and urine levels
of thiobarbituric acid-reactive substances (TBARS) and 8-epi-isoprostane, markers
of systemic oxidative stress, are elevated.!*!> Treatment with antioxidants or super-
oxide dismutase (SOD) mimetics improves vascular function and structure and
reduces blood pressure in experimental and human hypertension.!>!3¢17 Mouse
models deficient in ROS-generating oxidases have lower blood pressure compared
with wild-type counterparts and Ang II infusion in these mice does not increase
blood pressure.'®!* Furthermore, in cultured vascular smooth muscle cells (VSMC)
and isolated arteries from hypertensive rats and humans, production of ROS is
enhanced and antioxidant capacity is reduced.'>!*? Accordingly, evidence at multiple
levels supports a role for oxidative stress in the pathogenesis of hypertension.

The cardiovascular, renal, and central nervous systems, all important in the
development of hypertension, are major targets for oxidative damage by ROS.
The present review focuses on the role of oxidative stress in the vasculature in
hypertension. The reader is referred to excellent reviews on the other systems.? -2
Here, we will discuss recent progress in mechanisms whereby ROS are gener-
ated in vascular cells, particularly with respect to NAD(P)H oxidase and NOS
uncoupling, how ROS influence vascular function, and what the implications of oxi-
dative stress are in hypertensive vascular injury. Finally strategies to counter
oxidative stress-induced vascular damage as a putative therapeutic modality in
the management of hypertension are discussed.

The Paradigm of Oxidative Stress:
Reduction—-Oxidation Concepts

Reactive oxygen species are formed as intermediates in reduction—oxidation (redox)
processes, leading from oxygen to water. The fundamental mechanism underlying
redox processes in chemico-biologic interactions is that of addition of an oxygen
molecule (oxidation) to form an oxidant or removal of oxygen (reduction) to form a
reductant®?® (Fig. 4.1). Alternative approaches to describe oxidation and reduction
are the loss of electrons (or hydrogen) and the gaining of electrons (or hydrogen),
respectively.” The univalent reduction of oxygen, in the presence of a free electron (e7),
yields «O,”, H,0, and *OH (Fig. 4.2). Superoxide has an unpaired electron, which
imparts high reactivity and renders it unstable and short lived. Superoxide is water
soluble and acts either as an oxidizing agent, where it is reduced to H,O,, or as a
reducing agent, where it donates its extra electron to form ONOO- with NO.*” Under



4 Oxidative stress in Arterial Hypertension 53

L Redox Reactions

Oxidation Reduction
I [

Gaining Oxygen Losing Oxygen

| {Oxidizing (Reducing |
Agent Agent

Removing Hydrogen Adding Hydrogen
.
[ I
<
[ Loss of Electrons ] Gain of Electrons
( T Oxidation Number ] | Oxidation Number

Fig. 4.1 Schematic of the basic mechanisms mediating reduction-oxidation (redox) processe

physiological conditions in aqueous solutions at a neutral pH, its preferred reaction is
the dismutation reaction yielding H,O,. However, when produced in excess, a
significant amount of O, reacts with NO to produce ONOO".*” Superoxide is mem-
brane-impermeable, but can cross cell membranes via anion channels.?®* Hydrogen
peroxide is produced primarily from dismutation of *O,". This reaction can be
spontaneous or it can be catalyzed by superoxide dismutase.”* The SOD-catalyzed
dismutation is favored when the concentration of *O," is low and when the concen-
tration of SOD is high, which occurs normally. Hydrogen peroxide is lipid soluble,
crosses cell membranes, and is stable under physiological conditions. In biologic
systems, it is scavenged by catalase and by glutathione peroxidase.’** Hydrogen
peroxide can also be reduced to generate the highly reactive *OH (Haber—Weiss or
Fenton reaction) in the presence of iron-containing molecules such as Fe**. Hydroxyl
radical is extremely reactive and unlike O, and H,O,, which travel some distance
from their site of generation, *OH induces local damage where it is formed.

Humans consume =250g of oxygen per day, and of this 3-5% is converted
to *O," and other ROS.*" A typical human cell metabolizes about 10> molecules of
0O, daily and generates approximately 3x10° molecules of H,O, per hour. Superoxide
anion, H,O, NO, OONO", and *OH are all produced to varying degrees in the
vasculature. These pro-oxidants, which are tightly regulated by antioxidants under
normal conditions, act as second messengers to control vascular function and structure.
An imbalance between oxidant production and antioxidant defenses results in
oxidative stress and consequent cell damage.?*°
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Fig. 4.2 Regulation of reactive oxygen species (ROS) production in vascular smooth muscle
cells. The major source of vascular “O,7is cell-membrane-associated non-phagocytic NAD(P)H
oxidase. NAD(P)H oxidase is a multi-subunit enzyme comprising gp91phox (Nox2)/Nox1/Nox4,
p22phox, p47phox, p67phox and p40phox. Many other enzyme systems, including uncoupled
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Vascular Production of Reactive Oxygen Species

Vascular NAD(P)H Oxidases

The cellular source of vascular ROS varies in different vascular beds and in different
species. Studies using dihydroethidium fluorescence reveal marked *O,~ production
from the media and adventitia and a modest proportion from the endothelium.?
Endothelial «O,~ generation appears to be predominant in vessels from patients with
diabetes and in conditions associated with severe endothelial dysfunction, such as
in DOCA-salt hypertensive rats.”> ROS can be produced from multiple cellular
sources in the vessel wall,**® including leakage from the mitochondrial electron
transport chain, small molecules, enzymes, including cyclooxygenase, lipoxygen-
ase, heme oxygenase, cytochrome P450 monooxygenase, xanthine oxidase, and
NAD(P)H (nicotinamide adenine dinucleotide phosphate, reduced form) oxidase
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(Fig. 4.2). However, only a few *O, -generating enzymes have been implicated in
vascular disease, including xanthine oxidase, which oxidizes xanthine and hypox-
anthine to form -02*, HZO2 and uric acid, cytochrome P450, and NAD(P)H oxidase.
In addition it is becoming increasingly evident that O, can be generated by nitric
oxide synthase (NOS) when it is deprived of its critical co-factor tetrahydrobiopt-
erin or its substrate L-arginine.***° This state of NOS uncoupling is usually associ-
ated with endothelial dysfunction.?>#

Vascular ROS are produced in endothelial, adventitial, and vascular smooth
muscle cells and derived predominantly from NAD(P)H oxidase, which is a multi-
subunit enzyme®** that catalyzes the production of *O,” by the one electron
reduction of oxygen using NAD(P)H as the electron donor: 20, + NAD(P)H — 20, +
NAD(P)* + H* (Fig. 4.2). The prototypical and best characterized NAD(P)H oxi-
dase is that found in phagocytes.***” Phagocytic NAD(P)H oxidase comprises five
components: (phox for PHagocyte OXidase), p47phox, p67phox, p40phox,
p22phox, and gp91phox.*4648 Additional components include the small G proteins
Rac 2 (Rac 1 in some cells) and RaplA. In unstimulated cells, p40phox, p47phox,
and p67phox exist in the cytosol, whereas p22phox and gp91phox are located in the
membranes, where they occur as a heterodimeric flavoprotein, cytochrome b558.
Upon cell stimulation, p47phox becomes phosphorylated, the cytosolic subunits
form a complex, which then migrates to the membrane where it associates with
cytochrome b558 to assemble the active oxidase, which now transfers electrons
from the substrate to O, leading to the generation of «O,~.** A defect in any of the
genes encoding gp91phox, p22phox, p67phox, or p47phox results in chronic granulo-
matous disease, a genetic disorder characterized by severe and recurrent infections,
illustrating the role of *O,” and the derived metabolites H,O, and HOCI in host
defense against invading microorganisms.*

Growing evidence indicates that NAD(P)H oxidase is also functionally important
in nonphagocytic cells. In fact NAD(P)H oxidase is the principal source of *O," in the
vasculature?*324230 and is functionally active in all layers of the vessel wall, in
the endothelium,’ the media,? the adventitia,’> and in cultured VSMCs.>%3>* Unlike
phagocytic NAD(P)H oxidase, which is activated only upon stimulation and which
generates *O,” in a burst-like manner extracellulary, vascular oxidases are constitu-
tively active, produce O, intracellulary in a slow and sustained fashion, and act as
intracellular signaling molecules.* All of the phagocytic NAD(P)H oxidase subunits
are expressed, to varying degrees, in vascular cells. In endothelial and adventitial
cells p47phox, p67phox, p22phox, and gp91phox are present.**>%5> The situation is
more complex in VSMCs, where the major subunits are not always detected. Only
p47phox and p22phox seem to be consistently expressed.*’ In rat aortic VSMCs,
p22phox, and p47phox, but not gp91phox, are present, whereas in human resistance
arteries, all of the major subunits, including gp91phox, are expressed.*>+*>

Although NADPH oxidases were originally considered as enzymes expressed
only in phagocytic cells involved in host defense and innate immunity, recent
evidence indicates that there is an entire family of NADPH oxidases, based on the
discovery of gp91phox homologues. The new homologues, along with gp91phox
are now designated the Nox family of NADPH oxidases.’*¢! The family comprises
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Table 4.1 mRNA expression of Nox isoforms in cardiovascular cells

Enzyme VSMC EC Fibroblasts Cardiomyocytes
Nox1 + + + -
Nox2 + + + +
Nox3 - - - -
Nox4 + + + +
Nox5 Human HUVEC Human cardiac -
Duox1 + - - -

VSMC, vascular smooth muscle cells; EC, endothelail cells; HUVEC, human umbilical vein
endothelial cells.

seven members, including Nox1, Nox2 (formerly termed gp9lphox), Nox3,
Nox4, Nox5, Duox1, and Duox2. They are expressed in many tissues, including
cardiovascular cells, and mediate diverse biological functions (Table 4.1). Nox1
is found in colon and vascular cells and plays a role in host defense and cell
growth; Nox2 is the catalytic subunit of the respiratory burst oxidase in phago-
cytes, but is also expressed in vascular, cardiac, renal, and neural cells; Nox3 is
found in fetal tissue and the adult inner ear and is involved in vestibular function;
Nox4, originally termed Renox (renal oxidase) because of its abundance in the
kidney, is also found in vascular cells and osteoclasts; Nox5 is a Ca*-dependent
homologue, found in testis and lymphoid tissue, but also in vascular cells. Duox1
and 2 are thyroid Noxes involved in thyroid hormone biosynthesis. While all Nox
proteins are present in rodents and man, the mouse and rat genome does not con-
tain the nox5 gene. The regulation and function of each Nox remains unclear, but
it is evident that Nox enzymes are critical for normal biological responses and
that they contribute to cardiovascular and renal disease, including hypertension
and atherosclerosis. Nox1 mRNA is expressed in rat aortic VSMCs and may be
a substitute for gp91phox in these cells.*+*¢! Although initial studies suggested
that nox1 is a subunit-independent low capacity *O, -generating enzyme involved
in the regulation of mitogenesis®?, recent data indicate that nox1 requires p47phox
and p67phox and that it is regulated by NOXO1 (Nox organizer 1) and NOXA1
(Nox activator 1).929 The exact role of NoxO1 and NoxAl in vascular cells is
currently unknown.

Nox1 may be important in pathological processes as it is significantly upregulated
in vascular injury.** Increasing evidence suggests that Nox1 may be important in the
pathogenesis of hypertension.% Nox1-deficient mice have reduced blood pressure
and attenuated pressor responses to Ang II*, whereas Nox1 over-expressing mice
exhibit enhanced blood pressure elevating responses to Ang II and exaggerated
vascular remodeling.® Nox4 appears to be abundantly expressed in all vascular cell
types™* and may play an important role in constitutive production of *O, in
nonproliferating cells.®

How the NADPH subunits interact in cardiovascular cells and how they gener-
ate *O,” is not fully known. All Noxes appear to have an obligatory need for
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p22phox. Whereas Nox2 requires p47phox and p67phox for its activity, Nox1
may interact with the recently identified homologues of p47phox and p67phox,
NOXO1 and NOXA1.563

Activity of vascular NAD(P)H oxidase and expression of oxidase subunits are
regulated by cytokines, growth factors, and vasoactive agents. Of particular sig-
nificance, with respect to hypertension, is angiotensin II (Ang II). Ang IT induces
activation of NAD(P)H oxidase, increases expression of NAD(P)H oxidase subunits,
and stimulates ROS production in cultured VSMC and intact arteries.?50533
Mechanisms linking Ang II to the enzyme and upstream signaling molecules
modulating NAD(P)H oxidase in vascular cells have not been fully elucidated,
but PLD, PKC, c-Src, PI3K, and Rac may be important.>*> Platelet-derived
growth factor (PDGF), transforming growth factor-B (TGF-B), tumor necrosis
factor (TNF)-o and thrombin also activate NAD(P)H oxidase in VSMCs,>%5%:67:68
whereas increasing levels of catalase or the antioxidant glutathione prevents
agonist-induced ROS generation. Activators of peroxisome proliferator-activated
receptors (PPARs), statins and antihypertensive drugs such as P-blockers,
Ca?* channel blockers, ACE inhibitors, and AT, receptor blockers, downregulate
expression of oxidase subunits and decrease NAD(P)H oxidase activity.®*
Physical factors, such as stretch, pulsatile strain and shear stress also stimulate
NAD(P)H oxidase activation.*>”!

Uncoupling of NOS

Recent studies indicate that in addition to NAD(P)H oxidase, nitric oxide synthase
can produce *O,~ in conditions of substrate (arginine) or cofactor (tetrahydrobiopterin)
(BH,) deficiency.>* These findings have led to the concept of “NOS uncoupling”,
where the activity of the enzyme for NO production is decreased in association with
an increase in NOS-dependent *O,” formation. All NOS isoforms require BH, for
NOS homodimerization and electron transfer during arginine oxidation.”” BH,
influences NOS through multiple mechanisms. It has the ability to shift the heme
iron to its high spin state, it promotes arginine binding, and it stabilizes the active
dimeric form of the enzyme as well as stabilizes the ferrous heme iron coordination
structure.”” Whereas the structural effects of BH, are mimicked by pterin analogues
independent of their oxidation state, pterins must be in the tetrahydro state in
order to support NO synthesis, suggesting a redox role of BH,. Thus decreased
bioavailability of BH, or oxidation of BH, to produce cofactor-inactive pterins,
mainly dihydropterin and dihydrobiopterin, results in BH,-deficient NOS that
catalyzes formation of *O,” and H,0,.***' In the uncoupled state, vascular *O,"
production appears to be partially mediated by BH,-dependent eNOS uncoupling
in various vascular pathologies, including atherosclerosis,” diabetes,” hyperhomo-
cysteinemia,” and hypertension.*’’" In experimental models of hypertension, it
has been shown that hypertension is associated with increased NAD(P)H oxidase-
derived *O,", leading to increased ROS bioavailability, which causes oxidation of
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BH, and consequent uncoupling of eNOS, which further contributes to ROS
production.*! The potential role of uncoupling of NOS as a source of ROS in
hypertension is further supported in human studies where increased endothelial
*O,” production in vessels from diabetic and hypertensive patients is inhibited by
sepiapterin, precursor of BH,”®” The relative importance of NOS- vs. NAD(P)H
oxidase-mediated *O,” generation in hypertension probably relates, in part, to the
magnitude of endothelial dysfunction, since most conditions in which <O, is
derived from NOS are associated with marked endothelial dysfunction.*

Vascular Antioxidant Defense Systems

Living organisms have evolved a number of antioxidant defense mechanisms,
both enzymatic and nonenzymatic, to maintain their survival against oxidative
stress.?*328 Major antioxidant enzymes in the vessel wall include SOD, cata-
lase, and glutathione peroxidase, whereas nonenzymatic sources include small
molecules and vitamins.*** Three mammalian SODs have been identified:
copper/zinc SOD (SODI1), mitochondrial MnSOD (SOD2), and extracellular
SOD (SOD3).2* The concentration of SOD in the extracellular fluid is lower
than in the intracellular fluid. Therefore O, can survive longer and travel fur-
ther once it gains access to the extracellular space. Arteries contain large
amounts of extracellular SOD in the interstitium, suggesting a special role for
this SOD isoform within the vessel wall.*"*> SOD converts *O,™ to H,O,, which
is hydrolyzed by catalase and glutathione peroxidase to H,O and O,,. Glutathione
peroxidase is the major enzyme protecting the cell membrane against lipid per-
oxidation, since reduced glutathione (GSH) donates protons to membrane lipids
maintaining them in a reduced state. In addition to endogenous enzyme antioxi-
dants, numerous nonenzymatic antioxidants are found in biological systems.
Scavenging antioxidants include ascorbic acid (vitamin C), a-tocopherol (vita-
min E), flavonoids, carotenoids, bilirubin, and thiols.?3 Ascorbic acid is water-
soluble, whereas a-tocopherol and B-carotene are lipid-soluble. Metal-binding
proteins, such as hemoglobin, myoglobin, transferrin, ferritin, and ceruloplasmin
are involved in reducing OH~ formation. Decreased bioavailability of antioxi-
dants results in accumulation of oxygen intermediates and consequent increased
oxidative stress. Based on this paradigm it has been suggested that antioxidant
supplementation may have beneficial therapeutic effects in reducing oxidative
stress in disease process.

Molecular Targets of Reactive Oxygen Species in Vascular Cells

ROS play an important role in normal cellular signaling and function.%¢
Redox-sensitive signaling molecules that have been implicated in cardiovascular
disease include transcription factors, protein tyrosine phosphatases, protein
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Fig. 4.3 Redox-dependent signaling pathways in vascular cells. Intracellular ROS modify the
activity of tyrosine kinases, such as Src, Ras, JAK2, Pyk2, P13K and EGFR, as well as MAP
kinases, particularly p38MAP kinase, JNK and ERKS. ROS may inhibit PTP activity, further
contributing to PTK activation. ROS also influence gene and protein expression by activating
transcription factors, such as NFKB and AP-1. ROS stimulate ion channels, such as plasma mem-
brane Ca** and K* channels, leading to changes in cation concentration. Activation of these redox-
sensitive pathways results in numerous cellular responses, which is uncontrolled, could contribute
to altered vascular tone, increased vascular smooth muscle cell (VSMC) growth, inflammation
and increased deposition of extracellular matrix protein (EMP), leading to vascular remodeling in
hypertension. —, inhibitory effect; +, stimulatory effect

Vascular Remodeling

tyrosine kinases, mitogen-activated protein (MAP) kinases, and ion channels
(Fig. 4.3). Of these, transcription factors and protein tyrosine phosphatases appear
to be directly regulated by ROS,¥® whereas the other signaling molecules are
probably influenced by ROS through indirect mechanisms.

Transcription Factors

Oxygen intermediates regulate numerous cardiovascular-related genes including
adhesion molecules that control inflammatory cell recruitment, antioxidant enzymes
that regulate ROS interactions with signaling systems, NOS, and vasoactive agents.
Modulation of gene expression by oxidative stress occurs primarily through the
redox-regulation of transcription factors, such as NFxB, AP-1 and HIF-1.87%
Activation of NFxB, AP-1, and HIF-1 is induced by ROS, probably through redox
modification of reactive cysteines.” Upstream kinase(s) and or phosphatase(s) prone
to thiolation or oxidation of SH groups are at present considered the best candidates
mediating the redox regulation of transcription factors. In particular Redox-factor-1
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(Ref-1) is an important activator of AP-1, NFxB, and p53 tumor suppressor protein.”!
Thioredoxin, an enzyme involved in the repair of oxidatively damaged proteins, sup-
presses NFkB, yet activates AP-1.%2 This phenomenon may act as a compensa-
tory, regulatory mechanism in cells predisposed to oxidative stress. Increased
activation of vascular NFxB and AP-1 and associated inflammatory and mitogenic
responses have been demonstrated in hypertensive rats.®> These actions have been
attributed, in part, to increased oxidative stress.

Protein Tyrosine Phosphatases

The best-established direct targets of ROS signaling are protein tyrosine phos-
phatases (PTP).#%% Tyrosine phosphorylation is controlled by the tightly regu-
lated balance between tyrosine kinases and tyrosine phosphatases. All tyrosine
phosphatases have a conserved 230-amino acid domain that contains a reactive and
redox-regulated cysteine, which catalyzes the hydrolysis of protein phosphotyrosine
residues by the formation of a cysteinyl-phosphate intermediate.”* This cyteine
forms thiol phosphate, an intermediate in the dephosphorylation reaction of PTPs.
Oxidation of this cyteine residue to sulfenic acid by H,O, renders the tyrosine
phosphatase inactive.**> Thus ROS significantly inhibit activity of tyrosine phos-
phatases, resulting in increased tyrosine phosphorylation.

Inactivation of tyrosine phosphatases is involved in oxidative stress-induced
activation of several receptor protein tyrosine kinases such as the EGFR and insulin
receptor.”® This is particularly important with respect to Ang II, which mediates
many of its signaling events in vascular cells through EGFR transactivation. H,0,
has also been shown to regulate MAP kinases through inhibition of tyrosine phos-
phatase activity.”’

Protein Tyrosine Kinases (PTK)

Receptor-and nonreceptor tyrosine kinases are also targets of oxidative stress.”
Exogenous H,O, induces tyrosine phosphorylation and activation of PDGFR and
EGFR, probably due to ROS-mediated inhibition of dephosphorylation of PDGFR
and EGFR by inactivation of membrane-associated protein tyrosine phosphatase.’®*
Oxygen intermediates, which are produced in response to tyrosine kinase receptor
activation, are also involved in transactivation of PDGFR and EGFR by Ang II.
Under pathological conditions associated with oxidative stress, such as hyperten-
sion, ROS may directly activate cell surface receptors, thereby amplifying the process
of -OZ* generation. Nonreceptor tyrosine kinases such as Src, JAK2, Pyk2, and Akt,
all of which have been implicated in cardiovascular remodeling and vascular
damage, are also regulated by ROS.3-101
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Mitogen-Activated Protein Kinases

MAP kinases participate in signal transduction classically associated with cell
proliferation, differentiation, and death.!®> Of the major mammalian MAP
kinases, ERK1/2, p38 MAP kinase, and JNK are the best characterized.
ERK1/2, phosphorylated by MEK1/2 (MAP/ERK kinase), is a key growth sig-
naling kinase, whereas JNK and p38 MAP kinase, phosphorylated by MEK4/7
and MEK3/6, respectively, influence cell survival, apoptosis, differentiation,
and inflammation.'”> ERKS3, a recently identified MAP kinase, is regulated by
MEKS and is involved in protein synthesis, cell cycle progression, and cell
growth.!” Enhanced activation of vascular MAP kinases has been demonstrated
in hypertension and seems to be a major mechanism contributing to vascular
damage in hypertension.!1% MAP kinases are regulated by phosphorylation
cascades.!” In addition these kinases are activated by ROS or by a mild oxida-
tive shift of the intracellular thiol/disulfide redox state.'” In VSMCs intracellu-
lar ROS are critical for Ang II-induced activation of p38MAPK, JNK, and
ERKS5, whereas phosphorylation of ERK1/2 appears to be redox-insensi-
tive.!%¢107 However, serotonin-mediated ERK1/2 activation in smooth muscle
cells is redox-sensitive, but in fibroblasts, it is not,'® suggesting that redox-
regulation of MAP kinases may be ligand- and cell-specific. Although MAP
kinases are influenced by free radicals, they are probably not direct substrates
of *0,” and H,0,. Upstream modulators such as MEKs, tyrosine kinases, and
phosphatases may be direct targets.

Cation Transport Systems

In addition to influencing signaling pathways associated with cell growth and
inflammation, ROS modulate intracellular Ca** concentration ([Caz"]i), a major
determinant of vascular contraction. Superoxide and H,O, increase [Caz"]i in
VSMCs and endothelial cells.'” These effects have been attributed to redox-
dependent inositol-trisphosphate-induced Ca** mobilization, increased Ca?* influx,
and decreased activation of Ca?*-ATPase.!”!"° Plasma membrane K* channels in
VSMCs that control a hyperpolarization-elicited relaxation are opened by
mechanisms associated with thiol oxidation by ROS.*!1%110 These redox-regulated
Ca?* processes may be more important in stress responses than in receptor-mediated
signaling by growth factors or cytokines and may play a role in altered vascular
contractility in hypertension. In fact contractile responses to H,O, are exaggerated
in arteries from SHR compared with normotensive counterparts,'' suggesting that
in addition to impaired endothelium-dependent vasodilation (due to increased
quenching of NO by *O,"), redox-sensitive Ca** changes could contribute to altered
vascular tone in hypertension.
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Vascular Mechanisms of Oxidative Stress in Hypertension

Reactive Oxygen Species Influence Vascular Structure
and are Pro-inflammatory

In hypertension, oxidative stress promotes vascular smooth muscle cell prolif-
eration and hypertrophy, collagen deposition, and alterations in activity of
matrix metalloproteinases (MMP), which lead to arterial remodeling (Fig. 4.3).
Superoxide anion and H,O, stimulate growth factor-like cellular responses,
such as intracellular alkalinization, MAP kinase phosphorylation, and tyrosine
kinase activation. H,O, induces vascular smooth muscle cell DNA synthesis,
increases expression of protooncogenes, and promotes cell growth.”” During
vascular damage in hypertension when oxidative stress is increased redox-sen-
sitive growth actions may lead to accelerated proliferation and hypertrophy,
further contributing to vascular injury and remodeling.*” ROS also modulate
vascular structure in hypertension by increasing deposition of extracellular
matrix proteins, such as collagen and fibronectin. Superoxide anion and H,0,
influence activity of vascular MMP2 and MMP9, which promote degradation of
basement membrane and elastin, respectively.''> Redox-sensitive inflammatory
processes, including expression of proinflammatory molecules, such as vascu-
lar cell adhesion molecule-1 (VCAM-1) and monocyte chemotactic protein-1
(MCP-1), lipid peroxidation, and cell migration, further contribute to vascular
remodeling in hypertension.!''3-!'3

Reactive Oxygen Species Reduce NO Bioavailability

Impaired endothelium-mediated vasodilatation has been linked to decreased NO
bioavailability. This may be secondary to decreased synthesis of NO and/or increased
degradation of NO because of its interaction with *O,” to form ONOO.'"¢''¥
Peroxynitrite is a weak vasodilator compared with NO and has pro-inflammatory
potential.'*” Oxygen radicals also induce endothelial permeability with extravasa-
tion of plasma proteins and other macromolecules, and recruitment of inflamma-
tory proteins and cells, which could further impair endothelial function and
aggravate vascular damage.'?*!?! Peripheral polymorphonuclear leukocytes, which
generate *O,, participate in oxidative stress and inflammation in patients with
hypertension.!'>!2%12! The co-existence of an inflammatory reaction with oxidative
stress induces endothelial dysfunction. Many of the redox-sensitive vascular
changes that occur in hypertension also exist in atherosclerotic vessels. In fact
oxidative stress-mediated vascular damage may be a link between hypertension
and atherosclerosis.'?
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Reactive Oxygen Species in Hypertension

Oxidative Stress in Experimental Models of Hypertension

Oxidative stress in the vasculature has been associated with genetic and experi-
mental hypertension. Spontaneously hypertensive rats (SHR)!%2, and stroke
prone SHR (SHRSP)!, genetic models of hypertension, exhibit increased
NAD(P)H-driven generation of ¢O,” in resistance (mesenteric) and conduit
(aortic) vessels. These processes are associated with overexpression of
NAD(P)H oxidase subunits, particularly p22phox, and enhanced activity of the
oxidase.!?® Several polymorphisms in the promoter region of the p22"* gene
have been identified in SHR, which could contribute to enhanced NAD(P)H
oxidase activity in these rats.'* These findings may have clinical relevance
since an association between a p227'* gene polymorphism and NAD(P)H oxi-
dase-mediated *O,” production in the vascular wall of patients with atheroscle-
rosis has been described.'” Increased expression of p47phox has been
demonstrated in the renal vasculature, macula densa, and distal nephron from
young SHR, suggesting that upregulation of renal NAD(P)H precedes develop-
ment of hypertension.'?”® Diminished NO bioavailability as a consequence of
enhanced vascular *O,” generation has also been suggested to contribute to
oxidative stress in SHRSP.'”” Treatment with antioxidant vitamins, NAD(P)H
oxidase inhibitors, SOD mimetics, BH4, and AT, receptor blockers decrease
vascular *O,” production and attenuate, to varying degrees, the development of
hypertension in these genetic models of hypertension.!>!317:128129 Taken together,
these findings suggest that vascular oxidative stress in SHR and SHR-SP is
mediated via enhanced NAD(P)H oxidase activity and dysfunctional eNOS
(uncoupled NOS) and regulated, in part, by AT, receptors.

Vascular oxidative stress has also been demonstrated in various models of
experimental hypertension, including Ang II-induced hypertension,'*® Dahl-
salt-sensitive hypertension,'3! lead-induced hypertension,'*? obesity-associated
hypertension,'3* mineralocorticoid hypertension,’*13> and SHR.!3¢!%
Interestingly, norepinephrine-induced hypertension is not associated with
enhanced vascular oxidative stress,'*° suggesting that blood pressure itself may
not be the fundamental cause of increased ROS production in hypertension.
Increased activation of vascular NAD(P)H oxidase*>!*® and xanthine oxidase'®
and uncoupling of eNOS**' have been implicated in enhanced *O,” generation
in experimental hypertension. Inhibition of ROS generation with apocynin or
allopurinol and scavenging of free radicals with antioxidants or SOD mimetics
decrease blood pressure and prevent development of hypertension in most mod-
els of experimental hypertension.!”14142 These beneficial effects have been
attributed to improved endothelial function, regression of vascular remodeling,
and reduced vascular inflammation.?4
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Oxidative Stress in Human Hypertension

Clinical studies have demonstrated increased ROS production in patients with
essential hypertension,'*14¢ malignant hypertension,'*’ and pre-eclampsia.!*
These findings are based, in large part, on increased levels of plasma and urine
TBARS and 8-epi-isoprostanes, systemic markers of lipid peroxidation, and
oxidative stress.'*4¢ However in never-treated mild-to-moderate hypertension
lipid peroxidation is not increased,'*’ suggesting that oxidative stress is not
implicated in the early stages of human essential hypertension, but may be
more important in severe hypertension, such as malignant hypertension and
pre-eclampsia.'#’14® Decreased antioxidant activity and reduced levels of ROS
scavengers such as vitamin E, glutathione, and SOD,'* and increased activation
of vascular NAD(P)H oxidase may contribute to increased oxidative stress in
hypertensive patients.?*!>° Activation of the renin-angiotensin system has been
proposed as a major mediator of NAD(P)H oxidase activation and ROS produc-
tion in human hypertension. In fact some of the therapeutic blood pressure-
lowering effects of AT, receptor blockers and ACE inhibitors have been
attributed to inhibition of NAD(P)H oxidase activity and decreased ROS pro-
duction.’' It has also been suggested that p22phox polymorphisms may play a
role in altered NAD(P)H oxidase-generated *O,” production in human cardio-
vascular disease.'?>!52153 In particular an association of the C242T p22phox
polymorphism with the presence and extent of coronary artery disease was
found to be stronger in hypertensive than normotensive subjects.!”>!3 However,
to confirm that these polymorphisms are indeed markers for hypertensive
oxidative stress, studies in large populations are necessary.

Therapeutic Potential of Altering Bioavailability
of Reactive Oxygen Species

Based on the evidence that oxidative stress plays a key role in vascular damage,
there has been great interest in developing strategies that target ROS in the treat-
ment of hypertension and other cardiovascular diseases. Therapeutic approaches
that have been considered include mechanisms to increase antioxidant bioavailabil-
ity through diet or supplementation and/or to reduce generation of ROS by decreasing
activity of *O,” -generating enzymes and by increasing levels of BH,. Gene therapy
approaches for cardiovascular disease are also being developed, but will not be
discussed here.

The potential value of antioxidants in treating conditions associated with
oxidative stress, such as hypertension, is suggested by experimental studies.!'>*
This is further supported by observational and epidemiological data in
humans.'>>"1> Evidence from prospective studies suggests that a high intake of
antioxidants is protective for hypertension and cardiovascular disease. However
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findings have not been consistent and clinical trial data have not been conclu-
sive. In the Nurse’s Health Study'>® and the Health Professional’s Study'® the
relative risk of coronary heart disease was significantly lower in subjects with
the highest vitamin E intake. Similar findings were reported in the Iowa
Women’s Study.'®! Data from the EPIC-Norfolk study'®> demonstrated an
inverse association between plasma ascorbic acid concentration and mortality
from cardiovascular disease. Data from the Third National Health and Nutrition
Examination Survey demonstrated that serum o-carotene, B-carotene, and vita-
min C are inversely associated with blood pressure.!'®*

To date, at least six large clinical trials and a recent meta-analysis have been
published regarding the effects of antioxidant vitamins on the risk of cardiovascular
disease (Table 4.2): The Cambridge Heart Antioxidant Study (CHAOS),'** the

Table 4.2 Clinical trials of antioxidant vitamin supplements and cardiovascular outcomes

Antioxidant, Duration
Trial (year) Design Subject daily dose (years) Outcome
CHAOS (1996) p,r,p-c  CHD 800 or 400IU =1.5 RR:0.53 for
(n =2002) a-tocopherol cardiovascular
or placebo death
ATBC (1996) p.r.p-c  Healthy 50mg Vit E, =6.1 RR: 0.92 for fatal
(n=27271) 20mg CHD
o-carotene
or placebo
GISSI p.r Previous MI 300mg Vit E =3.5 RR: 0.88 for
Prevenzione (n =3658) combined
(1999) cardiovascular
outcomes
RR: 0.80 for
cardiovascular
death
HOPE (2000) p.,p-¢ - CVD or Diabetes 4001U VitE, or =4.5 No effect on
(n=9,541) placebo cardiovascular
outcomes
MRC/BHF p.p-c CVD (n=20,536) 600mg Vit E, =5.0 No effect on
(2000) 250mg Vit cardiovascular
C 20mg outcomes
[-carotene
or placebo
PPP (4495) R HT, HC Diabetes, 300mg Vit =3.6 No effect of
obesity, E, 100mg Vit E on
family history aspirin cardiovascular
M1, eldery outcomes

p.prospective; r,randomized; p-c, placebo-controlled; CHAOS, The Cambridge Heart Antioxidant
Study; ATBC, Alpha Tocopherol, Beta-Carotene Cancer Prevention Study; GISSI-Prevenzione,
GISSI-Prevenzione trial; HOPE, Heart Outcomes Prevention Evaluation study; MRC/BHF,
MRC/BHF Heart Protection Study; PPP, Primary Prevention Project; RR, relative risk; CHD,
coronary heart disease; MI, myocardial infarction; HT, hypertension; HC, hypercholesterolemia.
11U = 0.67 mg.
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Alpha Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC),'®® the GISSI-
Prevenzione trial,'*® the Heart Outcomes Prevention Evaluation (HOPE) study,'s’
the MRC/BHF Heart Protection Study,'®® and the Primary Prevention Project
(PPP).!'¥ CHAOS enrolled 2,002 patients with documented cardiovascular disease
and assessed effects of 400 or 800IU o-tocopherol. Treatment resulted in a
decreased risk primarily due to reduction in nonfatal myocardial infarction. The
ATBC trial evaluated daily effects of 50mg (751U) vitamin E, 20mg B-carotene,
or both on cardiovascular outcomes in 27,271 male smokers. This trial reported a
nonsignificant, small reduction in the incidence of fatal coronary disease. The
GISSI-Prevenzione trial enrolled 3,658 patients with a previous myocardial infarct
and tested cardiovascular effects of daily supplementation with 300 mg vitamin E.
Although there was no significant effect of treatment on the combined endpoints of
cardiovascular death, nonfatal myocardial infarction, and nonfatal stroke, there was
a decreased risk of cardiovascular death, including cardiac, coronary, and sudden
death. The HOPE study, which included 2,545 females and 6,996 males with a high
risk of cardiovascular disease, assessed daily effects of 4001IU vitamin E on cardio-
vascular outcomes. Results from this study failed to demonstrate any beneficial
effect of vitamin E treatment. The MRC/BHF Heart Protection Study, which studied
20,536 adults with cardiovascular disease, assessed effects of daily supplementation
of 600mg vitamin E, 250mg vitamin C, and 20mg [B-carotene on cardiovascular
outcomes. Results demonstrated that these antioxidants were safe, but did not
produce any significant reduction in 5-year mortality from any cause. The PPP,
which investigated in general practice the efficacy of antiplatelet and antioxidant
therapy in primary prevention of cardiovascular events in patients with one or more
cardiovascular risk factors. This was a randomized controlled 2x 2 factorial trial
that investigated low-dose aspirin (100mg/day) and vitamin E (300 mg/day) in
4,495 subjects. After a mean follow-up of 3.6 years the trial was stopped prema-
turely on ethical grounds when newly available evidence from other trials on the
benefit of aspirin in primary prevention was consistent with results of the second
planned interim analysis. Aspirin lowered the frequency of all the endpoints, being
significant for cardiovascular death (from 1.4 to 0.8%; relative risk 0.56 [95% CI
0.31-0.99]) and total cardiovascular events (from 8.2 to 6.3%; 0.77 [0.62-0.95]).
Vitamin E showed no effect on any pre-specified endpoint. A recent meta-analysis
that included more than 200,000 patients investigated vitamin E and [ carotene
effects on long-term cardiovascular outcomes.!” Vitamin E failed to have any
beneficial effects whereas B-carotene lead to a small, but significant, increase
in all-cause mortality and a small increase in cardiovascular death.!”® Consequently,
the overall results of clinical trials are disappointing given the consistent and
promising findings from experimental studies and epidemiological data. However,
many of these trials enrolled patients with significant cardiovascular disease and the
choice of antioxidant vitamins used may not have been the best considering the
relative poor antioxidant potential of vitamins C and E.

Numerous smaller clinical studies, which investigated effects of antioxidants
specifically on blood pressure, demonstrated, in large part, beneficial actions.
Duffy et al.'”! reported in a randomized, double-blind, placebo controlled study that
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treatment of hypertensive patients with ascorbic acid (500 mg/day) for 30 days,
lowers blood pressure. Similar blood pressure-lowering effects of vitamin C were
observed in an elderly population when measured by ambulatory blood pressure
recording.!”? In patients with type II diabetes, 500 mg ascorbic acid daily for
4 weeks resulted in a significant reduction in blood pressure and reduced arterial
stiffening.!” In newly diagnosed mildly hypertensive patients, 2001U/day vitamin E
for 27 weeks reduced blood pressure by 24/12.5% vs. placebo 1.6/6.2%.'7
Combined oral antioxidant supplementation (200 mg zinc sulphate, 500 mg ascorbic
acid, 60 mg o-tocopherol) given for 8 weeks, significantly reduced blood pressure
in an adult cohort in the UK. However, in Japanese patients given vitamin C
(500 mg/day) for 5 years, blood pressure was not reduced.!”® However these patients
also had atrophic gastritis, which may have confounded the results. In a randomized
trial in pregnant women, vitamin C (1,000 mg/day) and vitamin E (4001U/day)
were found to significantly reduce the occurrence of pre-eclampsia in women at
increased risk.!”” In addition, numerous clinical studies have demonstrated that
local infusion of antioxidant vitamins improves endothelial function in hypertensive
patients.'” Taken together, findings from these clinical investigations suggest that
antioxidants, particularly vitamin C, may indeed have some beneficial blood
pressure-lowering actions. In fact, long-term vitamin C intake has been shown to
increase vascular BH . levels and NOS activity in experimental animals, which, in
addition to the scavenging properties, may contribute to the potentially beneficial
actions of vitamin C in vascular disease.'”

Why then have primary and secondary prevention trials of antioxidant protocols
provided such negative results? Possible reasons relate to insufficient dosing regimens
or durations of antioxidant therapy, harmful interactions between antioxidant
agents, and cellular compartmentalization of antioxidants.!>% In addition in large
clinical trials, patients had significant cardiovascular disease, in which case damaging
effects of oxidative stress may be irreversible. Furthermore, most of the studied
patients were taking aspirin prophylactically. Since aspirin has intrinsic antioxidant
properties,'8! additional antioxidant therapy with vitamin C or vitamin E may be
ineffective. Finally, in patients studied in whom negative results were obtained, it
was never proven that these subjects did in fact have increased oxidative stress.'®
In fact, negative results of clinical trials should be interpreted with caution in the
absence of verification that antioxidant therapy successfully reduces vascular
oxidative stress.

Based on the current data, it is recommended that the general population should
consume a balanced diet with emphasis on antioxidant rich fruits and vegetables
and whole grains.!®>!33 This recommendation, which is consistent with the dietary
guidelines of the American Heart Association,'®? considers the role of the total diet
in influencing disease risk, and is supported by findings from the Dietary
Approaches to Stop Hypertension (DASH) study.'®* To further support this, a
recently completed randomized trial from the UK demonstrated that subjects
consuming high fruit and vegetable diets had blood pressure reduction of
4/1.5mmHg.'® Although this reduction would be expected to produce small clinical
effects, effects on cardiovascular disease at the population level would be significant,
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since a reduction of 2mmHg diastolic blood pressure results in a decrease of 17%
in the incidence of hypertension, 6% in the risk of coronary heart disease, and 15%
in the risk of stroke and transient ischemic attack.'s

Another factor that needs consideration is that antioxidants do not inhibit
production of ROS. Theoretically, agents that abrogate oxidant formation should
be more efficacious than scavenger agents in ameliorating oxidative stress and
vascular damage. This is based on experimental evidence, where it has been
shown that inhibition of NAD(P)H oxidase-mediated generation of <O, ,
usingpharmacological and gene-targeted strategies, leads to regression of vascular
remodeling, improved endothelial function, and lowering of blood pressure.®-"° In
fact, vascular NAD(P)H oxidase may be a novel therapeutic target for vascular
disease. Another strategy that has been shown to be effective in oxidative stress-
related hypertension in animals, is BH,, which prevents NOS uncoupling and
decreases NOS-generated ROS.

It has also been suggested that some of the beneficial actions of classical antihy-
pertensive agents such as {3-adrenergic blockers (carvedilol), ACE inhibitors, AT
receptor antagonists, and Ca?* channel blockers may be mediated, in part, by decreas-
ing vascular oxidative stress. These effects have been attributed to direct inhibition of
NAD(P)H oxidase activity, as shown for AT, receptor blockers, and to intrinsic anti-
oxidant properties of the agents.!®¢ The possible role of antihypertensive drugs as
modulators of vascular oxidative stress is currently an active area of research.

Conclusions

Until recently it was thought that ROS were toxic byproducts of cellular metabolism,
which induced DNA damage, lipid peroxidation, and cell death. However, it has
become clear that oxygen free radicals are produced in the vessel wall in a controlled
and tightly regulated manner and that they have critical signaling functions that
maintain vascular integrity. In hypertension, dysregulation of enzymes such as
NAD(P)H oxidase, NOS, xanthine oxidase, or SOD that generate -OZ*, HZOZ, and
*OH, or reduced scavenging by endogenous antioxidants, results in increased
formation of ROS, which has damaging actions on vascular structure and function.
Oxidative stress in hypertension contributes to vascular injury by promoting VSMC
growth, endothelial dysfunction, inflammation, increased vascular tone, and MMP
activation. These processes lead to altered vascular contractility and structural
remodeling, characteristic features of vessels in hypertension. Although inconclu-
sive, clinical data suggest that treatment strategies to alter ROS production may
improve vascular damage and reduce blood pressure in hypertensive patients. With
a greater insight into the understanding of mechanisms that regulate ROS metabolism
and identification of processes that tip the balance to states of oxidative stress
which cause vascular damage, it should be possible to target therapies more effectively
so that detrimental actions of vascular oxygen free radicals can be reduced and
beneficial effects of NOe can be enhanced. Such therapies would be useful in the
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prevention and treatment of many disease processes associated with vascular dam-
age, including hypertension, atherosclerosis, and diabetes. Novel targets that have
been proposed include the nox isoforms, specifically nox1.
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Chapter 5
Lipids, Oxidation, and Cardiovascular Disease

Myron D. Gross

Abstract Blood cholesterol and LDL levels are well-established risk factors for
cardiovascular disease and, in particular, coronary heart disease. In recent years, the
role of LDL in the pathogenesis of atherosclerosis, the underlying cause of coro-
nary heart disease, has been studied extensively. These studies have highlighted
the complexity of atherosclerotic processes and identified oxidative damage and
inflammation as important components of the process. In addition, the formation
and possible involvement of various oxidized lipids in atherosclerosis have been
identified by the studies. The oxidized lipids include the products of oxidative
enzymes, located in the vasculature, as well as nonspecific oxidation products.
Many of these lipids have been found in atherosclerotic plaque and have potent
bioactivities. Moreover, these oxidation products and, reactive oxygen and nitrogen
species, have been linked with cellular signaling pathways that can influence the
development of atherosclerosis.

The Impact of Cardiovascular Disease and Its Major
Component, Coronary Heart Disease on Human Health

Cardiovascular disease is the most prevalent threat to life and health in the United
States.'? It is the major cause of mortality, with 44% of deaths, and it is a major
cause of morbidity.> A major cardiovascular disease develops in 1/3 of men and 1/10
of women before the age of 60.* The incidence of major cardiovascular events in
men increases dramatically with age, from 7 events/1,000 people at age 35-44 to 68
events/1,000 people at age 85-94; comparable rates occur for women about 10 years
later in life, but the difference narrows with age.’ In the United States, the cost of
medical care is higher for cardiovascular disease than for any other diagnostic
group.® This diagnostic group includes the major forms of cardiovascular disease,
which are coronary heart disease, stroke, congestive heart failure, pulmonary embo-
lism, cardiac dysrhythmias, hypertensive disease, and peripheral artery disease.
Together, these diseases are a massive burden on our health care system.
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Coronary heart disease accounts for approximately two-thirds of all cardiovas-
cular disease and approximately 50% of the coronary heart disease patients have
had myocardial infarctions.'® Coronary heart disease alone is the major cause of
death in men over 40 years and women older than 64 years.® It is the leading cause
of death in adults over the age of 35 and accounts for greater than 25% of all
deaths.b In 1998 there were approximately one-half million deaths attributable to
coronary heart diseases and a lower, but similar number of deaths has continued to
occur in recent years.® Approximately, 800,000 new cardiovascular events and
450,000 recurrent events occur each year.? The lifetime risk of coronary heart dis-
ease, at age 40, is about 1 in 2 for men and 1 in 3 for women.” The lifetime risk
remains high with a 35% chance for men and a 25% chance for women at age 70.
Coronary heart disease is the third most frequent cause of short stay hospitaliza-
tions and ranks among the greatest cost per hospital admission and is also the leading
cause of premature permanent disability.® The cost of medical care for coronary
heart disease has been estimated at $53 billion in direct costs plus 47 billion in
indirect costs per year.!

The incidence of cardiovascular disease is disproportionate across gender and
ethnic groups. The most pronounced difference is in the incidence of CHD in men
vs. women. The mortality rate is 4.5 times greater in men than women aged 25-34
years old.? This ratio declines to about 1.5 for the age group from 75 to 84 years.
Regarding ethnic groups, the incidence of coronary heart disease is higher in
African-Americans as compared to Caucasians;? the lowest rates of these three
groups occur in Hispanics.’

Blood Lipids and Coronary Heart Disease

The major risk factors for coronary heart disease are well known and include smok-
ing, high blood pressure, and blood cholesterol levels. In addition, obesity, diabe-
tes, and family history are recognized as important factors. While each of these
factors is important, the predominant factor may be blood cholesterol levels. Serum
total cholesterol and lipoproteins are well-established risk factors for coronary
artery disease. Numerous studies have confirmed the relationship between serum
total cholesterol and coronary heart disease.'®!* A rule of thumb from epidemio-
logic studies suggest that for every 1% increase in total cholesterol, the risk of CHD
increases by 2%.'*!> The National Cholesterol Education Program defines three
categories of serum total cholesterol. These are desirable (<200 mg/dL), borderline
high (200-239mg/dL) and high (>240mg/dL). These classifications have been
used as a basis for prescribing preventive treatments including dietary changes and
pharmaceutical drugs.'* NCEP guidelines have changed with the development of
methods for the measurement of subclasses of serum lipoproteins and recognition
that the distribution of cholesterol among lipoproteins improved the prediction of
coronary artery disease risk.'® The informative lipoproteins included low-density
lipoprotein, high-density lipoprotein, and very low-density lipoproteins. Most of
the attention has focused on low-density lipoproteins, which are very atherogenic.
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In early studies, low-density lipoprotein cholesterol concentrations have been asso-
ciated with coronary artery disease'” and this finding was confirmed in numerous
subsequent studies. For clinical purposes, LDL levels have been defined as optimal
(<100 mg/dL), near optimal (100-129 mg/dL), borderline high (130-159 mg/dL),
high (160-189mg/dL) and very high (>190mg/dL). Another lipoprotein, HDL is
associated inversely with the risk of coronary heart disease. HDL is involved in
reverse cholesterol transport, which reduces tissue cholesterol levels and may pro-
vide a protective effect. Low HDL cholesterol levels are recognized as a common
and powerful risk factor for coronary artery disease.'® The AHA guidelines suggest
that levels of HDL lower than 40mg/dL result in an elevated risk for coronary
artery disease. Two additional forms of LDL may be atherogenic particles and
should be given consideration for their association with elevated risk. These are
LP(a) and small dense low-density lipoproteins. The association of LP(a) with cor-
onary disease is independent of serum LDL cholesterol levels.!® Structural studies
have found that this apolipoprotein has a structure similar to plasminogen.?’ These
structural studies have provided a basis for a possible mechanism of LP(a) action
as it could block the binding of plasminogen and prevent the lysis of clots. Risk
factor studies have been mixed, sometimes showing LP(a) and isoforms to be a risk
factor, but only in the presence of other risk factors and other times showing it to
be an independent risk factor for clinical coronary heart disease.?! Thus, definition
of its role remains unclear. Small dense LDL is associated with the risk for coro-
nary artery disease. However, this association is complicated by a simultaneous
association with components of the metabolic syndrome. It is unclear whether
small dense LDL is a primary risk factor or it is only associated with other athero-
genic factors.?>?* Very low density lipoproteins are a primary source of circulating
triglycerides which has been identified as an independent risk factor for coronary
artery disease. The association has been frequent, but inconsistent and may reflect
an association with the metabolic syndrome.?* This association was recognized
recently and requires further study to define the relationship. More recently, the
measurement of nonhigh density lipoprotein cholesterol has been shown to be a
simpler or and perhaps equally effective predictor of coronary artery disease as
LDL."* Nonhigh density lipoprotein cholesterol contains all the known and poten-
tial atherogenic lipoproteins and is easier to measure than each subclass. Further
studies are needed to define the predictive value of nonhigh density lipoprotein
cholesterol.

The Influence of Dietary Fats on Blood Cholesterol Levels
and Distribution of Fatty Acids

Blood cholesterol levels and risk of cardiovascular disease are influenced by die-
tary intakes of fats. The intake of red meats and saturated fats are a primary cause
of elevated blood cholesterol levels.”> Monounsaturated fats generally have a neu-
tral effect on cholesterol, whereas polyunsaturated fats decrease cholesterol levels.?
Dietary cholesterol can increase blood cholesterol levels, but contributes less to
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blood cholesterol levels than saturated fats.!* Specific fatty acids within each major
class, saturated, monounsaturated, and polyunsaturated, often have unique effects
on blood cholesterol levels and should be considered on an individual basis.
Palmitic acid, a 16-carbon saturated fatty acid, is a major contributor of saturated
fat intake in the United States diet, accounting for greater than 60% of the saturated fat
intake. It is associated with an elevation in LDL levels*” and may cause these ele-
vated levels by inhibiting the expression of LDL receptors on cell surfaces.?® Its
effect is very specific for LDL and does not increase HDL or VLDL levels. Meats,
coconut oil, palm oil, and dairy fats are the primary sources of palmitic acid.
Myristic acid, a 14-carbon saturated fatty acid, occurs in much lower amounts in
the diet than palmitic, but has similar effects on LDL levels as palmitic acid.? Its
primary sources are butter fat and tropical oils. Lauric acid, the shortest of the long-
chain saturated fatty acids, 12 carbons, also increases cholesterol levels. The effect
per gram of lauric acid is approximately two-thirds of the effect of palmitic acid.*
Dietary medium chain saturated fatty acids (8 and 10 carbon fats) increase choles-
terol levels.’! Their contribution is a small portion of the overall effect of dietary
fats. The longest of the saturated fatty acids, stearic acid, is 18 carbons long.
Interestingly, it does not increase blood cholesterol levels. This lack of an effect
may be the result of its rapid metabolism to oleic acid, a monounsaturated fatty
acid.** Several studies have confirmed that stearic acid has a short half-life. The
most common monounsaturated fatty acid, oleic, has a “neutral” effect on blood
cholesterol levels.?”?** Oleic is an 18-carbon fatty acid with a single double bond
in a cis conformation. This fatty acid is a significant component of dietary fat, being
the most prevalent fatty acid and the major monounsaturated fatty acid in the
United States diet. Oleic acid is found in both plant and animal food sources. More
importantly, it is well known as the major source of fat in the Mediterranean diet.
The cardioprotective effects of the Mediterranean diet have been attributed to its
high content of monounsaturated fatty acids. The mechanism of action may involve
the enzyme, acyl cholesterol acyl transferase. It catalyzes the esterification of cho-
lesterol. Oleic acid is a preferred substrate for the enzyme, which lowers unesteri-
fied cholesterol concentrations and thereby allows more expression of the LDL
receptor and removal of LDL from blood. Another monounsaturated fat is trans fat,
which consists of several fatty acids of 18 carbons and a double bond in a trans
configuration. It is a product of hydrogenation of oleic acid, with the most common
product being elaidic acid. This fatty acid increases blood cholesterol levels.?
Hydrogenation is used in food processing and has been commonly used in the
manufacture of margarines, oils, and shortening. The trans fat content of common
food sources generally ranges from several percent to as high as 35% of total fat.
Beginning in 2006, the trans fat content of foods was listed on the food labels.
Many manufacturers changed their processes and eliminated the formation of trans
fats in foods in recent years. Trans fat levels should be less than 1% of total fat.
Polyunsaturated fatty acids generally lower blood cholesterol levels relative to sat-
urated fatty acids, but the effect differs depending on the particular PUFA, polyun-
saturated fatty acid. PUFAs can be divided into classes according to the position of
double bonds in the fatty acid, as omega-3 or omega-6. Omega-3 fatty acids include



5 Lipids, Oxidation, and Cardiovascular Disease 83

linoleic, which is the most common form of PUFA. Linoleic acid is effective in
reducing blood cholesterol concentrations and has been evaluated in numerous
studies.?** While some reduction occurs in LDL-cholesterol, most of the reduction
occurs in HDL-cholesterol and VLDL-cholesterol. The United States diet has
increased its linoleic content from 4 to about 7% in recent years and it has been
associated with a decreased risk of cardiovascular disease. However, there are con-
cerns about raising the levels further. Linoleic intakes have been associated with
several possible detrimental effects. These include suppression of immune responses,
promotion of carcinogenesis, increased susceptibility of LDL to oxidation, decreases
in HDL levels, and formation of gallstones.***° The omega-6 category of PUFA
includes fatty acids in fish oils which are eicosopentaenoic acid, EPA, and docosa-
hexanoic acid, DHA. These fatty acids constitute approximately 25% of the total
fatty acids in fish oils. The intake of these fatty acids has a slight effect on blood
cholesterol levels, in the absence of high triglyceride levels, and more pronounced
effect on blood triglyceride levels.*! The effect on LDL-cholesterol is similar to that
of oleic acid, but is not specific for LDL-cholesterol.

It is apparent that dietary intakes of lipids, especially particular fatty acids, can
alter lipoprotein levels, especially those of LDL in blood. Thus, vasculature expo-
sure to lipids, especially LDL and its activity as a substrate for oxidation and uptake
can be altered by dietary practices, which often increase blood lipid concentrations.
In addition, the dietary intake of fatty acids can influence the composition of LDL
and some cell membranes, especially red blood cell membranes. Their content of
PUFA, MUFA, and saturated fats readily reflects dietary intakes of these fatty
acids. Changes in the fatty acid composition of cellular membranes may influence
the formation of particular oxidized and bioactive lipids, when lipids are exposed
to oxidative and inflammatory activity from free radicals and/or oxidative enzymes.
This area should be explored further as it holds considerable promise for better
preventive efforts.

The Pathogenesis of Coronary Heart Disease

The underlying cause of coronary heart disease is atherosclerosis, which from a
clinical view leads to the formation of plaque, degeneration of vessel intima, thro-
mobosis, and ultimately vessel occlusion and ischemia. An interesting aspect of
atherosclerosis is that it occurs more frequently at certain locations than others in
the vasculature, albeit throughout the body. Atherosclerosis is commonly located at
bifurcations and areas of vessel stress. These areas often have a low oscillating
shear stress. Presumably, this stress facilitates the accumulation of lipid and initia-
tion of atherosclerosis.*? In recent years, oxidation and inflammation have been
viewed as primary mechanisms in the initiation and progression of atherosclerosis.
Oxidative damage and inflammation have been linked with the risk of coronary
heart disease in several instances.** Together, these observations suggest that fac-
tors other than hypercholesterolemia alone are important in the generation of
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atherosclerosis and vessel damage. The “oxidation hypothesis” was developed and
states that non-specific oxidative damage induces the formation of oxidized LDL
and the initial stages of atherosclerosis.* This hypothesis also is consistent with the
idea of a “response-to-injury” model,* wherein inflammation is a response to an
initial injury of the vasculature; in this case, possibly due to oxidative damage.

Oxidative damage and inflammation may be tightly linked in the developmental
atherosclerosis and subsequently cardiovascular disease. Oxidative stress can be
elevated as a result of lifestyle factors and subject characteristics, such as an ele-
vated BMI.* It may initiate vascular damage that precedes inflammation. Inflammation
is a response to the oxidative vascular damage, which also precipitates further
oxidative damage. Oxidative damage, in turn, leads to the generation of oxidized
lipids, which are bioactive and induce inflammation. Both oxidative damage and
inflammation have been associated with several stages in the pathogenesis of
atherosclerosis. While the exact order of events is not well established, we could
envision a sequence of reactions involving an increase in oxidative stress which
leads to vessel damage, accompanied by the production of bioactive lipids and con-
sequently an inflammatory response, which generates further oxidative damage and
atherosclerosis.

Pioneering research in the 1980s found that cellular uptake of cholesterol in the
form of LDL particles was a very tightly controlled process. It did not allow accu-
mulation of excess unesterified (free) cholesterol by cells; several control mecha-
nisms maintained cellular unesterified cholesterol levels at a constant level.’ This
observation was inconsistent with observation of foam cell formation, which was
characterized by excessive uptakes of LDL particles and cholesterol by macro-
phages and smooth muscle cells. Then a fundamental set of experiments found that
modifications of LDL led to an uncontrolled uptake of LDL particles by macro-
phages.*® Modifications, which induced LDL uptake, included acetylation and oxi-
dation as well as several modifications generally considered unphysiological.
Modification allowed for identification of the LDL particle by a scavenger receptor
(CD36).* This receptor was not controlled by cellular cholesterol levels and pro-
vided for the accumulation of cellular cholesterol and formation of foam cells, and
subsequently the squeale leading to the formation of advanced atherosclerotic
plaque. These studies induced a massive expansion of vascular biology research
and identification of the mechanisms involved in the development of atherosclerosis.
Oxidative stress and damage produced vascular damage in the form of oxidized
LDL particles.” The damaged particles induced a “response-to-injury”, which was
an inflammatory response. Thus, an interaction between lipids, oxidative stress, and
inflammation may provide an environment for the development of atherosclerosis.

The pathogenesis of atherosclerosis can be divided into three stages consisting
of fatty streak formation, development of advanced (fibrous) plaque, and
thrombosis.”" In the initial stage, there may be an increase in vessel permeability
and a movement of LDL particles into the subendothelial space of vessels. LDL
becomes oxidized forming an oxidized particle and bioactive oxidized lipids; some
of which induce an inflammatory response. These activities induce the expression
of chemotactic factors (MCP-1, Fractalkine and Rantes) and adhesion molecules
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(P-selectin, ICAM, VCAM-1, Cs-1, and fibronectin) by endothelial cells, which
facilitate monocyte migration and uptake. Under these conditions, there is also an
elevation in monocyte differentiation factors (M-CSF, IL-8, GM-CSF).
Simultaneously, lymphocyte activity is enhanced by chemotactic factors. The macro
phages and lymphocytes produce reactive oxygen species, which cause further
oxidative damage and macrophage uptake of oxidized LDL via scavenger receptors
(CD36, SRA-1, and LOX-1). Foam cell formation occurs and ultimately leads to
the development of fatty streaks. This activity is facilitated by a decrease in the
release of cholesterol from macrophages via ABCA-1 and ABCG-1. Together these
activities may be regarded as an initial “response to injury.”

The development of advanced plaque is a complex process, which involves sev-
eral distinct activities and cell types. These include an increase in smooth muscle
proliferation, which is induced by FGF-1, HBEGF, and PDGF, and the movement
of smooth muscle cells into plaque. It is facilitated by the smooth muscle cell
chemotactic factor, PDGF. Smooth muscle cells can participate in the uptake of
oxidized LDL and matrix synthesis, which is stimulated by TGFbem. Also, basement
membranes around the plaque can be remodeled through the actions of metallopro-
teinases. During this phase, there can be development of a necrotic core, which is
formed from the death of foam cells through necrosis or apoptosis. Necrosis and
apoptosis also cause the formation of oxidized bioactive lipids, some of which have
thrombotic activities.

The final stage of atherosclerosis is the induction of thromobosis. This includes
changes in the release or expression of prothromobotic molecules from endothelial
cells, many of which are oxidized lipids, including tissue factor, plasminogen acti-
vator, and plasminogen activator inhibitor. It includes increased smooth muscle and
macrophage expression of tissue factor and other prothromobotic molecules. Also,
the weakening and possibly the rupture of the vessel wall through activities of met-
alloproteinase’s and their inhibitors. These activities promote the development of
cardiac events.

Oxidized Lipids and Atherosclerosis

Each stage of atherosclerosis involves the formation of oxidized lipids, many of
which are bioactive. The lipids in lipoprotein particles and cell membranes provide
the substrates for the formation of these bioactive molecules. The oxidized lipids
can be a product of interactions with reactive oxygen species or reactive nitrogen
species (ROS/RNS), or oxidative enzymes and lipids in the vasculature.’** The
oxidative enzymes include: myeloperoxidase, 12/15 lipooxygenase, NADPH oxi-
dase, NADH oxidase, cyclooxygenase, P-450 enzymes, and nitric oxide synthase.
Products include oxidized phospholipids, fatty acids, and cholesterol as well as
specific products of enzymatic reactions, such as prostaglandins and leukotrienes.
The oxidized phospholipids include products such as hexadecyl azelaoyl phosphatidyl
choline, palmitoyl epoxyisoprostane phosphatidyl choline, palmitoyl oxovalerol



86 M.D. Gross

phosphatidyl choline, palmitolyl glutaroyl phosphatidyl choline, and palmitoyl
cyclopentenone phosphatidyl choline.” Oxidized fatty acids are derived from ara-
chidonic acid and include HETE, HNE, and isoprostanes. This category also
includes prostaglandins, well-known products of cyclooxygenase and leukotrienes,
well-known products of lipooxygenase. Products of cholesterol oxidation include
7-hydroperoxycholesterol and 22-hydroxycholesterol.

Many of these oxidized lipids have been found in atherosclerotic lesions™=’ and
cells,*® at all stages of atherosclerosis. In addition, apoptotic bodies in atheroscle-
rosis and IL-1 treated cells also contain oxidized lipids.>**!

Indications that oxidized lipids, found in atherosclerosis, have bioactivity, come
from several types of studies. Polymorphisms, which alter the activity of oxidative
enzymes, have been associated with low amounts of atherosclerosis.®*% Knockout
mice for lipooxygenase and cyclooxygenase have shown lower levels of athero-
sclerosis, indicating a significant role of these enzymes in atherosclerosis.® Their
products, prostaglandins and leukotrienes, have well-known effects on the vascula-
ture.% Low amounts of atherosclerosis also are found in knockout mice for the
CD 36 receptor, toll-like 2 and 4 receptors, PAF receptors, P-selectin, VCAM-1,
IL-8, Fractalkine, MCP-1, and M-CSF.%>%.70-2 Oxidized, but not native, phospholi-
pids bind to receptors and induce activities associated with atherosclerosis.”
Oxidized phospholipids activate endothelial cells to bind monocytes. These
bioactive lipids also induce production of MCP-1 and MCF by smooth muscle and
endothelial cells.®*™7 The formation of protein adducts by oxidation products, in
particular, with apolipoprotein B can alter the activity of proteins. Some oxidized
lipids induce immune responses by creating new epitopes.®> Also, several oxi-
dized lipid products are potent inflammatory mediators such as platelet activating
factor (PAF), PAF-like lipids, certain oxidized phospholipids, and lysophosphoti-
dylcholine (LYSO-PC).” The induction of inflammation promotes several activi-
ties, but in particular, further oxidative damage. Oxidized lipids can modify the
expression of various cytokines and transcription factors that are involved in
atherosclerosis’’’® and may enhance platelet activation. In contrast, oxidized lipids
also apparently signal oxidative stress and act in the induction of antioxidative and
cytoprotective activities.® Thus, the oxidized lipids have a wide range of biological
activities; some related to the pathogenesis of atherosclerosis and others to the pro-
tection of the vasculature.

Some of the bioactive oxidized lipids can be removed by protective enzymes
such as phospholipase A2 and paraoxonase, which cleave phospholipid hydroper-
oxides of various carbon lengths.””% This activity accounts for a portion of the
protective effect of HDL. It is important to remember that there are two phospholi-
pases, which may have a role in atherogenesis, the nonpancreatic type of secretory
phospholipids A2 and the lipoprotein-associated PLA2. The secretory form of
phospholipase A2 is relatively nonspecific, calcium-dependent, and of less current
interest in the risk of coronary heart disease. The lipoprotein-associated PLA2 is
under intense research as a risk factor for CVD. Other protective enzymes may
include ACAT and aldose reductase. Thus, the extent of oxidized lipid exposure is
dependent upon a balance between their formation and enzymes which hydrolyze
these oxidized products.
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Oxidized phospholipids, associated with LDL, have been linked with the risk of
coronary heart disease. A study of coronary artery disease patients found an asso-
ciation between the ratio of oxidized phospholipid:apo B-100 and the presence of
vessel stenosis, greater than 50%. Since LP(a) binds proinflammatory oxidized
phospholipids and was also related to the presence of stenosis, the atherogenicity
of LP(a) may be mediated by an association with oxidized lipids.3!%?

Mitochondria, Oxidative Stress, and Bioactive Lipids:
A New Concept

The formation and bioactivity of oxidized lipids may be influenced by several
activities associated with mitochondria. In recent years, a new concept of mito-
chondria involvement in coronary heart disease has been evolving, wherein
mitochondria have a central role in the pathogenesis of atherosclerosis. The cellular
organelle is a major source of reactive oxygen species and oxidized lipids. The for-
mation of mitochondrial ROS and oxidized lipids are linked with each other and
both products are active in the induction of the early stages of atherosclerosis. In
addition, reactive oxygen species may have a dual role of causing nonspecific
oxidative damage of lipids, proteins, and DNA, and participating in a “redox cell
signaling” system. The original oxidative hypothesis held that excessive oxidative
damage was responsible for the causation of atherosclerosis; the oxidation of LDL
and its subsequent uptake by macrophages. This concept is still applicable and pro-
vides the foundation for many of the concepts in the initiation of early steps in
atherosclerosis. However, another relatively recently developed concept may
explain additional aspects of the relationship between oxidation and atherosclerosis.
Mitochondrial reactive oxygen species may be active in a “redox cell signaling”
system, wherein reactive oxygen species induce additional vascular cell activities.
These activities include the induction of apoptosis and cytoprotective effects,
superficially contradictory effects. In fact, the effect of ROS may be biphasic with
high levels of ROS inducing apoptosis and low levels of ROS inducing antioxida-
tive enzyme activity and cytoprotective effects. In these scenarios, oxidized bioactive
lipids are formed and may be the mediators of many of the biological effects. Also,
the formation of ROS is highly controlled, rather than being “leakage of electrons”
as suggested previously for mitochondrial oxidative stress. Both of these concepts
of mitochondrial activities are described in more detail below.

Nonspecific oxidative damage can occur as a result of excessive reactive oxygen
species formation and their release from the respiratory chain in mitochondria. These
species, especially, superoxide anions, are produced primarily by complex I and
complex III. This production of the superoxide anions by the respiratory chain may be
a by-product, an “electron leak,” or part of a well-orchestrated signaling mechanism.
Regardless of the mechanism, a high level of superoxide production has been associated
with damage to mitochondria DNA and mitochondrial dysfunction, leading to further
cellular oxidative damage. Mitochondria can inflict nonspecific oxidative damage upon
themselves and thereby induce further oxidative stress and damage in a vicious cycle.
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In this regard, an important aspect of mitochondrial metabolism is the concept that a
threshold effect exists, wherein the bioenergetic function of mitochondria is compro-
mised following the attainment of mitochondrial DNA damage at a particular threshold
level. Beyond this threshold level, mitochondria cannot produce sufficient energy for
the cell and there is an increase in reactive oxygen species. This causes extensive dam-
age of surrounding cells, lipid peroxidation, and further elevation above the threshold
levels. Mitochondrial DNA encodes 13 proteins which have important roles in the res-
piratory chain. Maintenance of bioenergetic capacity is dependent on the synthesis of
these proteins. As the level of mitochondrial DNA damage increases, the likelihood of
dysfunction also increases. When the threshold for DNA damage is reached, there is
low synthesis of the critical proteins and a low bioenergetic capacity, relative to needs.
Mitochondrial DNA damage is associated with several of the common risk factors for
cardiovascular disease, including age, hypercholesterolemia, and smoking. These fac-
tors are associated with an accumulation of mitochondrial DNA damage and may lower
the threshold level for mitochondrial dysfunction.

Controlled Release of Reactive Oxygen
Species for Mitochondria and Cellular
Redox Signaling Pathways

Another possible role of mitochondrial involvement in atherosclerosis is the release
of reactive oxygen species in a highly controlled process, at least under nonpatho-
logic conditions, and its linkage with a well-orchestrated signal transduction sys-
tem, the “redox cell signaling” system. In support of this concept, the release of
reactive oxygen species from mitochondria appears regulated by specific mecha-
nisms. Superoxide formation by complex I in the respiratory chain is influenced by
a thiol switching mechanism. The glutaredoxin system controls the redox couples
of a 70-kDa subunit of complex I. S-glutathionylation of the protein increases
superoxide release.®> Another mechanism involves uncoupling protein 2. This pro-
tein reduces the proton potential across the mitochondrial membranes. It also
reduces the formation of superoxide anion and oxidative damage with increases in
its expression.®# This effect is dependent on the particular isoform of UCP, as
UCP1 has the opposite effect. These observations suggest a system of controls for
the release of reactive oxygen species, which requires further exploration. Efforts
have just begun in this area and confirmation of these mechanisms is necessary.
Regarding possible ROS signaling mechanisms within mitochondria, superoxide
anions can bind to aconitase, an iron-sulfur protein in the respiratory chain, and
cause the release of iron.*® The released iron can cause lipid peroxidation with
the formation of oxidized (electrophilic) lipids. The electrophilic lipids are bioac-
tive. They can react with protein thiols and induce a range of signals. Another
possible pathway involves peroxynitrite, which is formed from nitric oxide and
superoxide and has been linked with signal transduction systems.®’ It is also a
potent oxidant and can induce lipid peroxidation and formation of bioactive lipids.
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Hydrogen peroxide may act in two additional pathways, superoxide dismutase pro-
duces hydrogen peroxide from superoxide anion and it is ready diffusible through
membranes. It can interact with cytosolic redox sensitive proteins and pathways.
Hydrogen peroxide also can react with peroxidases, such as myeloperoxidase, and
reactive nitrogen species with the production of nitrated proteins.®

Pathways Influenced by Mitochondrial ROS
and Oxidized Lipids

Reactive oxygen species and possibly oxidized lipids, as described above, may
have a central role in numerous mitochondria-related signaling pathways. Growth
factors, inflammation-related factors, and reactive oxygen species can induce the
production of ROS by mitochondria and the mechanisms described above, which
in turn, induces subsequent steps in signaling pathways. These pathways induce
responses which promote either cellular protection or cell death. Several cellular
signaling pathways, which may be involved, include those activated by the vasoac-
tive agents such as transforming growth factor (TGF)-[beta],” epidermal growth
factor (EGF),’! angiotensin II,”> and tumor necrosis factor (TNF)-[alpha].!®%3%
These pathways induce the production of ROS, which acts in the “transactivation”
of growth factor receptors. The “transactivated” receptors induce protection against
oxidative stress.” The downstream ROS-activated pathways may involve the
MAPK proteins, which includes several kinases such as p38 MAPK, c-jun
N-terminal kinase, and extracellular signal-regulated kinases 1 and 2. Activation of
these pathways by ROS can be cytoprotective, but the effect is dependent on cell
type and conditions. Another cytoprotective pathway is a stimulation of ROS through
angiotensin II activation of K channels in smooth muscle cells, which in turn acti-
vates MAPKs. Also, reactive oxygen species can react with RNS and form perox-
ynitrite, which can induce AMPK, a central regulator of energy metabolism.
Alternatively, mitochondrial ROS can promote cell proliferation and enhance DNA
damage and angiogenesis, the later through decreased expression of MnSOD activity.
ROS also can alter the regulation of MAPKs and matrix metalloproteinases and
decrease cell survival. Thus, ROS can promote cellular damage and induce cellular
apoptosis under certain circumstances. The mechanisms involved in the selection
of the specific activity, cell death or protection, are unknown at this time.

Oxidized LDL, Signal Transduction Pathways, and Protection
of Vascular Cells

It is becoming increasing clear that cells can respond to oxidative stress in a variety
of ways. While most of our attention has focused on responses to high levels of
oxidative stress, especially of oxidized LDL, and its promotion of a proinflammatory
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response, recruitment of macrophages, and the development of atherosclerotic
lesions,” oxidative stress may also have a protective effect. Vascular cells have the
capacity to adapt to oxidative stress and this has been shown at low levels of oxidative
stress. Low levels of oxidized LDLs (oxLDLs) were cytoprotective in early studies.
The protective effect occurred through mechanisms involving an increase in levels
of glutathione (GSH), an intracellular antioxidant.””-*> Regulation occurs through
cell signaling mechanisms. Recent studies have found that the protective response
was mediated by the transcriptional control of genes regulated by the electrophile
response element, such as hemeoxygenase-1.1%°

Many of the activities of oxidized LDL may be mediated through specific elec-
trophilic lipid products of lipid peroxidation. The following observations support
this hypothesis: (1) electrophilic lipids regulate GSH levels, and polymorphisms in
proteins involved in GSH synthesis are associated with inflammatory disease in
human populations;'°1% (2) depletion of GSH or loss of hemeoxygenase in animal
models enhances susceptibility to the cardiovascular disease process;!**!% (3) elec-
trophilic lipids derived from both enzymatic and nonenzymatic lipid peroxidation
are found in the vasculature of both humans and animal models.

Summary

Cardiovascular disease has placed a huge burden on public health systems and
continues to do so, in spite of a dramatic decrease in this burden since the 1950s. It
is a complex disease with numerous risk factors and a complex pathogenesis. The
primary risk factor is hypercholesterolemia, which is readily influenced by dietary
intakes of fats. While fats supply the substrate for atherosclerosis, it is clear that
additional factors are essential for the development of plaque and ultimately the pre-
cipitation of cardiovascular disease events. Oxidation and inflammation may be the
primary mechanisms for initiation and progression of atherosclerosis. Oxidative
damage is associated with several CVD risk factors and could initiate vessel dam-
age, which in turn, could induce inflammation and numerous cellular activities of
atherogenesis. A primary mediator of these activities may be oxidized lipids.
Oxidized lipids are formed readily in a prooxidative environment and consist of a
wide variety of molecular species. Many of these species have been found in
atherosclerotic plaque. In addition, several mechanisms have been identified for the
regulation of reactive oxygen species and formation of oxidized lipids. Recent
efforts have found that the oxidized lipids have potent biological activities.
Interactions of oxidized lipids with receptors and signaling pathways have been
defined and linked with the regulation of cell proliferation and apoptosis. The bal-
ance between these activities may have a significant impact on plaque development.
A key regulatory factor may be mitochondria and its interaction with various redox
cell signaling pathways. Mitochondria may participate in several pathways involv-
ing the formation of ROS and oxidized lipids. Subtle changes in the balance of lipid
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oxidation products, such as may have been induced by inhibitors of cyclooxygen-

ase,

could have a large impact on the incidence of CVD. Understanding these

mechanisms and their modulation may be of key importance for the prevention of
cardiovascular disease.
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Chapter 6
Nuclear Receptors in the Control of Lipid
Metabolism

Shannon M. Reilly and Chih-Hao Lee

Nuclear hormone receptors are found at the heart of virtually every biological
process. In addition to their functions in mediating steroid hormone effects, the role
of this superfamily in maintaining metabolic homeostasis has been illuminated by
the identification of dietary fats and their metabolites as ligands for several sub-
families. These receptors, in response to derivatives of fatty acids, cholesterol, and
bile acids, constitute a transcriptional network controlling glucose and lipid metab-
olism as well as inflammation, all of which are key determinants of metabolic dis-
eases, including dyslipidemia, insulin resistance, and atherosclerosis. In line with
this, synthetic, high-affinity ligands developed to target these receptors have either
been used or shown promise in the treatment of metabolic syndrome. For instance,
the thiazolidinedione (TZD) class of drugs, one of the leading drug treatments of
diabetes, specifically targets PPARgamma. This chapter discusses the metabolic
roles and potential therapeutic applications of nuclear receptors, with an emphasis
on receptors that sense and are activated by dietary lipids.

The Nuclear Receptor Superfamily

Evidence for the physiological importance of the nuclear hormone receptors
lies in the ancient evolutionary origin of the superfamily. The high degree of
sequence similarity between vertebrate and invertebrate receptors indicates that
these receptors evolved before this branch in the evolutionary tree.® The 48
members of the nuclear hormone receptor family found in humans are shown in
Table 6.1. With a few exceptions (see below), nuclear receptors share a common
structural organization (Fig. 6.1). A ligand-independent activation function
(AF-1) is located in the amino terminal region of most receptors. The core DNA
binding domain contains two highly conserved zinc finger motifs responsible
for the recognition of DNA sequences known as hormone response elements
(HRE).'>8 The nuclear localization signal of receptors that mostly localize in
the nucleus can be found in this region. The DNA binding domain is connected
to the ligand binding domain by a hinge region, which provides flexibility
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Table 6.1 Nuclear hormone receptor superfamily

Orphan receptors Adopted receptors Identified ligands

SF-1 ER alpha, beta Estrogen

SHP AR Testosterone

TLX PR Progesterone

PNR GR Glucocorticoid

LRH-1 MR Mineralocorticoid

DAX-1 VDR Vitamin D

GCNF RAR alpha, beta, Retinoic acid

gamma

HNF-4 alpha, gamma TR alpha, beta Thyroid hormone

TR 2.4 FXR Bile acids

ERR alpha, beta, CAR Xenobiotics
gamma

Rev-erb alpha, beta LXR alpha, beta Oxysterols

ROR alpha, beta, PXR Xenobiotics
gamma

NGFI-B alpha, beta, RXR 9-cis-retinoic acid

gamma
COUP-TF alpha, beta,
gamma

PPAR alpha, delta/beta,
gamma

Fatty acids

LBD

AF-2

97

Fig. 6.1 Nuclear hormone receptor structure. Top: schematic of NHR gene depicting different
domains. Bottom: Schematic of NHR protein and the hexamer of DNA that it recognizes
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between these two domains. The ligand binding domain encompasses a large
portion of the c-terminal region of the protein and is responsible for many func-
tions other than ligand binding. The ligand-dependent activation function (AF-2)
is at the carboxyl terminus; also contained with- in this domain is the dimeriza-
tion interface and the nuclear localization signal, for receptors that localize to
the cytoplasm in the inactive state.

The first nuclear hormone receptors were identified by endocrinologists
searching for the receptors through which steroid hormones elicit their effects.
Due to the homology within the receptor superfamily, sequencing the glucocorti-
coid receptor and estrogen receptor opened the door for discovery of other classic
steroid and nonsteroid hormone receptors. The rest of the family members were
subsequently identified using the highly conserved DNA binding domain in low
stringency hybridization screenings of cDNA libraries, without prior knowledge
of the receptors’ functions or ligands. Receptors that could not be assigned hor-
mones were called orphan receptors. Over the past two decades since the primary
sequences were first discovered, some of the receptors have been “adopted” by
ligands. The identified ligands were not novel hormones as was originally
assumed, but metabolites of nutrients such as cholesterol and fatty acids, leading
to the classification of these adopted receptors as metabolic sensors.?® Many
receptors remain orphans; although they all contain a ligand binding domain it
is possible that some of these receptors may be regulated in a solely ligand-
independent manner.!%!8

The subfamilies of nuclear hormone receptors can be classified based on their
dimerization partners and specific HRE recognized by the receptors.!!>!63 This clas-
sification method groups the steroid hormones in class I and the metabolic sensors
in class II, while the orphans are in classes III and IV (Table 6.2). As metabolic
sensors, the class I receptors are involved in metabolic pathways relevant to meta-
bolic diseases and will be discussed in the most detail. However members of the
other classes also regulate metabolism and will be discussed as examples for their
class. In this text the common receptor names are used. However all the receptors
have been given official names, which split the receptors into seven groups, NRO
through NR6 based on their DNA binding domain sequence.'? The receptors are
then further divided into subfamilies denoted by a letter and isotype denoted by a
number; for example, the official name of peroxisome proliferator activated recep-
tor (PPAR) gamma is NR1B3, where B refers to the PPAR subfamily, and 3 refers
to the gamma isotype.

Class I Receptors — the Classic Nuclear Hormone Receptors

The class I nuclear hormone receptors comprise the receptors that are activated by ster-
oid hormones, such as estrogen, androgen, and glucocorticoids. The class I receptors,
by definition, form homodimers that bind to inverted repeats (IR) of the HREs. These
receptors mediate the numerous physiological responses to steroid hormones, not only
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Table 6.2 Nuclear hormone receptor classes

99

Class 1 Class II Class III Class IV
Response element
5’-AGAACA 5’-AGGTCA Mostly | 5’-AGGTCA 5-A + C T AGGTCA
Almost always direct repeat DR-1, Mostly direct Extended half-site

inverted repeats,
IR-3

DR-2, DR-3, DR-4,
DR-5 or IR-0, IR-1

repeat, bind
inverted repeats

also with flanking
AT rich sequences

Dimerization
Homodimer Heterodimer Homodimer Monomer
Ligand
Steroid Hormones Non-Steroid Unknown Unknown

hormones and
other Lipid
Metabolites

Structure

by the direct transcriptional activation of target genes and the indirect downstream
effects of the gene products, but also by modulation of other transcription factors. The
glucocorticoid receptor was the first receptor to be identified, followed quickly by
the estrogen receptor.5>!1518L188 Dye to its essential role in glucose metabolism, the glu-
cocorticoid receptor will be discussed as an example of this class.

The glucocorticoid receptor (GR) regulates enzymes involved in glucose metabo-
lism and protects from glucose deficiency during the fasted state. Activation of GR
by glucocorticoids, such as cortisol, results in a myriad of responses in many different
tissues all geared toward ensuring that the plasma glucose levels remain sufficient to
support brain function. Glucose is spared in the peripheral tissues, which preferen-
tially use alternative energy sources such as amino acids and triglycerides (TGs).
Increased protein degradation and lipolysis in peripheral tissues lead to increased
release of gluconeogenic substrates, such as glycerol and amino acids, from these tis-
sues. These gluconeogenic substrates are then taken up by the liver, in which the rate
of gluconeogensis and glycogen storage are increased in response to GR activation.

In the basal inactive state, GR resides in the cytosol bound to heat shock pro-
teins.”” Ligand binding induces a conformational change that causes the receptor to
disassociate from the heat shock proteins and form a homodimer. This conforma-
tional change also exposes a nuclear localization signal in the ligand binding
domain, facilitating the transport of the homodimer into the nucleus, where it binds
to glucocorticoid response elements (GRE) in GR target gene promoters. Once
in the nucleus, GR can bind DNA and mediate the transcription of its target
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genes, such as the gluconeogenic enzyme phosphoenolpyruvate carboxykinase
(PEPCK).”

The anti-inflammatory effects of glucocorticoids, which have proven to be therapeuti-
cally valuable, are also mediated by GR. In addition to directly inducing transcription of
anti-inflammatory genes, such as lipocortin-1 and secretory leukocyte protease inhibitor
(SLPI), GR also inhibits pro-inflammatory transcription factors such as nuclear factor-
kappaB (NF-kappaB) and activator protein-1 (AP-1).!? This so-called transrepression by
GR does not involve its DNA binding or dimerization, as mutant receptors deficient in
these functions retain their transrepression abilities.!** Although GR is a much stronger
inmmunosuppressor compared to other receptors, it is not a drug candidate for metabolic
diseases due to adverse effects, such as induction of hepatic gluconeogenesis.

Class II — the Metabolic Sensors

The discovery of the nuclear hormone receptor superfamily was celebrated as a break
through in endocrinology. However, the subsequent adoption of orphan receptors by
metabolites of fats and other nutrients made it increasingly obvious that this superfamily
also plays a crucial role in the field of metabolism. The nuclear hormone receptors that
are stimulated by metabolites mostly fall into the second class of the superfamily. Class
II receptors form heterodimers with retinoid X receptor (RXR), also a class II receptor.!63
There are two types of heterodimers, permissive and nonpermissive, which are, respec-
tively, responsive and nonresponsive to RXR ligand activation.*® The response elements
for class II receptors are mostly direct repeats (DR) which create directionality of the
heterodimer on the promoter. IRs have also been identified in class II response elements.
This section introduces seven class II subfamilies and illustrates the role they play in
metabolism.

The first nuclear hormone receptors to be identified as metabolic sensors were
members of the PPAR subfamily. Although the PPARs were named based on their
activation in response to molecules that promote peroxisome proliferation in
rodents, the PPARs are potently activated by fatty acids, especially polyunsaturated
fatty acids such as specific ecosanoids derived from aracadonic acid.*¢#3818386 The
PPAR response element is a direct repeat separated by one nucleotide (DR-1).
There are three forms of PPAR: PPARalpha, PPARbeta-delta, and PPARgamma.*
PPARalpha coordinates fat mobilization by enhancing the genes involved in beta
oxidation.*>3® PPARgamma promotes fat storage by promoting adipocyte differen-
tiation and fatty acid uptake.!! 84> PPARbeta was discovered in Xenopus.*® The
third form of PPAR identified in the mouse was named PPARdelta due to insuffi-
cient homology to Xenopus PPARbeta.”> However, the third PPAR isotype in chick-
ens shares substantial homology with both PPAR beta and PPAR delta suggesting
that the two isoforms are in fact homologous.* We will refer only to PPARdelta,
whose role is less well defined than that of the alpha and gamma isotypes.

PPARalpha is expressed in the liver, heart, muscle, and kidney, where it regu-
lates fat catabolism, especially in the fasted state.® In the liver, PPARalpha regulates
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the expression genes involved in multiple steps in fatty acid utilization. Direct
targets of PPARalpha include fatty acid binding protein (FABP), acyl-CoA oxi-
dase, and cytochrome p450s (e.g., cytochrome p450 4a (cyp 4a)), the enzymes,
respectively, responsible for fatty acid uptake, the first committed step of beta-
oxidation and omega-oxidation.>!!!48:1% T addition, through its effects on apoli-
poprotein B (apoB) containing lipoprotein particle assembly in the liver,
PPARalpha indirectly regulates fatty acid utilization in tissues where it is not
expressed. Apolipoprotein CIHI (apoCIII) is down regulated by PPARalpha,
which relieves the inhibition apoCIII exerts on lipoprotein lipase (LPL), thereby
increasing fatty acid uptake in peripheral tissues.®?*®* Although PPARalpha
knockout mice have no obvious phenotype on a normal diet, when fasted they
develop sever hypoglycermia and hypoketonemia accompanied by elevated
plasma levels of nonesterified fatty acids.®*!®° The inability of PPARalpha knock-
out mice to increase fatty acid uptake and oxidation in the liver reflects the impor-
tance of this receptor in increasing the utilization of fats during the fasted state.

Although the adaptive response of the liver and heart to fasting is severely com-
promised in PPARalpha knockout mice, the adaptive response of muscle remains
intact.'? PPARdelta, which is expressed at higher levels in the muscle than
PPARalpha, may be responsible for the adaptive response in muscle.!?14
PPARGdelta also targets genes involved in fatty acid oxidation such as medium-chain
acyl-CoA dehydrogenase (MCAD).”” PPARdelta appears to be an important regula-
tor of hepatic metabolism, muscle endurance, and reverse cholesterol transport.
Elucidating the pathways and genes regulated by PPARdelta has been difficult due
to its ubiquitous expression?' and activities in both repression and activation of tar-
get genes. In the absence of ligand, PPARdelta binds to its response element on tar-
get genes and represses their expression.” Upon ligand binding, PPARdelta changes
conformation and recruits co-activators resulting in increased target gene expres-
sion. The importance of PPARdelta regulated repression confuses the results of
PPARGdelta knockout and over expression experiments. Knockout of PPARdelta not
only prevents PPARdelta-mediated stimulation of target gene expression, but also
removes the effects of PPARdelta-mediated target gene repression. Thus the net
effect of PPARdelta knockout depends on the relative repression and activation
mediated by PPARdelta under normal conditions. Therefore, PPARdelta knockout
leads to decreased expression of some PPARdelta target genes, while other target
genes exhibit increased expression.” For instance, both PPARdelta knockout!'*!¥
and ligand treatment result in reduced adipose tissue mass.!**!¥¢ Similarly, ligand
intervention and macrophage-specific knockout generated by bone marrow trans-
plant in low density lipoprotein (LDL) receptor (LDLR) knockout mice result in
reduced atherosclerotic lesion size, both of which were mediated, in part, by sup-
pression of inflammation.>*** The importance of PPARdelta in muscle fatty acid
metabolism is revealed by muscle specific over expression of an active form of
PPARGdelta, which is devoid of the repressive activity and results in an increase in
oxidative myofibrils and increased fatty acid catabolism.!?”187

Many synthetic PPARdelta specific ligands have been developed, providing the
opportunity to study PPARdelta targets via ligand activation. PPARdelta specific
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synthetic ligand GW501516 has been shown to protect mice from obesity.!%1%
Treatment of the obese db/db mouse with synthetic ligand results in improved insu-
lin sensitivity accompanied by lowered fasting glucose, hepatic glucose output, and
free fatty acid (FFA) release from adipocytes.” PPARdelta specific synthetic ligand
treatment in primates results in increased high density lipoprotein (HDL) but has
not been show to protect from obesity.'?*!® In both the obese rhesus monkey and
the vervet monkey model of atherosclerosis, ligand treatment increases HDL-cho-
lesterol (HDL-c) and apolipoprotein Al (apoAl) levels. These results in primates
are especially promising for human studies, as the cholesterol transport system in
monkeys more closely resembles that of humans. Studies of human population
genetics also indicate that PPARdelta may be an important target for treating meta-
bolic disease. PPARdelta haplotype has been associated with body mass index
(BMI). A specific single nucleotide polymorphism (SNP) has been associated with
plasma glucose levels in addition to BML.!'** A different SNP has been associated
with increased LDL-cholesterol and total ApoB levels.!>®

PPARgamma is expressed most highly in adipocytes and macrophages and con-
trols adipocyte differentiation, fat storage, and insulin sensitivity.2**!"! In vitro over
expression of PPARgamma is sufficient to drive adipocyte differentiation.'*
PPARgamma activation plays an important role in adipocyte differentiation and
maintenance in vivo.!!5*88145167 Target genes of PPARgamma include the adipocyte
P2 (Ap2), FABP, and other genes involved in fatty acid uptake by adipocytes.”*!"!
However, it is PPARgamma’s role in glucose metabolism that has made it famous.
TZDs are synthetic PPARgamma ligands and have proven to be a very effective treat-
ment for insulin resistance in type II diabetes.’® As discussed above, PPARgamma
activation results in fatty acid storage and reduced plasma levels of fatty acids and
glucose. However, these effects alone do not explain the robust increase in insulin
sensitivity seen with the TZD drugs. Since the muscle is the major site of glucose uti-
lization, PPARgamma is suspected of having a direct or possibly indirect role in glu-
cose uptake in muscle cells. In fact, muscle-specific PPARgamma knock out mice
developed insulin resistance supporting its role in muscle glucose metabolism.®

PPARgamma is also known to play a role in macrophage lipid metabolism and
inflammatory response.'** When the PPARgamma gene is deleted, macrophages
exhibit defects in cholesterol efflux.?® The underlying mechanism is believed to be
mediated by a transcriptional cascade. When macrophages take up oxidized LDL
particles, the oxidized lipids act as ligands for PPARgamma.!%>121:'7* PPARgamma
then stimulates the transcription of the liver X receptor alpha (LXRalpha), which
in turn increases the transcription of ATP-binding cassette Al (ABCAIl) and
ABCGl1, which catalyze the export of cholesterol from the macrophage to lipid
poor apoAl and HDL particles, respectively.?14*176 The importance of PPARgamma
in macrophage lipid handling has been demonstrated in the LDLR~~ mouse model
of atheroscelerosis. When the bone marrow of an LDLR~~ mouse is replaced with
bone marrow from a PPARgamma~” mouse, an increase in the lesion size is
observed.” Conversely, when LDLR™- are treated with PPARgamma specific lig-
ands, TZDs, a decrease in the lesion size is observed.'?
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The LXRs are master regulators of cholesterol homeostasis, effecting cholesterol
conversion into bile acids and direct export from the liver into bile acids, as well as
cholesterol efflux in peripheral tissues.!**!”> Oxysterols, metabolites of cholesterol,
act as LXR ligands, activating LXR when intracellular cholesterol levels are
high.”>*” The LXR response element (LXRE) is a direct repeat separated by four
nucleotides (DR-4). There are two forms of LXR: alpha and beta. LXRalpha is
predominantly expressed in the liver, adipose tissue, and macrophages, while
LXRbeta is ubiquitously expressed.!! When challenged with a cholesterol rich diet,
LXRalpha knockout mice accumulate cholesterol esters in their liver and have an
increased rate of plaque formation.'**!¥ The LXRbeta knockout mice have a nor-
mal phonotype indicating that LXRalpha is the dominant player in the liver.!
LXRalpha and LXRbeta macrophage specific double knockout, developed by bone
marrow transplantation, displays increased rates of lesion formation, highlighting
the importance of LXR regulation of cholesterol homeostasis within macro-
phages.'* In addition to increasing cholesterol export, LXR also appears to play an
important role in mitigating macrophage inflammation. Although the mechanism
remains elusive, in vitro studies of macrophages exposed to LXR ligands show
down regulation of inflammatory proteins such as interleukin-6 (IL-6), inducible
nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2).7

In the liver, through oxysterols LXR senses cholesterol status and protects the liver
from cholesterol overload by increasing the transcription of genes involved in path-
ways that reduce hepatic cholesterol, such as cholesterol degradation through bile
acid synthesis. The first and rate limiting step in the classical bile acid synthesis path-
way is catalyzed by Cyp7a. When an LXRE was discovered in the murine Cyp7a
promoter, much excitement was generated about targeting LXR with agonists to
increase cholesterol excretion through bile acids.!* However, the LXRE is not con-
tained within the human Cyp7a promoter, perhaps one of the reasons mice have a
higher tolerance than humans for diets rich in cholesterol.”” Many of the ABC pro-
teins involved in cholesterol metabolism contain LXREs in their promoters in humans
as well as mice. As mentioned earlier, the ABCGI transporter of cholesterol to HDL
is induced by LXR in the liver as well as in macrophages.'”? Expression of both
ABCGS5 and ABCGS8 is induced in the liver and intestine by LXR.!"** The functional
heterodimer formed by ABCGS5 and ABCGS8 functions to export indigestible plant
sterols from enterocytes in order to prevent their absorption. This heterodimer also
exports cholesterol in the intestine resulting in reduced cholesterol absorption. In the
liver this heterodimer directly exports cholesterol into bile.

Multiple apolipoproteins and lipoprotein remodeling enzymes are regulated by
LXR. Apolipoprotein E (apoE) is a direct LXR target in macrophages and adipose tis-
sue but not in the liver.'> Clearance of apoB containing apolipoproteins (e.g., LDL and
chylomicron) is mediated in part by apoE which binds to LDLR with higher affinity
than apoB.*! The other apolipoproteins regulated by LXR, apoCI, apoCII, and apoCIV,
are contained within a gene cluster with apoE.!® The major lipoprotein remodeling
enzymes LPL, phospholipid transfer protein (PLTP), and cholesteryl ester transfer pro-
tein (CETP) are all regulated by LXR 22911919 The expression of LPL is stimulated by
LXR in the liver and macrophages, but not in adipose tissue.!*® LPL catalyzes the
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hydrolysis of fatty acids in TGs from the glycerol backbone, assisting in the uptake of
fatty acids from lipoprotein particles.’! PLTP assists in the formation of HDL particles
by transferring phospholipids from apoB containing lipoprotein particles to apoAl con-
taining apolipoproteins.**™ Lipid transfer between HDL particles is also mediated by
PLTP. CETP is also an important mediator of HDL metabolism. Secreted from the liver,
CETP circulates bound to HDL and catalyzes the transfer of cholesterol from HDL to
very low density lipoprotein (VLDL) in exchange for TGs.!*%’

In addition to its effects on cholesterol metabolism, LXR also effects fatty acid and
glucose metabolism. LXR down regulates genes involved in gluconeogenesis, such
as PEPCK and glucose-6-phosphatase (G6Pase), while concurrently increasing glu-
cose utilization by increasing transcription of glucokinase.*53162 Recently, LXR has
been shown to bind glucose, however, more studies are required to determine the
biological significance of this glucose sensing activity.''” Stimulation of LXR activity
results in a profound increase in hepatic lipogenesis through increased expression of
sterol-regulatory element-binding protein (SREBP)-1c, fatty acid synthase (FAS),
acetyl-CoA carboxylase (ACC), and stearoyl-CoA desaturase 1 (SCD1).!131136:19 Tt jg
possible that increased lipogenesis increases the availability of fatty acids with which
cholesterol can form an ester. Cholesteryl esters are highly lipophilic and can be
exported in lipoprotein cores. Nevertheless, this unwanted side effect has raised the
concern that LXR agonists may reduce cholesterol levels at the expense of steatosis.

While LXR senses the cholesterol status of the liver and protects it from choles-
terol overload, farnesoid X receptor (FXR) is a sensor for bile acid status and protects
the liver from bile acid toxicity. Bile acid products such as chenodeoxycholic acid and
lithocholic acid stimulate FXR, thus linking its activation to bile acid status.!!!133183
The FXR response element (FXRE) has been characterized to consist of IRs sepa-
rated by a single nucleotide (IR-1). When put on a high cholic acid diet, FXR null
mice develop hepatotoxicity from excess bile acids and suffer 30% mortality within
the first week.!>® The expression of FXR in the liver and intestine is consistent with
its role as a major regulator of bile acid homeostasis. However, the role of FXR in the
kidney and adrenal gland, where it is also expressed is unknown. #"!5! There is an
additional isoform, FXRbeta, identified in mice and rats. Human FXRbeta is a non-
functional pseudogene. Mouse FXRbeta has been shown to be weakly activated by
lanosterol.’** However, the physiological function of this isoform is unclear.

FXR activation reduces bile acid synthesis in the liver by indirectly down regulating
Cyp7a. The FXR target gene, short heterodimerization partner (SHP), a nuclear receptor
that lacks a DNA binding domain, forms inactive heterodimers with many of the nuclear
hormone receptors.®>'% One of the receptors SHP dimerizes with is liver receptor
homolog-1 (LRH-1), a class III nuclear receptor believed to act as a competence factor for
LXR, increasing the transcription of Cyp7a. However, LRH-1 transcriptional activation of
Cyp7a is called in the question by data from LRH-1 heterozygous knockout mice.'**
Expression of Cyp7a increased in these animals instead of decreasing, as would be
expected to result from knockout of an activator. The importance of SHP in FXR-medi-
ated repression of Cyp7a is confirmed in SHP knockout mice, which have higher Cyp7a
expression.”®* However, these mice retain some ability to repress Cyp7a in response to
bile acids, indicating that FXR also has SHP-independent mechanisms of action.
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The first clue to SHP-independent FXR repression of bile acids came from stud-
ies of primary cultures of human hepatocytes. After stimulation of these cells with
synthetic FXR agonist, GW4064, the most highly induced gene was Fibroblast
growth factor-19 (FGF-19), which when over expressed resulted in Cyp7a repres-
sion without effecting SHP expression.®® Analysis of the FGF-19 gene revealed an
FXRE in the second intron, which when mutated caused loss of FGF-19 respon-
siveness to FXR. FGF-19 is a secreted protein that elicits its effect through binding
FGF receptor-4 (FGFR-4) at the plasma membrane.'”! Stimulation of FGFR-4, a
receptor tyrosine kinase, leads to activation of the Jun N-terminal kinase pathway
and repression of Cyp7a.>> However, the in vivo significance of FGF-19 is called
into question by the fact that quantitative-polymerase chain reaction (Q-PCR) anal-
ysis of human liver samples has failed to detect FGF-19 messenger RNA.'** Work
done in mice with the FGF-19 ortholog, FGF-15, has prompted the generation of a
hypothesis where FGF-19 expression is increased in the intestine after FXR
stimulation by bile acids, and then FGF-19 acts as an endocrine signal binding to
FGFR-4 receptors in the liver thereby reducing Cyp7a expression.” In support of
this hypothesis FGF-19 expression has been detected in fetal intestine by in situ
hybridization.'!

In addition to reducing bile acid synthesis, FXR increases bile acid export from
the liver into the lymphatic intestinal cycle. Bile is exported from the liver by the
bile salt export pump (BSEP) which is a direct target gene of FXR.”!5 In addition,
the down regulation of taurocholate cotransporting polypeptide (NTCP) reduces the
uptake of bile acids returning from the intestine, keeping bile acids cycling between
the lymph and intestine.* In the intestine, FXR increases transcription of ileal bile
acid binding protein (IBABP), which is responsible for bile acid reuptake and there-
fore reduces the excretion of bile acids.* It has been hypothesized that the reuptake
of bile acids reduces micelle formation and therefore reduces cholesterol absorp-
tion. Although most cholesterol is believed to be absorbed in the jejunum, reduced
cholesterol absorption in patients with ileal pouch-anal anastomosis indicates that
the ileum does play an important role in cholesterol absorption, bolstering the
reduced cholesterol absorption hypothesis.'**

In addition to being an important regulator of bile acid metabolism, FXR also
plays an important role in the regulation of fatty acid and glucose homeostasis,
as indicated by the dysregulation of these systems in FXR knockout mice.?*!08193
FXR knockout mice develop fatty liver with increased TG content accompanied
by increased expression of lipogenic genes including SREBP-1c, FAS, and
SCD1'%, In this regard, FXR appears to exhibit opposing effects to those of LXR.
The increase in liver TG corresponds to increased plasma TG and FFA. In addition,
fasting plasma glucose levels increase with age, starting at normal levels in young
mice.'® As indicated by the rising fasting glucose levels and by glucose and insulin
tolerance tests, FXR knockout mice have impaired glucose metabolism. FXR
knockout mice display hepatic insulin resistance and fail to decrease glucose pro-
duction in response to insulin.!® Correspondingly, genes involved in gluconeogen-
esis, such as G6Pase and PEPCK, are up regulated in the knockout liver.!%819
Insulin resistance is also observed in the peripheral tissues such as muscle and adipose
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tissues.!® However, FXR is not normally expressed in muscle and only low levels
of expression have been detected in adipose tissue.!®® Thus the peripheral insulin
resistance observed in FXR knockout mice has been attributed to the increase in
plasma FFA, which is known-cause insulin resistance.

The three subfamilies of nuclear hormone receptors discussed above, PPAR,
LXR, and FXR, all form permissive heterodimers with RXR and can be activated
by the RXR ligand 9-cis retinoic acid (9-cis RA).!2 The vitamin D receptor (VDR),
however, forms a nonpermissive heterodimer with RXR. Although the RXR ligand
does not affect the VDR:RXR heterodimer, the AF-2 domain of RXR is required,
indicating that RXR activation plays an integral role in the activity of this com-
plex.!’®170 When VDR is activated by ligand binding, the conformational change in
the VDR receptor allosterically modifies RXR, converting it into that active confor-
mation in the absence of ligand.! This “phantom ligand effect” allows RXR to
recruit co-activators and play an active role in the heterodimer.

VDR is best known for its role in calcium homeostasis. However, this receptor
is also involved in immunity and metabolism. The importance of VDR in the
immune system is reflected not only in the expression of VDR in immune cells, but
also the production of the active form of vitamin D, 1,25(OH)D3, by macro-
phages.!3>175 VDR affects immune response via its effects on T-helper cells, which
direct the nature of the immune response. There are two distinct pathways of
T-helper (Th) cell development: Th1 and Th2. Th1 cells produce IL-2, tumor necro-
sis factor-alpha (TNF-alpha), and interferon-gamma (INF-gamma), which activate
cellular immunity. Th2 cells, on the other hand, secrete IL-4 and IL-10, which in
addition to activating B-cell antibody production, inhibit Th1 lymphocyte develop-
ment. Overactive Thl lymphocyte development has been associated with diseases
such as atherosclerosis which involves macrophage-mediated pathogenesis.®
Activation of VDR inhibits Thl lymphocyte development via inhibition of INF-
gamma and IL-2 transcription, thereby favoring Th2 cell development.?23:1¢

Vitamin D is derived from cholesterol and is structurally similar to many bile
acids. It is therefore not surprising that some of the more hydrophobic bile acids
bind to VDR.!? In response to bile acid stimulation, VDR promotes the transcrip-
tion of genes involved in bile acid detoxification (Cyp3a4 and Sult2ai) and export
(Mrp3).373:113 Cyp3a4 catalyzes the hydroxylation of bile acids, making them more
hydrophilic and less toxic.* The sulfation reaction catalyzed by Sult2al also
increases bile acid hydrophilicity and decreases toxicity.!® These divalent, rela-
tively hydrophilic bile acids are preferred by Mrp3, which is a basolateral bile acid
transporter expressed in hepatocytes and enterocytes.** VDR is not unique in its
effect on bile acid detoxification. Two other nuclear hormone receptors, pregnane
X receptor (PXR) and constitutive androstane receptor (CAR), regulate many of the
same genes and have similar effects on bile acid detoxification.!”” Like VDR, PXR
can be activated by cholesterol-derived bile acids, while CAR has been shown to be
stimulated by bilirubin, a component of bile, which is a breakdown product of
hemoglobin.®1¢112 Both PXR and CAR can be activated by xenobiotics and regu-
late the expression of genes within the Cytochrome P450 (cyp) family, which is
responsible for not only detoxification of exogenous compounds, but also drug—drug
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interaction. The hydroxylation reactions carried out by the Cyps are also important
for the metabolism of endogenous compounds, including steroid hormone
degradation.

The regulation of CAR is unusual for the NRH family. CAR originally stood
for constitutively active receptor.® When androstanes were found to be ligands,
the name was changed to constitutive androstanes receptor.* CAR is constitu-
tively active and androstane binding inhibits its activity, although the in vivo sig-
nificance of this interaction is questionable due to the extremely low concentration
of androstanes in tissues other than the testis. Due to its constitutively active
nature, CAR is basally maintained in the cytosol in an inhibited state.”® CAR
activation involves two steps: translocation to the nucleus and release from inhi-
bition. Phenobarbital induces the nuclear translocation of CAR, resulting in the
up regulation of Cyp2b genes and metabolism of barbiturates and testosterone.
The Phenobarbital-responsive enhancer module (PBREM) contains two nuclear
receptor (NR) binding sites, NR1 and NR2.” CAR in a heterodimer with RXR
binds to NR1 with high affinity and NR2 with lower affinity.®® NR1 appears to be
the key regulatory site, making CAR the key regulator of Phenobarbital respon-
siveness. Unlike CAR, PXR is localized in the nucleus and is activated by ligand
binding.!S PXR transcriptionally activates Cyp3a genes, which catalyze the
hydroxylation of compounds such as glucocorticoids and macrolide antibiotics
(rifampicin) in addition to bile acids.®

RXR is arguably the most important of the class II nuclear hormone receptor sub-
families. Permissive heterodimers are stimulated by 9-cis RA, which binds the RXR
ligand binding pocket.*!°! Although dietary retinal is in the all trans form, two 9-cis-
retinol dehydrogenases have been identified which may participate in in vivo synthe-
sis of 9-cis-RA.!"*1# The 9-cis RA isoform can also be derived from dietary 9-cis
beta-carotene.!®5 As the heterodimer partner, RXR is required for the functionality
of all class II receptors. Since RXR is essential for so many different functions, isolat-
ing its effects has proven difficult. Liver-specific RXRalpha knock out mice show a
severe metabolic phenotype, suggesting that this is the predominant isoform that het-
erdimerizes with other class II metabolic sensors in the liver.'82 RXRalpha null mice
are embryonic lethal.!** However, the pinkie mouse line, which harbors a single
nucleotide mutation in RXRalpha, has been shown to have an exaggerated Thl
response, indicating RXRalpha involvement in the suppression of Thl differentia-
tion. 10 This effect is likely mediated by the repression of VDR and RAR, a class II
nuclear hormone receptor known to suppress Th1 lymphocyte development.>2873166

As is especially clear in the case of RXR, the nuclear hormone receptors do not
function in isolation but form a complex regulatory network. Receptors may work
cooperatively, as occurs in the control of macrophage cholesterol efflux, where
PPARgamma activation stimulates LXR transcription.”® Alternatively, receptors may
exert opposing effects. For example, activation of LXR increases bile acid production,
which will lead to the activation of FXR and suppression of cholesterol degradation/
bile acid synthesis. Based on studies in various knockout mice mentioned above, this
complex regulatory network appears to be essential to maintain metabolic homeosta-
sis of the body.
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Class III and Class IV — the Orphans

Class III receptors form homodimers like class I receptors, but bind direct repeats like
Class II receptors. Class IV receptors act as monomers and bind extended core sties.
While Class I receptors bind steroid hormones, and Class II receptors bind metabolites
of nutrients, no pattern has yet emerged for the ligands of Class III or Class IV nuclear
receptors. In fact, most of these receptors are orphans with no potential ligands identi-
fied. The strictest definition of an endogenous ligand requires not only high affinity
binding, but also appropriate in vivo concentrations for dynamic regulation of activity.
The molecules that have been proposed to bind Class III and Class IV receptors fall
short of the definition of an endogenous ligand. These molecules may play an important
endogenous role other than activation. One possibility is that these molecules stabilize
the receptor. This seems most plausible for the Class IV receptors, which function as
monomers, and therefore are not stabilized by dimerization. Another possibility that
cannot be excluded is that Class III and Class IV receptors are regulated by means other
than ligand binding and have no endogenous ligand. It has been suggested that ancient
orphan receptors may have evolved to acquire ligand-mediated activation.*>*3

Hepatic nuclear factor-4 (HNF-4) is a Class III nuclear hormone receptor.'*® There
are two isotypes: HNF-4alpha and HNF-4gamma.?** However, HNF-4alpha has been
studied more extensively. HNF-4alpha is expressed in the liver, small intestine and pan-
creatic beta-cells where it regulates both lipid and glucose metabolism.'*® In the liver,
HNF-4alpha transcriptionally up regulates apoA1, the most abundant apolipoprotein in
HDL, and an important player in reverse cholesterol transport.*® HNF-4alpha also regu-
lates other apolipoproteins, including apoCIII and apoAIV>* and genes involved in bile
acid formation (cyp7a, cyp8b),*2 lipid homeostasis, and glucose production.”®

Mutations in HNF-4alpha result in type 1 mature onset diabetes of the young
(MODY1) due to the importance of HNF-4alpha in the regulation of insulin
transcription in pancreatic beta-cells.'” MODY is characterized by impaired insulin
production with normal insulin sensitivity and is usually noninsulin requiring at
the time of diagnosis.!** HNF-4alpha does not directly bind the insulin promoter
but interacts with other transcription factors such as HNF-1alpha, which binds the
insulin promoter directly*® HNF-4alpha acts as a co-activator of HNF-lalpha
increasing the transcription of HNF-1alpha target genes upon binding. MODY has
also been attributed to mutations in HNF-1alpha.!*’” The importance of the HNF-
4apha/HNF-1alpha interaction has been illuminated by the investigation of
HNF-4alpha mutations that cause MODY 1. One such mutant, HNF-4alpha R127W,
retains its ability to directly activate gene transcription and bind HNF-1alpha, but is
unable to act as a co-activator for HNF-1alpha.'4

In vitro binding assays show fatty acyl-CoA thioesters binding to HNF-4alpha,
although the in vivo significance of this interaction is questionable.!*¢"!5” Conversely,
there is strong evidence that phospholipids bind to and stimulate the Class IV nuclear
hormone receptor, LRH-1.8719%122 The phospholipid concentration in the nucleus is
far higher than the K , which although consistent with the constitutive activity of
LRH-1, falls short of the definition of an endogenous ligand, because there is no
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dynamic regulation.*>™ The importance of phospholipid binding in vivo may be
stabilization and not activation. LRH-1 is constitutively active, but is regulated by
the dynamic availability of inactivating heterodimer partners such as SHP. Thus, it
is plausible that LRH-1 is stabilized by phospholipid binding to the ligand pocket,
but achieves dynamic regulation via dimerization.

Nuclear Receptors as Potential Therapeutic Targets
for Metabolic Diseases

Metabolic syndrome is a collection of obesity-related metabolic dysfunctions,
including hyperlipidemia, decreased HDL-c, insulin resistance, hypertension, and
atherosclerosis. Given their roles in regulating key metabolic pathways, nuclear
hormone receptors are current and prospective drug targets to treat these diseases.
One reason for the success of nuclear receptor targeted drugs is their ability to have
a robust effect on a pathway due to the regulation of multiple target genes within
that pathway. Of course the multifaceted effects of nuclear hormone receptors can
also be a drawback, when undesirable side effects are the result.

Cholesterol has earned a reputation as the malefactor of atherosclerosis and is
a central target of many atherosclerosis reducing drugs, such as statins which
inhibit HMG-CoA reductace, the enzyme that catalyzes the rate limiting step in
cholesterol synthesis. In addition to reducing total cholesterol, it is desirable to
increase the number of HDL particles, which serve as cholesterol janitors remov-
ing excess cholesterol from peripheral tissues. The most important class of cho-
lesterol to reduce is LDL cholesterol, especially, smaller LDL particles, which
enter to intima more easily and are more susceptible to oxidation.!”12>!7* An
attractive target for reducing cholesterol is LXR, a receptor that has evolved to
protect the liver from cholesterol overload. An LXR agonist could increase bile
acid export from the liver and reduce cholesterol absorption in the gut, thereby
reducing total cholesterol.'”>!** LXR also suppresses macrophage foam cell for-
mation through increased cholesterol efflux and HDL-c (discussed below).'*® One
of the concerns over using LXR agonists in humans is the differential regulation
of Cyp7a and CETP. In humans, LXR does not suppress Cyp7a while inducing
the expression of CETP, which removes cholesterol from the anti-atherogenic
HDL and transfers it to the pro-atherogenic VLDL.?"1%127 The greatest disadvan-
tage of LXR agonism is increased lipogenesis, which may result in steatosis and
increased TG levels.!*® Since LXRbeta plays a minor role in the liver, a selective
LXRbeta agonist may not cause steatosis. Alternatively, an intestinal selective
agonist may reduce cholesterol absorption and protect from atherosclerosis.

Both FXR agonists and antagonists have been proposed as potential cholesterol
lowering drugs. An FXR antagonist is desirable to increase the conversion of
cholesterol into bile acids, a pathway that is inhibited by FXR.52!% However, FXR
stimulation by an agonist would increase bile acid export and excretion, thereby
reducing total cholesterol.” The FXR knockout mouse indicates that FXR antagonism
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may have undesirable side effects, such as development of fatty liver and insulin
resistance, while FXR agonism may have the opposite desirable affects: lowering
circulating lipid levels and increasing insulin sensitivity.?*!1%

Lowering TG and fatty acids is an important factor in treating the dyslipidemia
that often leads to insulin resistance.* The PPARs are master regulators of fatty
acid metabolism and are therefore very attractive therapeutic targets for treating
hypertriglyceridemia. Fibrates, drugs that are already in use for the treatment of
dislipidemia, stimulate PPARalpha, which results in increased fatty acid oxidation
and reduced fatty acid synthesis.!”

Fatty acid oxidation, especially in muscle may also be increased by PPARdelta.'?
Results in mice indicate that activation of PPARdelta protects from obesity.'” Although
this effect has not been observed in primate studies, epidemiological studies have shown
a correlation between obesity and certain nucleotide polymorphisms in PPARdelta.'>*
13 A robust increase in HDL-c has been seen in primate studies, indicating that
PPARGdelta activation may also have beneficial effects on improving lipoprotein profile
and suppressing atherosclerotic lesion progression.'?!% Synthetic PPARdelta agonists
are currently in clinical trials for treatment of dislipidemia. If there is an effect on body
weight in humans, it should become evident in these trials. Weight loss stimulated by
PPARGdelta synthetic ligand treatment is likely mediated by increased peripheral fatty
acid oxidation, which also contributes to improvement in insulin sensitivity.

Due to its essential role in adipocyte differentiation and maintenance, PPARgamma
antagonist are alluring anti-obesity drugs. However, if fatty acids are not stored in
adipocytes, they will accumulate elsewhere. Increased plasma FFAs in addition to
other mechanisms will most likely lead to insulin resistance upon PPARgamma inhi-
bition. In addition to increasing insulin sensitivity, PPARgamma agonism has other
desirable effects, such as suppression of inflammatory response and stimulation of
LXR transcription in macrophages, both of which reduce the risk of developing
atherosclerosis.?*!** Activation of LXR via synthetic ligand increases the expression
of the cholesterol transporters ABCA1 and ABCGI, thereby increasing cholesterol
efflux to HDL 214215076177 T addition, LXR stimulates expression of apoE in the
macrophage.” The importance of apoE-mediated lipoprotein uptake is highlighted in
the apoE knockout mouse which spontaneously develops atherosclerosis, even on
normal chow.* Reintroduction of apoE into only macrophages protects from athero-
sclerosis, indicating the importance of macrophage apoE expression. 4104

In addition to effects on cholesterol metabolism, LXR ligand stimulation reduces
inflammation, further protecting from the development of foam cells.” The VDR is
also a potential target for reducing atherogenic inflammation. Activation of VDR
has been shown to promote the development of lymphocytes into Th2 cells over
Thl cells.>*1% Since the cytokines released by Thl cells are especially athero-
genic, VDR activation may reduce atherogensis. Although the immunological
effects of VDR are relatively weak, epidemiological evidence support the impor-
tance of vitamin D. Risk of coronary heart disease is decreased in southern Europe
and at higher altitude in America, areas where sunlight exposure is higher 3118178

Vitamin A may also be an important nutrient due to the stimulation of RXR by
the vitamin A metabolite 9-cis RA. Stimulation of many of the permissive class II
subfamilies (PPAR, LXR and FXR) through RXR would have a beneficial effect on
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reducing the metabolic syndrome. Beta-carotene (BC) compounds naturally occur-
ring in the 9-cis conformation are hydrolyzed to 9-cis RA and have been shown to
increase the effectiveness of fibrates.’>? In one study, 22 subjects on fibrates treat-
ment were divided into a placebo and 9-cis BC treatment group.!>? A statistically
significant increase in HDL and decrease in TG in subjects receiving 9-cis BC
relative to those receiving placebo was observed.!>

Conclusion

The discovery of dietary lipids as ligands for some of the nuclear receptors has
provided a unique opportunity to study metabolic regulation at the transcriptional
level and a molecular basis for developing drugs to treat metabolic diseases.
Agonists of PPARs have already been used to control levels of circulating lipids and
insulin sensitivity. Other potential therapeutic benefits include weight loss,
increased HDL-c, and suppression of inflammation. LXR and FXR are novel
targets to modulate blood cholesterol and glucose homeostasis. Other orphan recep-
tors such as estrogen receptor-related receptors (ERRs), which regulate oxidative
phosphorylation in muscle and whose activities can be modulated by synthetic
compounds, also show promise in treating metabolic diseases. Recently, the NURR
subfamily has been shown to play an important role in the hepatic glucogenic path-
way.!*” Although no ligand has been found for members of this subfamily, their
expression is under the control of hormonal regulation. Lastly, about half of the
nuclear receptor family members still lack endogenous or synthetic agonists. There
is no doubt that the continuation of ligand search combined with studies in knock-
out mice will lead to discoveries of new roles for the receptors in metabolism and
likely many other important biological processes.
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Chapter 7
Diabetes and Oxidant Stress

Alicia J. Jenkins!, Michael A. Hill%, and Kevin G. Rowley?

Abstract Diabetes is associated with chronic micro- and macrovascular compli-
cations. Oxidative stress has been defined as ‘a “shift in the pro-oxidant — anti-
oxidant balance in the pro-oxidant direction’.” Oxidant stress may initiate and
exacerbate vascular (endothelial) damage through excess production of reactive
oxygen species, depletion of nitric oxide, and damage to lipids, proteins, and
DNA. Experimental results and theoretical constructs suggest oxidative stress is
increased in diabetes, at least in some tissues, though not all studies are supportive.
Potential markers of oxidation and glycoxidation are discussed. Pharmacological
suppression of intracellular oxidative stress has prevented adverse biochemical and
functional changes in cultured cells and animal models, and in some cases surrogate
end-points of vascular damage in humans. Definitive clinical studies are awaited.

Keywords: diabetes; complications; atherosclerosis; oxidative stress; glycoxidation
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RCEC Retinal capillary endothelial cell

RIA Radio-immunoassay

RENAAL Reduction of end-points in type 2 diabetes with the Angiotensin II
antagonist losartan

ROS Reactive oxygen species

SAE Small artery elasticity

4S Scandinavian Simvastatin Survival Study

O, Superoxide anion

SOD Superoxide dismutase

TBARS Thiobarbituric acid reactive substance
TGFp Transforming growth factor 3

TRAP Total reactive antioxidant potential

tPA Tissue plasminogen activator

UKPDS United Kingdom Prospective Diabetes Study
VEGF Vascular endothelium derived growth factor
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Definition and Prevalence of Diabetes

Diabetes mellitus, a condition characterized by hyperglycemia, is a chronic disorder
of carbohydrate, lipid, and protein metabolism due to the absolute or relative lack of
insulin. In 1997, there were an estimated 124 million people with diabetes worldwide,
and 221 million affected people are predicted by 2010." While oxidative stress has
also been implicated in the pathogenesis of diabetes,” this chapter will focus on the
relationship between oxidative stress and atherosclerosis in diabetes, with an empha-
sis on the clinical perspective. The basic mechanisms of oxidative stress are reviewed
elsewhere.*> The presentation, diagnosis, and classification of diabetes have been
reviewed elsewhere.® Approximately 90% of cases have Type 2 diabetes, and the
prevalence of both Type 1 and Type 2 diabetes is increasing,' including a disturbing
increase in Type 2 diabetes in children, usually associated with adiposity and a rela-
tively poor prognosis with respect to the subsequent development of vascular com-
plications.” People with both common forms of diabetes are susceptible to long-term
complications, which may even be present at the time of formal diagnosis of Type 2
diabetes and can occur five5 to —10 years after Type 1 diabetes onset. Atherosclerosis
is also accelerated in hyperinsulinemic non-diabetic subjects.®

Chronic Complications of Diabetes and Risk Factors

The chronic complications of diabetes are predominantly vascular, and are usually
categorized as macrovascular or microvascular.>> Diabetes is associated with at
least a two-fold increased risk of macrovascular disease (coronary artery, cerebrov-
ascular, and peripheral vascular disease), and is the cause of death in 70-80% of
people with diabetes.”'* The microvascular complications of diabetes are nephrop-
athy, retinopathy, and (peripheral and autonomic) neuropathy.'*!> Diabetes
accounts for over a third of all patients with end stage renal disease (ESRD), and
diabetic retinopathy is the most common cause of adult-onset blindness in the
Western world.>!'*!> Subjects with microvascular complications are particularly
prone to accelerated atherosclerosis and premature death.!®!”

Both men and women with diabetes are at heightened risk of atherosclerosis,
with loss of female cardioprotection in diabetes, even prior to the menopause.'
Atheroma develops earlier, progresses at a faster rate than in the non-diabetic popu-
lation, and extends more distally in the vasculature,'® often making angioplasty and
vascular bypass surgery less feasible in patients with diabetes. In addition to quan-
titative changes in atheroma in diabetes, qualitative changes have also been sug-
gested. This area merits further research, as it may suggest additional interventions
for people with diabetes. Nevertheless, in recent clinical trials of lipid and blood
pressure lowering agents with vascular end-points, the diabetic groups responded
at least as well as the non-diabetic groups,'*?! in keeping with there being common
underlying risk factors, pathology, and pathophysiology.
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The diagnosis of clinically significant vascular disease may be more problematic
in diabetes, as clinical events such as myocardial ischemia may be silent?>? or
present with atypical pain. The prognosis of vascular events such as a myocardial
infarction or of vascular interventions in people with diabetes is worse than that of
non-diabetic subjects,? perhaps related to more extensive disease and end-organ
damage and co-morbidities. There should be a high index of suspicion of vascular
disease in people with diabetes, but as yet there are limitations to the routine use of
non-invasive measurements of atherosclerosis in clinical practice.

There are pathophysiologic, histologic, and risk factor similarities between
atherosclerosis and the related microvascular complications.>*! Epidemiologic and
family studies suggest that in addition to genetic factors, acquired factors such as
poor glycemic control, hypertension, dyslipidemia, oxidative stress, inflammation,
and perhaps the propensity to form and break down advanced glycation end-prod-
ucts (AGEs), contribute to vascular damage.?3!2 Potential risk factors for diabetic
vascular damage are listed in Table 7.1 and major proposed mechanisms underly-
ing accelerated atherosclerosis in diabetes are listed in Table 7.2. Many of the risk
factors and mechanisms are inter-related. For example, poor glycemic control
causes dyslipidemia, which may exacerbate inflammation. Oxidative stress may

Table 7.1 Potential promoters of atherosclerosis in diabetes

¢ Increasing age
* Increasing diabetes duration
* Younger age of diabetes onset
* Positive family history of vascular disease
* Race (which may also be a surrogate for socioeconomic and psychosocial factors)
* Increased blood pressure
* Smoking
* Adiposity
« Insulin resistance
Dyslipidemia
— Quantitative changes: 1 LDL concentration and small dense LDL particles, | triglycerides,
LIDL, | Lp(a), | HDL (in particular HDL, or large HDL)
— Qualitative changes, e.g., non-enzymatic glycation, oxidation, AGE modification, small
Lp(a)
* Poor glycemic control
* Renal damage
¢ Inflammation

Table 7.2 Mechanisms/pathways of accelerated atherosclerosis in diabetes

» Oxidative stress

* Carbony] stress

* AGEs/ALEs

* Reductive stress (pseudohypoxia)

* Polyol pathway — Aldose reductase

* PKC activation

 Altered activities of growth factors and cytokines
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increase AGE formation and AGEs themselves may induce oxidative stress.’> A
unifying hypothesis based on the overproduction of superoxide by endothelial cell
mitochondria, discussed further below, has been suggested by Dr. Michael
Brownlee’s group.®*34

While much progress has been made, the relative importance of the various clinical,
genetic, and biochemical factors to atherosclerosis initiation and/or progression in
diabetes has not been fully elucidated. This complex and controversial area of
research has been hampered by the slow development of atherosclerosis (over
decades, commencing in childhood), lack of well-validated surrogate measures of
atherosclerosis in diabetes, lack of good animal models for the complications of dia-
betes, the high cost of long-term clinical research, and the major challenge of quanti-
fying oxidative stress. Even with well-validated, standardized, inexpensive, widely
available assays of glycemia (i.e., HbA, ), evidence for the role of glycemia in dia-
betic vascular disease, and that intensive diabetes management centered around
improved glycemia (which also favorably impacts other factors such as dyslipidemia)
can attenuate atherosclerosis is only just becoming available.’

Definition and Mechanisms of Oxidative Stress

Oxidative stress has been defined as the “steady state level of reactive oxygen or
oxygen free radicals in a biologic system”, or “a shift in the pro-oxidant — anti-oxi-
dant balance in the pro-oxidant direction.” It is implicated in diabetes, atheroscle-
rosis, renal failure (which is often associated with diabetes), and many other disease
processes, as well as normal aging.*“® Exposure to oxidative stress is an unavoida-
ble part of life. Reactive oxygen species (ROS) (such as in Table 7.3), normal
byproducts of many enzyme reactions, are always being formed in vivo, and play a
vital role in host defense, such as in the phagocytosis of foreign organisms and
substances, and in modulation of hormones, growth factors, and cytokine
activity 4=

Recently, Brownlee and colleagues proposed a unifying hypothesis based on
hyperglycemia hyperglycemia-induced endothelial cell mitochondrial overproduc-
tion of superoxide (O,"), which links hyperglycemia, oxidative stress, and the vas-
cular complications of diabetes.**3* Basically, it is suggested that excess glucose
entering (for example) vascular endothelial cells via the insulin independent GLUT-1

Table 7.3 Reactive oxygen species

* Free radicals » Non-radical species
Alkoxyl radical RO" Hydrogen peroxide H,O,
Hydroxyl radical HO" Hypochlorite C10~
Hydroperoxyl radical HOO" Peroxynitrite ONOO~
Nitric oxide NO~ Singlet oxygen 'O,

Peroxyl radical ROO
Superoxide anion O,”
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transporter, induces mitochondrial overproduction of 02*, which then activates
other pathways including protein kinase C (PKC), nuclear factor-kB (NF-kB), the
polyol pathway, induces NAD(P)H oxidase, and promotes formation of AGEs and
advanced lipoxidation end-products (ALEs) and (the highly pro-oxidant and long-
lived) peroxynitrite.**3*#* There is much evidence relating endothelial dysfunction
and vascular damage in general and in diabetes to disturbed nitric oxide (NO)
metabolism,>*%° and the Brownlee hypothesis is consistent with this. NO is
generated from L-arginine by nitric oxide synthase (NOS), an enzyme with three
isoforms; constitutive brain (bNOS), endothelial (eNOS), and inducibile (iNOS).
iNOS can be induced by hyperglycemia and O, can inhibit eNOS and quench NO,
(by reacting with it to form peroxynitrite), thereby reducing its bioavailability, a
feature of diabetic endothelial dysfunction.* The O, -induced peroxynitrite can
induce DNA damage, which activates the nuclear enzyme poly(ADP-ribose)
polymerase, which depletes intracellular NAD* and induces endothelial
dysfunction.’!

While the hyperglycemia induction of O, hypothesis is theoretically sound, is
supported by positive cell culture and animal model data, and is in keeping with
observations in human diabetes based on surrogate measures of vascular disease,
we await definitive proof - — the amelioration of vascular complications in human
diabetic subjects by interventions which disrupt mitochondrial superoxide produc-
tion. Understanding the mechanisms, their inter-relationships, and relative contri-
butions of oxidative stress and other factors, such as hyperglycemia and dyslipidemia,
are important for designing rational interventions. Based on such mechanistic
insights from biochemical, cell culture, and animal models, novel antioxidant
agents are in development, and laboratory-based studies are promising. Suppression
of intracellular oxidative stress by low molecular weight inhibitors, Mn-SOD,
lipoic acid, or L-propionyl-carnitine, catalysis of peroxynitrite decomposition, or
inhibition of related cell signaling pathways (with PKCB inhibitors) has prevented
adverse changes in cultured cells and animal models ,**-°! and in some cases sur-
rogate end-points of vascular damage in humans.®>¢*

Measurement of Oxidative Stress

Oxidative stress is a dynamic process, and as yet there is no single measurement
or panel of tests that adequately reflects oxidative stress or damage in vivo. Oxidative
stress and damage is likely to vary between and within individuals, and to
be influenced by such factors as prandial status, the type of food eaten, circadian
rhythm, exercise, hormonal status, disease status, and medications. Oxidative
stress may differ between organs and tissues, and between cells and subcellular
compartments. The sites of formation and action of pro-oxidant species and
accessibility and efficacy of antioxidants may differ. These factors have
important implications for the measurement and modification of oxidative
stress and damage.
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Due to their very short half-lives, high reactivity, low concentrations, and diffi-
culty in accessing relevant sites of generation in vivo, ROS (Table 7.3) are not readily
measured. Because oxidative stress cannot be readily measured directly, its presence
is usually inferred by measuring substrates, by assessing antioxidant defenses, by
measuring products of free radical damage, and by assessing oxidative stress-induced
cell signaling or gene responses (Tables 7.4 and 7.5). Specific assays are described
elsewhere.%" Primary products of protein oxidation (Table 7.4) are those generated
directly by the interaction of ROS and proteins. Secondary products of oxidation are
formed by the interaction of proteins with products of oxidation of lipids, carbohy-
drates, and amino acids. The intermediates in these reactions are carbonyl and dicar-
bonyl compounds such as glyoxal, methylglyoxal, and malondialdehyde, the levels of
which are usually increased in diabetes. However, not all carbonyl intermediates are
oxidatively derived. Carbonyl stress, likely to be increased in diabetes and also
relevant to its vascular complications, is well reviewed elsewhere. 31406870

Table 7.4 Measures of “ ‘oxidative stress’”

* Specific measures of ROS
See Table 7.3
* Specific anti-oxidant levels
Aqueous phase
Albumin; ascorbate; bilirubin; flavanoids; glutathione
Metal sequestration related
Transferrin, ceruloplasmin; ubiquinone; urate
Lipid soluble
Carotenes (0., B); lutein; lycopene; tocopherols (ct,y)
* Measures of oxidative damage
DNA
Urothymi(di)ne glycol; 8-hydroxyguanine and 8-hydroxydeoxyguanosine;
Protein-related primary oxidation products
Amino acid hydroperoxides, e.g., valine, leucine, isoleucine; aromatic, e.g., o-tyrosine,
ditryrosine, chlorotyrosine, nitrotryosine; protein carbonyls, e.g., adipic semialdehyde;
sulphydryl, e.g., methionine sulphoxide;
Protein-related secondary oxidation products
Some AGEs, e.g., CML, CEL, pentosidine, MOLD (methylglyoxal-derived lysine dimer),
GOLD (glyoxal-derived lysine dimer), crosslines; glutathionyl hemoglobin
Lipid related
Lipid peroxides; 4-hydroxynonenal; isoprostanes; malondialdehyde
* Activity of oxidative stress stress-related enzymes
Antioxidant enzymes
PON; PAFAH (platelet activating factor acetohydrolase); SOD; catalase; xanthine oxidase;
glutathione peroxidase
Pro-oxidant enzymes
MPO; NADH/NADPH oxidase; Nitric oxide synthase
¢ Activation of cell signaling
PKC; Activated Protein-1; NF-xB
» Expression of oxidative stress related genes or gene products
HO-1; TGF-8; VEGF; RAGE (receptor for advanced glycation end-products)
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Table 7.5 Other “oxidative stress/damage” assays

* TRAP/FRAP (Total reactive antioxidant potential/Ferric reducing antioxidant power)
assays (contributed to by albumin, bilirubin, urate, transferrintransferring, and ascorbate)

* Antioxidant capacity assays

* LDL oxidizibility (influenced by lipid soluble antioxidant content, lipid composition)

* Ox-LDL by ELISA (and anti-bodies to Ox-LDL and immune-complexes)

* TBARS (thiobarbituric acid reactive substance)

* AGE assays by ELISA, RIA or AGE-peptide assays by HPLC

* Protein carbonyls (by ELISA)

* Advanced Oxidation Protein Products (AOPPs)

There are several important considerations in the interpretation of experiments
suggested as demonstrating increased oxidative stress in diabetes and its related
vascular damage. Increased levels of oxidative damage may reflect increased oxida-
tive stress per se, increased substrate or reduced detoxification pathways, or a com-
bination thereof. Therefore, increased levels of secondary oxidation products, e.g.,
carboxymethy-lysine (CML) or of lipid oxidation products such as circulating oxi-
dized LDL (Ox-LDL) may reflect increased substrate availability rather than
increased oxidative stress per se. In keeping with these observations, Baynes and
colleagues have demonstrated increased levels of some secondary protein oxidation
products such as CML in skin collagen in diabetes,”"”* but levels of the skin colla-
gen primary oxidation product methionine sulfoxide (MetSo) were not increased in
diabetes.”

Induction of hemoxygenase-1, an intracellular anti-oxidant, in cell or tissues is
often regarded as evidence of increased oxidative stress.” However, other factors
such as osmotic stress (such as induced by hyperglycemia), reductive stress, heat,
and endotoxin contamination of stressors such as in vitro generated oxidized LDL
and AGEs may also activate such pathways. Reduction in antioxidant defences
(such as lipid soluble antioxidants) could be interpreted as either evidence of
increased oxidative stress or a reflection of lower oxidative stress.

Is Oxidative Stress per se Increased in Diabetes
and Vascular Damage?

There are many theoretical reasons why oxidative stress should be increased in
diabetes, including hyperglycemia hyperglycemia-related glucose autoxidation,
increased glucose flux through the polyol pathway, and activation of reduced forms
of NADPH oxidase, therefore Brownlee’s unifying hypothesis®**** is appealing.
There are several excellent review articles.>¥40434749.75-77 However there are other
areas of research, such as with vitamin E, in which the theory, biochemistry, cell
culture and animal model data, and even human surrogate end-point data has been
positive, yet human trials with hard clinical end-points of the successful interven-
tions have not proven beneficial.”® While biochemical studies, cell culture, and
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animal models contribute valuable knowledge regarding mechanisms of damage,
and facilitate development and preclinical testing of interventions, they may not
adequately reflect the whole human condition — that most relevant to clinical prac-
tice. Yet as evidenced by numerous publications and ongoing studies (including in
our laboratories), it is still controversial as to whether or not ’
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oxidative stress’” is
increased in human diabetes per se, or as a result of its association with its macro-
and microvascular complications.

In view of the difficulty in obtaining vascular tissue from living subjects, (espe-
cially that from healthy non-diabetic control subjects) and the current lack of a
clinically applicable assay (such as a HbA  equivalent for oxidative stress), the
majority of human studies relate to indirect measures of oxidative stress in plasma,
serum, blood cells, or urine. These sites may not be ideal for reflecting oxidative
damage to tissues given the antioxidant-rich nature of plasma. Examples of oxida-
tive stress-related measures in readily accessible tissues, suitable for clinical prac-
tice, are discussed below. Some of the more promising measures in clinical research
(discussed) are oxidized LDL, isoprostanes, some AGE measures, paraoxonase,
and myeloperoxidase.

Lipoprotein Oxidation

Post-synthetic lipoprotein modifications such as glycation and oxidation may
adversely alter lipoprotein composition and function and promote atherosclerosis,
even in the setting of favorable lipid levels. Oxidation of LDL, as first suggested by
Chisholm and Sgteinberg over 20 years ago (reviewed in [79-81]), is still central to
current theories of atherosclerosis, and has also been implicated in renal damage®*%3
and diabetic retinopathy.3*%> We have previously reviewed the area of the relation-
ship between modified lipoproteins (including oxidized lipoproteins) and the vas-
cular complications of diabetes.36-38

Studies of Ox-LDL exposure in cultured vascular cells and isolated vessels have
demonstrated many responses pertinent to atherosclerosis and diabetic vascular com-
plications: increased cell adhesion molecule expression, impaired vasorelaxation,
enhanced arteriolar vasoconstriction due to increased Ca** sensitivity, prothrombotic
effects (enhanced platelet adhesion and increased PAI-1 production), transformation
of smooth muscle cells into foam cells, induction of growth factors, cell proliferation,
and apoptosis.?’7#58791 T opes-Virella et al. demonstrated enhanced macrophage
uptake of in vivo modified LDL from diabetic subjects,”? and of in vitro glycated
LDL.” We have demonstrated adverse effects of oxidized LDL on cultured cells rel-
evant to macrovascular and microvascular complications of diabetes, including heme-
oxygenase-1 (HO-1) induction, reduced cell viability, pro-thrombotic changes in
retinal capillary endothelial cell (RCEC) tissue plasminogen activator (tPA) and plas-
minogen activator inhibitor-1 (PAI-1) production and vasoconstrictory changes in
RCEC enothelin-1 and nitrite.?*$+% In these cell cell-based assays we have found
that toxicity of modified LDL can be inhibited by LDL vitamin E enrichment,* the
antioxidant enzyme SOD, dicarbonyl scavengers (aminoguanidine,” metformin), and
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non-specific and specific inhibitors of Protein Kinase C (PKC) (unpublished observa-
tions). However, while these and other data implicate modified lipoproteins and cell
signaling in vascular toxicity, as stated earlier, antioxidants have not yet proven effec-
tive in preventing vascular complications in humans’® with diabetes or atherosclerosis
in diabetic or non-diabetic subjects. Similarly PKC inhibitors have shown vasopro-
tective effects in vitro and in animal studies,®®®' but favorable outcomes of studies in
human diabetes are awaited.

Glycation of LDL*#687 correlates with other measures of glycemia and increases
matrix binding in vitro?”*® such that it may be more likely to be retained in the arterial
subendothelial space in vivo, where it is susceptible to further modification, such as
oxidation. It is controversial as to whether LDL glycation increases susceptibility
to oxidation. Relative to healthy controls, Tsai et al. demonstrated increased suscep-
tibility of LDL from Type 1 diabetic patients with poor glycemic control to in vitro
(copper-induced) oxidation.” However, we did not find any difference in susceptibil-
ity to copper oxidation of LDL from healthy controls and complication-free Type 1
diabetic subjects in moderate glycemic control.!® Nor did we find greater susceptibil-
ity to copper oxidation of in vivo glycated LDL fractions from Type 1 diabetic sub-
jects than their relatively non-glycated LDL fractions, nor were there significant
differences in the lipid soluble antioxidant content, CML, carboxyethyl-lysine (CEL),
or pentosidine of these in vivo modified lipoproteins.!”" Further, in cross-sectional
analyses of the DCCT/EDIC (Diabetes Control and Complications Trial/Epidemiology
of diabetes interventions and complications) cohort we did not observe any relation-
ship between LDL susceptibility to oxidation and HbA1¢!* and severity of nephropa-
thy!® or retinopathy'® or carotid intima media thickness (IMT) (personal
communication, Timothy J. Lyons, MD), a surrogate measure of atherosclerosis. A
prospective component of the study is in progress.

Oxidized LDL and Lp(a) have been demonstrated in human atheroma,'%!% but to
our knowledge, there are as yet no studies specifically in vascular tissues from Type
1 and Type 2 diabetic subjects. Plaque Ox-LDL levels are increased almost 70-fold
to that in the circulation,'® in keeping with its formation and preferential retention in
the extravascular space. Levels of circulating Ox-LDL measured by commercially
available enzyme linked immunosorbent assays (ELISAs) have been shown to be
positively associated with coronary artery disease (CAD) severity, predictive of clini-
cal vascular events in the general population!®'% and to be associated with diabetic
nephropathy.''? In a cross-sectional study we have observed similar circulating con-
centrations of Ox-LDL and Ox-LDL/LDL in healthy non-diabetic subjects and com-
plication-free Type 1 diabetic subjects, but higher levels in those with vascular
complications (unpublished observations). Diabetes specific cross-sectional and pro-
spective studies which adjust for substrate stress of LDL levels are merited.

Antibodies and Immune Complex Formation with Modified LDL

Antibodies to, and immune complexes (IC) with modified lipoproteins such as
Ox-LDL, glycated, and AGE-modified LDL are also implicated in human vascular
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damage.'"""' Such immune complexes (IC) can increase foam cell formation and
have pro-inflammatory effects, both of which are features of atherosclerosis. Lopes-
Virella and colleagues have demonstrated increased Ox-LDL-anti-Ox-LDL IC lev-
els in a cross-sectional study of Type 1 diabetic subjects with vs. without
proteinuria'® and in a prospective study within the Pittsburgh Epidemiology of dia-
betes complications (EDC) (of Type 1 diabetic subjects) the apoB and cholesterol
content of circulating IC were significantly higher in subjects who developed CAD
and nephropathy compared to matched subjects who did not."'” Recently Lopes-
Virella et al. evaluated antibodies to modified LDL and circulating IC in a cross-
sectional study of the DCCT/EDIC cohort. There were no statistically significant
relationships between evaluated complications and levels of circulating antibodies
to Ox-LDL, glycated-LDL and AGE-modified LDL, however the IC apoB and cho-
lesterol content was significantly elevated in subjects with increased urinary albu-
min loss and with moderate to severe retinopathy (personal communication, Maria
Lopes-Virella, MD). These observations suggest that interaction of the immune sys-
tem with modified lipids and proteins may potentiate vascular damage in diabetes.

Thus, there are contrasting results regarding oxidized LDL and vascular damage in
diabetes. It may be that Ox-LDL and other measures of oxidative damage and related
factors are increased only as a result of diabetic vascular complications and may be rel-
evant to only certain stages of atherosclerosis (such as initiation, propagation, or com-
plication such as plaque rupture).

Isoprostanes

A promising measure of lipid oxidation (which occurs in lipoproteins, and cell
membranes), and one which can be measured in plasma and urine by gas chroma-
tography or by ELISA is that of isoprostanes (reviewed in [118-121]). As they
are cell permeable, isoprostanes measured in plasma or urine may also include cel-
lular -derived isoprostanes. Increasing age, cigarette smoking, coronary artery dis-
ease, renal disease, and diabetes have been associated with high levels of
F2-isoprostanes.!!*-122 Tsoprostanes are vasoconstrictory and may modulate tissue
ischemia.!?*-12% Relative to healthy controls and long-term Type 1 diabetic subjects
with no clinical evidence of complications, we have found plasma isoprostane lev-
els to be significantly (p < 0.05) higher in Type 1 diabetic subjects with vascular
complications (2,480 + 269 pmol/IL, n = 20), but there was no statistically signifi-
cant difference between healthy controls (1,723 + 225, n = 20) and complication-
free diabetic subjects with at least 15 years of diabetes (1,775 = 202, n = 20)
(unpublished data). In cross-sectional studies we also noted statistically significant
inverse relationships between plasma isoprostanes and small artery elasticity (SAE)
as measured non-invasively by pulse-wave analysis in diabetic subjects and in
healthy subjects (unpublished observations). Lower SAE, which we have demon-
strated correlates with flow mediated dilatation,'?® and is NO-related,'?” has been
reported in Type 12 and Type 2 diabetes,'” and it has been suggested to be
associated with and predictive of macrovascular events in the general population.!'*
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Isoprostane concentrations in humans can be lowered by antioxidants'*!32 and by
HMG CoA reductase inhibitors,'** but evidence as to whether this reduces athero-
sclerosis in diabetes is awaited.

Dietary Antioxidants

Lower circulating levels of dietary dietary-derived antioxidants, which may be
secondary to low anti-oxidant intake or because of increased degradation in vivo,
are suggested to reflect increased oxidative stress. In cross-sectional case case—con-
trol studies in diabetes, there are reports of normal, increased, and decreased levels
of aqueous phase and lipid soluble antioxidants (summarized!**). The weight of
evidence is in favor of normal levels, at least in non-disadvantaged communities,
and supplementation is not recommended in diabetes unless a specific deficiency is
documented. We have demonstrated very low plasma antioxidant levels in
Australian Aboriginal and Torres Strait Islander communities including many dia-
betic subjects, arising from low intakes of fruit and vegetables (in association with
poor food supply in remote areas). In these populations, plasma carotenoid concen-
trations were inversely related to markers of inflammation and vascular dysfunc-
tion (C-reactive protein, cell adhesion molecules, and microalbuminuria), and were
positively related to activity of paraoxonase (PON), a putative anti-oxidant
enzyme,'* implicated in atherosclerosis (discussed later). As mentioned earlier,
lower antioxidants may be interpreted as reflecting increased oxidative stress or
a lack thereof. Furthermore, even if the former applies, a weakened defense, may
still be adequate to protect against oxidative damage and vascular complications,
and its supplementation (at least in non-deficient subjects) may not be protective
against oxidative damage and atherosclerosis. Thus studies of antioxidant vitamin
levels in diabetes do not provide strong evidence for increased oxidative stress in
diabetes in general.

Markers of Oxidative Damage in Proteins
Advanced Glycation End-Products

Advanced glycation end-products (AGEs), which have been implicated in the
macro- and microvascular complications of diabetes, form in vivo in diabetic and
non-diabetic subjects, in a range of tissues, including long-lived connective tissue
(skin collagen, vascular matrix, and lens), shorter shorter-lived circulating proteins
(albumin, immunoglobulins, and lipoproteins), in cell membranes, and intracellu-
larly (e.g., on hemoglobin). There are many excellent review papers on AGEs and
their related receptors.?’-323940.6568.70.136-142 The majority of human studies addressing
the role of AGEs in vascular disease are cross-sectional. In most, but not all studies,
AGE:s are higher in people with diabetes as opposed to those without, and are
higher in diabetic subjects with complications compared to those without complica-
tions. In a cross-sectional study of non-diabetic controls and Type 1 diabetic
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subjects, McCance et al. demonstrated elevated levels of total fluorescence and
specific (secondary protein oxidation products) CML and pentosidine measured by
gas chromatography/mass spectroscopy in skin collagen from subjects with evi-
dence of diabetic microvascular damage.”" In a similar cross-sectional study of
immunoreactive AGEs in skin collagen, Beisswenger et al. found a significant
increaseintissue AGEsin Type | diabeticsubjects withhighnormalurinary (“pre-micro-
albuminuric”) albumin excretion, and as expected, further increases in AGEs with
microalbuminuria and macroalbuminuria.!* However as suggested by Baynes et al.,
these increases in skin collagen AGEs could be accounted for by increased sub-
strate rather than increased oxidative stress per se. In the Baynes laboratory, levels
of a primary oxidation product MetSo in skin collagen did not differ between dia-
betic subjects and healthy controls. Thus, at least in the extracellular milieu, the
evidence favors a lack of increase in oxidative stress in diabetes per se.

In collaboration with the Baynes and Thorpe group we quantified specific markers
of glycation and glycoxidation in (more readily available) red blood cell (RBC) mem-
branes, plasma, and lipoproteins (LDL and HDL) of Type 1 diabetic subjects with
and without nephropathy using gas chromatography/mass spectroscopy and reverse
phase high pressure liquid chromatography (HPLC). In spite of higher levels of gly-
cation (fructoselysine) in diabetes, we found similar levels of the AGEs (carboxyme-
thyl-lysine [CML], carboxyethyl-lysine [CEL], and pentosidine) in RBC membrane
and plasma proteins of non-diabetic controls, microalbuminuria-prone and resistant
subjects (with normal serum creatinine).'*4¢ This is further evidence of a lack of
increase in oxidation -related products at the interface of the extracellular and intrac-
ellular milieu in diabetes. In another series of patients, we found significantly elevated
plasma protein CML, CEL, and pentosidine only in diabetic and non-diabetic sub-
jects with elevated serum creatinine (unpublished data). This is likely to represent an
elevating effect of impaired renal clearance on circulating AGE levels.

However, using immunoreactive measures, which may detect non-oxidatively
derived products, and cross-react with other epitopes, there are positive data showing
increased AGEs in diabetes and in relationship to complications. Using a polyclonal
AGE antibody and a monoclonal CML antibody Hanssen’s Oslo Oslo-based group
has demonstrated: (a) increased serum CML and AGEs in Type 1 diabetics vs. non-
diabetic subjects; (b) predictive value of baseline serum AGE, but not CML, for renal
disease progression assessed by kidney biopsy in young Type 1 diabetic patients with
microalbuminuria; (c) association of AGE but not CML with left ventricular dysfunc-
tion in Type 1 diabetes; (d) increased serum AGE and CML in Type 2 diabetes vs.
non-diabetic controls, and association of serum AGE, but not CML, with coronary
artery disease in a cross-sectional study of Type 2 diabetes; (e) increased serum
methylglyoxal -derived hydroimidazolone in Type 2 diabetes, with higher levels in
the presence of CAD.'*-5! However, also using an AGE ELISA with anti-sera from
Bucala, Tan et al. found that serum AGEs did not differ between Type 2 diabetic
subjects and controls, but noted negative correlations between serum AGEs and bra-
chial artery endothelium-dependent and —independent vasodilatation.'>

In studies in progress in our laboratory we have found that non-specific AGE-
peptide levels are about 50% higher in Type 1 diabetic patients (n = 148) and 150%
higher in Type 2 (n = 23) diabetic patients versus. non-diabetic control subjects
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(n="1). The higher levels in the Type 1 diabetic group were driven by high AGE-
peptide levels in those with early renal damage. AGE-peptide levels correlated sig-
nificantly with measures of renal dysfunction, but not with concurrent HbAlc
levels, nor other measures of oxidative stress (serum oxidized LDL, isoprostanes,
and paraoxonase-1 activity). We are also comparing serum AGE levels using two
types of anti-sera generated by Dr. George Jerums’ group. In preliminary studies,
serum AGE levels (using an anti-serum to aerobically modified protein) were about
2-twofold higher in Type 1 diabetic subjects (n = 25) versus. healthy controls (n = 13),
but did not differ between diabetic subjects with versus. without vascular complica-
tions. In contrast, relative to healthy control subjects, serum AGEs (measured by an
antibody to an anaerobically generated antigen) were higher in 25 Type 1 diabetes
subjects per se and 2-3 two- to threefold higher in complication-prone versus.
complication-free diabetics (unpublished observations). Thus, data relating to
AGE:s in diabetes and its vascular complications are contrasting, though this may
reflect differences in epitopes and populations studied. While there is supportive
evidence of increases in at least some types of AGEs in diabetes, not all are oxida-
tively derived, and elevations may reflect increased substrate stress or impaired
catabolism, rather than increased oxidative stress per se.

Protein Carbonyls

Protein carbonyl assays have been proposed as stable measures of tissue injury by
oxidative stress and a general measure of oxidative stress.!** The identity of prod-
ucts measured is not fully elucidated, but they may be derived from fragmentation
and amine oxidation mediated by metal cations or hypochlorous acid. Plasma pro-
tein carbonyl levels increase with age, are higher in intensive care patients vs.
healthy controls.!33! Relative to healthy subjects, circulating protein carbonyl lev-
els have been found to be increased in Type 1 diabetes, and higher in subjects with
vs. without microvascular complications,'>> but not in Type 2 diabetes.'* In our
laboratory we found no difference in protein carbonyl levels between complication-
free Type 1 diabetic subjects and healthy controls, but high levels in ESRD sub-
jects.’” While there may be differences between assays and populations evaluated,
these conflicting results do not support a general diabetes-related increase in oxi-
dative damage, as measured by protein carbonyls. To our knowledge, there are no
studies relating protein carbonyl levels to macrovascular disease or events, particu-
larly in diabetes.

Glutathionyl Hemoglobin (Glut-Hb)

Oxidative stress may differ between the extra- and intracellular environments, and
between subcellular compartments. Intracellular oxidative stress is less readily
measured, but is appealing, particularly in light of Brownlee’s findings,**3* and the
value of HbAlC, an intracellular measure of glycation, to clinical practice. Glut-Hb,
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formed by the reaction of hemoglobin with oxidized thiol groups has been
suggested as a measure of intracellular oxidative stress.!*®1% Glut-Hb has a higher
affinity for oxygen than does native Hb, hence may contribute to tissue hypoxia'*®
as well as being a marker of oxidative stress. Niwa et al. demonstrated that Glut-Hb
levels are increased in Type 2 diabetes, hyperlipidemia,'® and in renal failure,'s!
relative to a (poorly defined) control group, and can be lowered in Type 2 diabetes
by vitamin E supplementation.'®> We recently measured Glut-Hb levels in Type 1
diabetic subjects with and without microvascular complications and in relationship
to non-invasively determined vascular elasticity, in Type 2 diabetic subjects with
and without coronary artery disease, and in a non-diabetic group of subjects of
similar age and gender distribution. Measures of hemoglobin glycation were
increased in diabetes and related to complications and vascular elasticity as
expected. However, we found no difference in Glut-Hb between subjects with dia-
betes compared to those without diabetes, and between diabetic subjects with vas-
cular damage compared to those without vascular damage. Nor were there any
significant relationships between this putative oxidative stress measure and
smoking status (a pro-oxidant stress), lipids, or plasma isoprostanes (manuscript in
preparation). There are no prospective studies of Glut-Hb and vascular events,
particularly in diabetes.

Antioxidant Enzymes, Their Related Genes and Vascular Damage
in Diabetes

Various extracellular and intracellular enzymes act as pro-oxidants and antioxidants.
Altered levels or activity of such enzymes may contribute to increased oxidative
stress and damage in diabetes, and represent therapeutic targets. Furthermore,
genetic polymorphisms of some of these enzymes may contribute to the heritability
of atherosclerosis susceptibility in the general and diabetic populations and to that
of the related microvascular complications in diabetes. Enzymes currently of inter-
est in the field of diabetes research are superoxide dismutase, paraoxonase (an
HDL-associated enzyme which can inhibit lipoprotein oxidation) and myeloperoxi-
dase, a pro-oxidant enzyme.

Superoxide Dismutase

Superoxide dismutase (SOD), an enzyme that exists in several forms in both the
extracellular and intracellular milieu, catalyzes the breakdown of 02*, and is impli-
cated in hypertension and vascular damage.'®*!* Impaired endothelium-dependent
vasodilatation, a feature of diabetes, occurs in the SOD knockout mice.'%> High
glucose and methylglyoxal, features of the diabetic milieu, can induce O, and
lower SOD activity!'®'¢” in model systems. High glucose!®® and Ox-LDL'® can
increase SOD activity, perhaps as an adaptive protective response. Increasing SOD
activity can reverse adverse effects of the diabetic milieu in animal models,! 7!
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short-term human studies,'”” and cultured cells, including blockade of three
pathways implicated in vascular damage in diabetes.!”

In human studies, SOD concentration does not seem to be altered in diabetes,
but the majority of studies find lower activity of intracellular (erythrocyte and leu-
kocyte) and extracellular SOD, usually inversely related to HbA | and associated
with higher levels of oxidative damage (as reflected by markers of DNA damage
and lipid oxidation).!7*'8 However, there are also similar cross-sectional studies in
which SOD activity is unchanged'®' or even higher'®'38 in diabetic subjects
compared with control subjects. In most, but not all studies, the presence of diabetic
microvascular complications was associated with even lower SOD activity in dia-
betes. In the general population, including some diabetic subjects, SOD activity
was lower in subjects with vs. without coronary artery disease.'**!*° However, in
another study there was no significant difference in SOD activity of diabetic sub-
jects with vs. without peripheral vascular disease.!’! Furthermore, in a prospective
study in the general population, including people with diabetes, SOD activity was
not predictive of future vascular events.!®> There are few SOD genotype genotype-
related studies in diabetes. Polymorphisms of SOD genes have been associated
with neuropathy in Type 1 diabetes!** and with nephropathy in Type 2 diabetes,!™*
but not with macrovascular disease in Type 2 diabetes.!”> Further prospective and
interventional studies of SOD activity and genotypes and vascular events in human
diabetes are required. As yet, to our knowledge, there are no reported SOD SOD-
related intervention studies with vascular event end-points in human diabetes.

Paraoxonase (PON)

There are at least three paraoxonase (PON) genes (PON 1,2, and 3), but the most
well well-studied gene product is PON-1, located on HDL. PON is also present in
tissues. PON protects against exogenous organophosphate poisons and is thought
to hydrolyze phospholipid oxidation products. It may therefore protect against
damaging modifications of lipoproteins and cell membranes, and high PON activity
should be protective.s1* Acute-phase HDL, which has greatly reduced PON
activity is less protective against LDL oxidation.”® Enyzme activity is usually
assessed in vitro by hydrolysis of artificial substrates such as paraoxon and pheny-
lacetate, but more (patho)physiologically relevant substrates would be preferable.?!
Nevertheless, there are numerous cross-sectional and longitudinal studies evaluat-
ing vascular disease risk in relationship to hydrolysis of the artificial substrates. In
most, but not all studies, low serum PON activity has been associated with or pre-
dictive of vascular disease.!?%-19202

Major determinants of PON activity (at least against paraoxon) are PON geno-
types, which have also been associated with cardiovascular disease in some, but not
all, studies.!**!1%2% Data with regard to the relationship of PON activity, related
genotypes, and diabetes complications are contrasting. Cross-sectional studies
report lower serum PON activity in diabetic subjects with vs. without vascular
complications.?**2%, However others find no difference *’ (our unpublished results)
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or higher (supposedly protective) activity.?”® PON genotypes differ in their ability
to protect lipoproteins against in vitro oxidation,* but in the DCCT/EDIC cohort
of Type 1 diabetic subjects we did not find any difference between LDL oxidizibil-
ity and PON genotypes. Polymorphisms in genes for PON-1, a PON-1 promotor
region, and PON-2 have been studied in relation to atherosclerosis and to diabetic
macro- and microvascular complications. In the general population, including dia-
betic subjects, PON-1 55 L/L phenotype was an independent risk factor for
atheroma verified at autopsy.?! Case—control studies in Type 2 diabetes have found
associations between PON genotypes and macrovascular disease?'!2'5 and neph-
ropathy,*!¢ and a relationship between PON-1 55 polymorphisms and markers of oxi-
dative DNA damage?” and isoprostanes.?'® However, in Type 1 diabetes Araki et al.
did not find any difference in three PON genotypes in subjects prone or resistant to
diabetic nephropathy.?!® As yet there are no publications relating PON genotypes or
activities to atherosclerotic events in Type 1 diabetes. These inconsistent studies may
reflect relatively small numbers, different ethnic backgrounds, ages and diabetes
duration, differences in glycemia, smoking, medications, the definition of complica-
tions, and unevaluated gene-—gene interactions. There is also a paradox in PON
research in that vascular disease, including diabetic complications, has been associ-
ated with PON genotypes coding for (allegedly protective) high serum PON activ-
ity.23220 Thus, the association of PON with vascular damage, including in diabetes,
is complex, and may differ at different stages of disease.

While genotypes cannot be changed, they may increase our understanding of
mechanisms of vascular damage and aid in the identification of high-risk patients.
In contrast, lifestyle and pharmaceutical interventions can modulate PON activ-
ity.201221-226 Healthy diets,'**?2222 including dietary-modification induced increases
in antioxidant levels,'** smoking cessation,?? lipid modulating drugs (simvastatin®**
and gemfibrozil?*), and hormone replacement in postmenopausal diabetic women?2?
can increase PON activity, but as yet this change has not been shown to be associ-
ated with reduced vascular events in any population.

Myeloperoxidase

Myeloperoxidase (MPO) is a leukocyte enzyme which generates ROS and reac-
tive nitrogen species as part of its vital role in normal host defense. However,
these MPO-generated oxidants have also been implicated in lipid oxidation,
endothelial dysfunction, inflammation, plaque instability, and poor ventricular
remodeling after myocardial infarction (reviewed in [227]). MPO activity is
increased in the leukocytes from (Type 2) diabetic subjects.??#??* MPO is
present and active in human atherosclerotic lesions, and MPO MPO-generated
oxidation products including the MPO specific oxidation product chlorotyro-
sine, and of nitrotyrosine, dityrosine, and isoprostanes have been identified in
human atherosclerotic lesions.??”?* The relative abundance of enzyme and
related oxidation products in diabetic vs. non-diabetic atherosclerotic lesions is
as yet unknown.
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In keeping with a major role of MPO in atherosclerosis, inherited MPO
deficiency is associated with lower rate of cardiovascular disease,?! and MPO gene
polymorphisms (—463G/A and —129G/A), in studies including diabetic subjects,
have been associated with altered MPO activity, angiographically proven coronary
artery disease,”*? autopsy autopsy-verified aortic atheroma,” reduced coronary
flow reserve in healthy young men,?* size and functional outcome of cerebral inf-
arction, and higher pentosidine levels and cardiovascular disease in end-stage
renal disease.”*

MPO levels have also been associated with and predictive of coronary artery
disease in studies including diabetic and non-diabetic subjects. In a case-—control
coronary angiographic study Zhang et al. recently demonstrated that blood and
leukocyte myeloperoxidase levels were independent predictors of cardiovascular
disease presence and burden.?’ In a prospective study, Brennan et al. demonstrated
that plasma myeloperoxidase levels were predictive of acute, 30 -day and 6six-
month outcome in patients presenting with chest pain (with or without evidence of
troponin T rise).?*® Further supportive evidence is the predictive power of (NO -
derived oxidants, catalyzed by MPO) such as nitrotyrosine, for atherosclerosis risk
and burden®” in a mixed population of diabetic and non-diabetic subjects.

While vitamin E does not inhibit MPO-induced oxidation in vitro, HMG CoA
Reductase inhibitors can lower MPO/NO -generated oxidation products, as sug-
gested by cross-sectional and intervention studies.?**>¥ Further Type 1 and Type 2
diabetes specific studies are warranted.

Therefore, there are several oxidative stress enzymes and related products that
are strong candidates for potentiating atherosclerosis in diabetes. Antioxidant
enzyme levels or activities are abnormal in many, but not all, published studies in
diabetes, and related genotypes have been associated with atherosclerosis in some
studies. These enzymes (or their products) have been located at the site of vascular
damage. Thereis associative and predictive power for atherosclerosis atherosclerosis-
related events, and related interventions in the laboratory ameliorate vascular dam-
age or surrogate end-points. Thus, evidence to date is supportive, but not conclusive,
of arole for these oxidative stress -related factors in vascular damage. Measurement
of such factors merits inclusion in human cross-sectional, longitudinal, and inter-
vention studies of vascular disease in Type 1 and Type 2 diabetic subjects, and
further exploration in diabetes relevant biochemical, cell culture, and animal
model systems.

The Link Between Oxidative Stress and Vascular
Damage in Diabetes

We currently lack good measures of oxidative stress and oxidative damage in
human Type 1 and Type 2 diabetes specific studies to make a definitive decision as
to whether oxidative stress is increased in diabetes per se, or in relationship to its
vascular complications. Once an appropriate measure, or more likely panel of
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Fig. 7.1 Schema of risk factors and mechanisms for accelerated atherosclerosis in diabetes

measures, are validated and standardized, a reference range in healthy non-diabetic
subjects over a wide age range must be determined. Oxidative stress and damage
damage-related levels can then be compared in well well-characterized Type 1 and
Type 2 diabetic subjects with and without micro- and macrovascular complications,
over a range of glycemic control, and with known lifestyle (e.g., smoking) and
medications (which may have antioxidant activity). Based on current knowledge,
oxidative stress is likely to be increased in some parts of some cells in some tissues,
for at least some of the time. Even if oxidative stress, an inevitable part of living, is
not increased in diabetes per se, then it may still contribute to the progression of
vascular complications of diabetes. A simple schema is suggested (Figure 7.1) .

Thus, it remains conceivable that, even if not increased in diabetes, lowering
oxidative stress and oxidative damage may reduce vascular complications in diabe-
tes, in the same way that lowering supposedly ‘normal’ levels of cholesterol has
resulted in further reduction of vascular events in at-risk groups. Much further
(long-term human based) research is required to prove this.

Treatment of Oxidative Stress

Potential mechanisms of macrovascular damage by oxidative stress are shown in
Table 7.6. Antioxidant supplementation can reduce some measures of oxidative dam-
age in people with diabetes, and high high-dose vitamin E (at doses also likely to have
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Table 7.6 Potential mechanisms of macrovascular damage by oxidative stress or related
products
e Altered cell viability
« Cell proliferation — | smooth muscle cells, { in endothelial scells
* Apoptosis and necrosis, e.g., smooth muscle cells
¢ Increased foam cell formation
 Uptake of modified LDL, e.g., Ox-LDL and immune complexes with LDL
* Cell activation and altered cell function
e.g., PKC, NF-xB, MAPK, and TGF-J activation
e.g., T Matrix production and | degradation
* Abnormal vascular tone and blood flow
e.g., T; Endothelin-1, 1 nitric oxide bioavailability
* Increased endothelial barrier permeability
¢ Pro-inflammatory effects
T Cell adhesion molecules
T Monocyte chemoattractant activity and vascular ingress
* Proclotting effects
T PAI-1
1 tPA
{ Tissue factor pathway inhibitor
T Platelet aggregation
* AGEs
e Vascular stiffening
* Modulation of above effects

1 Increased, | decreased, PKC protein kinase C, TGF-f transforming growth factor-beta, PAI-1
plasminogen activator inhibitor-1, tPA tissue plasminogen activator, NF-kB nuclear factor-kappa
B, MAPK mitogen activated kinase pathway, Ox-LDL oxidized low density lipoprotein.

PKC inhibitory activity)**! can also improve surrogate measures of retinal*** and mac-
rovascular endothelial dysfunction®* in young people with relatively short duration
Type 1 diabetes. However, the recent negative trials of antioxidant supplementation for
clinical vascular disease end-points in the general and Type 2 diabetic populations’s**
have reduced enthusiasm for antioxidant supplementation in diabetes. Mitigating fac-
tors in these negative antioxidant trials may be the type, site of action, dose, and dura-
tion of antioxidant supplementation and stage of pre-existing vascular damage
(influenced by patient age and diabetes duration). Therefore, the American Diabetes
Association does not currently recommend vitamin supplementation in diabetes unless
a deficiency state is evident.**

As knowledge is gained regarding the mechanisms and sites of oxidative stress,
our understanding of the negative outcome in the vitamin E intervention studies
improves. As well as anti-oxidant actions, vitamin E can have both pro-oxidant
effects, at least in model systems,***?*” and does not reduce some systemic markers
of oxidative stress. Unfortunately a broad panel of oxidative stress measures (e.g.,
including Ox-LDL, isoprostanes, and MPO) was not included in the negative vita-
min E intervention studies. Vitamin E is located predominantly in lipophilic/
hydrophobic environments (such as lipoproteins and cell membranes), yet many
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ROS are generated in the cytosol or extracellular compartments. Furthermore, anti-
oxidants may only act on a limited number of pro-oxidant pathways. For example,
vitamin E scavenges already formed oxidation products, predominantly from lipid
peroxidation and does not reduce peroxynitrite.

Another lipid -soluble free radical scavenger of interest is lipoic acid. This anti-
oxidant acts in the mitochondria and can reduce lipid oxidation measures and
improve neural blood flow in animal models of diabetes. In humans, lipoic acid has
improved some measures of peripheral and cardiac autonomic neuropathy and
endothelial dysfunction,?*® but studies regarding macrovascular end-points are not
available.

While prospective vitamin E supplementation intervention studies have not
reduced vascular events, intensive diabetes management and lipid and blood pressure
lowering have proven effective.’3724%250 Intensive diabetes management reduced
vascular events in the United Kingdom Prospective Diabetes Study (UKPDS) of
Type 2 diabetes,*”** and in the younger Type 1 diabetic DCCT/EDIC cohort reduced
microvascular complications®?* and the surrogate atherosclerosis end-point of
carotid intima media thickness.*® Benefit may partly relate to a reduction in hyperg-
lycemia -induced oxidative stress. As yet, to our knowledge, there are no published
measures of oxidative stress or damage-related markers in these studies.

Clinical trials of lipid lowering and blood pressure lowering agents have shown
beneficial effects on macrovascular events and survival in diabetes, and these may
be partly mediated by the antioxidant effects of these drugs. HMG CoA Reductase
inhibitors (““*statins’”’) proved successful in the Scandinavian Simvastatin Survival
Study (4S) study**! and the Heart Protection Study.!” In addition to favorable
effects on the lipid profile, lowering total- and LDL-C, triglycerides and increasing
HDL-C, statins have pleiotropic effects which include anti-inflammatory and anti-
oxidant effects. Statins increase PON activity and NO bioavailability, decrease O,"
production, and decrease MPO- and NO-derived oxidants (e.g., chlorotyrosine and
dityrosine).>>5 They can rapidly improve endothelial dysfunction in diabetic
patients.”® Similarly, the blood pressure and microalbuminuria lowering angi-
otensin converting enzyme (ACE) inhibitors and angiotensin-1 receptor antago-
nists, which reduced diabetic vascular events in the Heart Outcomes Prevention
Evaluation (HOPE)" and reduction of end-points in type 2 diabetes with the angi-
otensin IT antagonist losartan (RENAAL)*®%7 studies are also strong intracellular
antioxidants. Other agents already in clinical practice may have antioxidant effects
that partly mediate their benefit. For example, thiazolidinediones have intracellular
antioxidant effects, inhibit iNOS, and reduce peroxynitrite production.?%8-2643

A better understanding of the mechanisms of oxidative stress and the vascular
complications of diabetes, facilitated by biochemical, cell culture, and animal stud-
ies has resulted in the design of novel antioxidant drugs. Such drugs (discussed
earlier) include low molecular weight agents that mimic the antioxidant enzymes
catalase and SOD, an intracellular O,” scavenger L-propionyl-carnitine, polya(ADP-
ribose) polymerase inhibitors (e.g., PJ34), and peroxynitrite decomposition cata-
lysts (e.g., FP15). These agents are based on sound theory and have proven effective
in model diabetic systems, but clinical trials in humans are awaited.
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Conclusion and Future Directions

The onset and progression of diabetes-related atherosclerosis is likely to involve a
wide range of pathogenic mechanisms, including oxidative stress, which as sug-
gested by Brownlee, may have a central role stemming from hyperglycemia hyper-
glycemia-induced O,” production by mitochondria. Research has increased our
understanding of oxidative stress in general and in diabetes, and its contribution to
atherosclerosis and diabetic vascular complications. Well-validated and standard-
ized assays of oxidative stress and damage are urgently needed. Samples for analy-
sis must be collected and stored appropriately to avoid ex vivo oxidation, an
obvious point, but one that can be difficult to achieve in large multicenter clinical
trials. Knowledge of oxidative stress-related gene polymorphisms may facilitate
identification and treatment of high complication risk diabetic patients and drug
choice. Well-tolerated and effective drugs targeting appropriate oxidative stress
pathways in appropriate compartments are required.

The relationship of oxidative stress stress-related markers to macrovascular
events in both Type 1 and in Type 2 diabetes, levels defining high risk and treatment
goals, and response to appropriate interventions requires much further study.
Further biochemical, cell culture, animal, and human studies are required to eluci-
date underlying mechanisms of oxidative damage and to design and test effective
treatments. Longer -term observational and intervention studies in well-characterized
Type 1 and in Type 2 diabetic patients, focusing on macrovascular end-points and
including measures of oxidative stress and damage are required. Surrogate meas-
ures of macrovascular damage will facilitate such studies, but knowledge of their
relationship to clinical events and survival is vital.

Until such data and more specific guidelines and antioxidant drugs are available,
aggressive management of diabetes according to currently accepted guidelines for
lifestyle, glycemia, blood pressure, and dyslipidemia®® dyslipidemia®** should be
continued for the prevention of macrovascular disease. These have proven success-
ful, although atherosclerosis and the related microvascular complications still
remain major causes of morbidity and premature mortality in this increasingly
common condition. As diabetes complications are multi-factorial in origin, it is
appropriate that a multi-faceted approach to prevention and treatment should be
taken, and in the future, this may include new antioxidant therapies guided by
measures of oxidative stress.
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Chapter 8
Molecular Mechanisms of Environmental
Atherogenesis

Kimberly P. Miller and Kenneth S. Ramos

Epidemiology of Cardiovascular Disease

Cardiovascular diseases (CVD) are the leading cause of death in both males and
females in the United States, and are classified into four major forms: coronary
heart disease (CHD), cerebrovascular disease (stroke), hypertensive disease
(high blood pressure), and rheumatic fever/rheumatic heart disease.” Over 70
million Americans (1 in 4) have one or more types of cardiovascular disease, and
in 2002, 38% of all deaths in the U.S. were attributed to cardiovascular diseases,
equal to 1 of every 2.6 deaths. In fact, fatalities due to cardiovascular diseases
each year are about equal to the next five leading causes of death combined:
cancer, chronic lower respiratory diseases, accidents, diabetes mellitus, and
pneumonia/influenza.’ Based on age-adjusted statistics, cardiovascular disease
targets 34.3% of male and 32.4% of female non-Hispanic whites; 41.1% of male
and 44.7% of female non-Hispanic blacks; and 29.2% of male and 29.3% of
female Mexican Americans.’ According to the Centers for Disease Control and
National Center for Health Statistics (CDC/NCHS), if all forms of major cardio-
vascular diseases were eliminated, life expectancy of the U.S. population would
rise by almost 7 years.

A number of risk factors contribute to the onset of cardiovascular diseases,
including smoking, high blood pressure, elevated cholesterol, physical inactivity,
excess weight and obesity, and diabetes.> Exposure to tobacco smoke represents a
significant environmental risk factor for cardiovascular diseases. Between 1995 and
1999, an average of 442,398 Americans died each year of smoking-related ill-
nesses, with the largest portion of these deaths related to cardiovascular disease.’
However, quitting smoking has a significant impact in decreasing cardiovascular
disease risk. One year after quitting, there is a 50% decrease in CHD risk, and
within 15 years after quitting, the risk of death from CHD approaches that of a
long-time nonsmoker.’

It should be recognized though that nonsmokers are just as likely to develop
cardiovascular diseases as smokers due to general exposure to environmental
tobacco smoke. Nearly 35,000 nonsmokers die each year from cardiovascular
diseases as a result of exposure to environmental tobacco smoke.’
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Atherosclerosis

Atherosclerosis is a leading cause of deaths due to heart attack (CHD) and stroke.’
This disease is a form of thickening and/or hardening of the arteries, and is charac-
terized by plaque build-up in both large and medium size vessels such as the aorta
or carotid arteries. Atherosclerosis actually accounts for 75% of all deaths from
cardiovascular diseases.’

The vascular wall is the site of injury where the process of atherosclerosis
begins. Both large and medium-sized vessels contain three distinct cellular layers.
The innermost layer, the tunica intima, consists of a single layer of endothelial cells
(ECs) resting on a thin basal lamina. This layer lines the lumen of the vessel where
blood flows. ECs lie parallel to the direction of blood flow and act as a barrier
between the blood and sub-endothelial components of the vascular wall. The mid-
dle layer, or tunica media, comprises multiple layers of smooth muscle cells inter-
woven with collagen and elastin. These muscle cells are important in the regulation
of vascular tone and the contractile response of the artery. Receptors on the plasma
membrane of vascular smooth muscle cells (vSMCs) regulate calcium conductance
responsible for activation of the contractile apparatus of these cells. In vSMCs,
extracellular calcium stores that permeate the cell via receptor- and/or voltage-
operated channels mediate contraction. In addition to contractile functions, vSMCs
also regulate extracellular matrix protein synthesis necessary for arterial repair, the
metabolism and secretion of bioactive substances, and the regulation of monocyte
function. Finally, the outermost layer of the vessel wall, the tunica adventitia, con-
sists of a loose layer of fibroblasts, collagen, elastin, and glycosaminoglycans. The
adventitial layer gives structural support to the vessel through fibroblast secretion
of collagen and glycosaminoglycans (for a review see [195]).

The formation of atherosclerotic lesions involves migration of smooth muscle
cells (SMCs) from the tunica media into the tunica intima coupled to uncontrolled
cell proliferation and altered production of extracellular matrix proteins. Other crit-
ical elements in atherosclerotic lesions include inflammatory cells, lipids, blood
products, and calcium, which are recruited through the injury process and contrib-
ute to the progression and complication of the lesion (for a review see [251]) Two
major hypotheses, “the response to injury” and “clonal expansion” hypotheses,
have guided mechanistic studies of atherosclerosis over the past 30 years.

Response to Injury Hypothesis

In the “response to injury” hypothesis, damage to ECs lining the tunica intima
triggers an inflammatory response resulting in the recruitment of platelets and
inflammatory cells, along with SMC migration and proliferation from the media to
the intima.?!32!52! These factors ultimately form a vascular lesion that extends into
the vessel lumen (Fig. 8.1).
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Fig. 8.1 Illustrated representation of the “Response to Injury” hypothesis

The process often begins when lipoproteins carried in the circulation become
trapped beneath the endothelium, either due to increased lipid transport or dysfunction
of the endothelial cell layer.*” Glycoproteins then begin to adhere to the surface of the
endothelium,** followed by recruitment of monocytes and T lymphocytes that attach to
these glycoproteins. Migration into the subendothelial space then proceeds. As injury
and migration continue, monocytes become macrophages, and lipid accumulation gives
rise to foam cells, ultimately resulting in formation of a fatty streak (reviewed in [216,
251]). In humans, the fatty streak mainly consists of lipid-filled macrophages, T lym-
phocytes, and lipid-containing SMCs.?'6° As the lesion progresses due to increased
injury and migration of SMCs from the media to the intima, these fatty streaks can be
converted to SMC-rich lesions. This migration can be induced by macrophages that
continue to accumulate lipid, and begin to express genes for chemotactic factors that
induce SMC proliferation and replication. Such factors include platelet-derived growth
factor (PDGF), transforming growth factor beta (TGFf), heparin-binding epidermal
growth factor (HB-EGF), fibroblast growth factor (FGF), eicosanoids, cytokines, inter-
leukin-1 (IL-1), and tumor necrosis factor alpha (TNFo).*

Lesions resulting from the replication of macrophages and SMCs are termed
intermediate lesions. Layers of macrophages, T cells, and SMCs within intermedi-
ate lesions then begin to form connective tissue. With continued injury, a fibro-pro-
liferative response takes place and a fibrous plaque, or advanced complicated lesion
results. A lesion of this type consists of a fibrous cap of connective tissue contain-
ing embedded SMCs, monocyte-derived macrophages, and T lymphocytes, which
covers a lesion consisting of macrophages, lipid necrotic debris, SMCs, and loose
connective tissue.?’* As a result, three different types of lesions can exist in the pro-
gression of atherosclerosis: the fatty streak, the intermediate lesion, and the
advanced complicated lesion.?'**! Overall, what begins as a protective inflamma-
tory response mechanism progresses into an injurious fibro-proliferative response.

In this model, the progression of the atherosclerotic lesion and ultimate stage of
growth is dependent on gene expression in macrophages at the fatty streak stage.
At this point, the lesion can either continue to grow, if genes producing growth
stimulatory molecules are activated (PDGF, FGF, HB-EGF), or remain static if
genes that produce growth-inhibitory molecules are activated (TGF[, IL-1, TNFo).
In addition, secondary gene expression in SMCs induced by cytokines can result in
autocrine growth stimulation.?'*
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As shown in Fig. 8.1, toxicants that promote the response to injury model travel
through the bloodstream and target vascular cells, both smooth muscle and endothe-
lial cells. Some toxicants bypass the endothelial layer and target the medial smooth
muscle cell layer specifically. Smooth muscle cell toxicants that induce this type of
injury include a number of environmental agents, such as polycyclic aromatic
hydrocarbons, and industrial chemicals such as dinitrotoluenes, allylamine and
hydrazine.!”” Endothelial cell injury, if not repaired, can influence injury of the
medial layer as well. Endothelial cell toxicants that contribute to this model and
potentiate the atherogenic process include acrolein, homocysteine, heavy metals,
and cyclophosphamide.'®

Clonal Expansion Hypothesis

Benditt and Benditt'? proposed a monoclonal origin of atherosclerotic plaque devel-
opment, an alternative hypothesis to explain initiation of the atherosclerotic proc-
ess. The experimental basis in support of this hypothesis was derived from the
concept of X-chromosome inactivation first proposed by Lyon.!* In early embry-
onic development of females, there is a random inactivation of one or the other of
two X chromosomes, and subsequently, each cell population reproduces “true to
type” through somatic growth. With a cellular marker to distinguish the two popula-
tions, one is able to delineate whether a pathologically new formation is derived
from one, or from many cells. The cellular marker used by Benditt and Benditt was
glucose-6-phosphate dehydrogenase (G-6-PD), an enzyme found to be hetero-
zygous in one-third of the black female population who exhibit mixtures of the A
and B forms of this enzyme."> The presence of one or the other of these two enzyme
types (A or B) in a tissue would indicate that the cells originated from a single cell
population. The presence of both enzyme types (A and B) would indicate that the
cells originated from multiple cells. Many investigators have utilized this assay to
assess the origin of cell populations in several tumor types.®*!%

Atherosclerotic plaques are comprised mainly of SMCs, macrophages, lipid
deposits, foam cells, and fibrous connective tissue.”! Examination of 30
atherosclerotic-type plaques and 59 “normal” artery walls using the method
described above, found that 80% of the plaques were comprised of a monotypic cell
population characterized by the presence of one G-6-PD enzyme type (A or B)."2
Samples of the “normal” artery wall predominantly consisted of multiple cellular
types as evidenced by the presence of both A and B G-6-PD isoenzymes (97%).
Subsequent studies by Pearson et al.’* confirmed these results, showing that 89.7%
of the fibrous plaques they examined contained only one isoenzyme, while 98% of
uninvolved aorta contained both isoenzymes. On the basis of these results, it was
considered that three stages of atherosclerotic plaque development exist: (1) initiation —
SMCs become mutated, but exist unexpressed in a subthreshold neoplastic state;
(2) promotion/progression — a promoting factor induces proliferation of these
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Fig. 8.2 Tllustrated representation of the “Monoclonal Expansion” hypothesis

mutated cells; and (3) complication — this mutagenic change is modulated by
expression of some of the disadvantages of the conditional neoplastic state.'

Overall, this model suggests that injury to the arterial wall transforms SMCs to
a genetically altered state. These mutated cell populations, originating from one
injured SMC, can proliferate either through exposure to growth promoting factors,
or by mutation-induced constitutive production of growth factors within the SMC
itself (Fig. 8.2).

The resulting atherosclerotic plaque consisting of highly-proliferative SMCs
resembles a benign neoplastic tumor, such as the uterine leiomyoma.'*® Thus, this
hypothesis provides a possible link between atherogenesis and carcinogenesis. In
both processes, initiation of target cells occur (toxic injury to one cell, for example),
followed by promotion of injury (mutated cells proliferate), and finally plaque/
tumor formation. On this basis, it has been hypothesized that environmental agents
implicated in cell transformation and tumorigenesis may contribute directly to
plaque development.'5!%8

The monoclonal hypothesis has been highly debated among the vascular biology
community. The controversy is primarily rooted on the often polyclonal nature of
atherosclerotic plaques (reviewed by Ramos and Partridge®®). As a result, the mono-
clonal hypothesis has been revised to embrace the principles put forth by Benditt and
emerging evidence of the complex genetic basis of atherosclerotic vascular disease.

Pathogenesis of Atherosclerosis

Atherosclerotic lesions mainly form within large to medium-sized arteries, such as
the coronary, carotid, basilar, vertebral, superficial femoral, iliac, and aorta.’!’
Major points of lesion formation within these arteries are found in the entrance
regions of arteries, such as the ascending aorta, and in the lateral leading edges of
the flow divider at principal branches of the aorta.*® As noted previously, three
processes contribute to formation of the atherosclerotic lesion: proliferation of
SMCs, macrophages, and lymphocytes; formation of a connective tissue matrix by
SMCs, consisting of elastic fiber proteins, collagen, and proteoglycans; and the
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accumulation of lipid and cholesterol in surrounding matrix and associated
CCHS.54’55’142’143’208’209

Growth factors and cytokines play a significant role in the proliferation and
migration processes of multiple cell types contributing to vascular lesion formation.
Growth-related signal transduction mechanisms contribute significantly to the pro-
gression of vSMCs to a highly proliferative phenotype as a result of atherogenic
insult.'”® Growth regulatory molecules involved in cell proliferation include PDGF,
bFGF, IGF-1, TNFo, IL-1, and TGFp (for a review see [215, 216]). PDGF and
IGF-1 are also involved in smooth muscle chemotaxis, inducing migration of
medial SMCs into the intima of the artery.?!* Both oxidized low density lipoproteins
and TGFp induce monocyte chemotaxis through the endothelium.?'> Cytokines
involved in the inflammatory response after the endothelium has been injured
include IL-1 and IL-2, TNFaq, interferon y (IFNYy), and colony stimulating
factors.?!5:216

The pathogenesis of atherosclerosis has similarities to other disease processes,
such as glomerulosclerosis.* Functional and morphological similarities between
lesion cell types such as the glomerular mesangial cells in glomerulosclerosis and
vSMCs in atherosclerosis exist, while activated macrophages are also found in both
types of lesions. In addition, calcium-dependent contractile responses characterize
both cell types, and both lesions contain the growth regulatory molecule, PDGF.?"?
The similarities between these two disease processes may also hold for other
inflammatory fibro-proliferative responses such as pulmonary fibrosis, rheumatoid
arthritis, and wound repair.?'?

Environmental Risk Factors

Risk factors for cardiovascular disease are numerous and include aspects of the
human lifestyle that can and cannot be controlled.’ Factors that cannot be controlled
include age, gender, and heredity. Older people are more at risk for CVD, especially
those over 65 years of age. Males aged 3544 are also at a greater risk for CVD
than females, and tend to have heart attacks earlier in life. The risk for females
increases after menopause due to hormonal changes. Finally, heredity and race play
a large role in risk for CVD. Children who have parents that have experienced heart
attack or stroke are likely to develop CVD themselves. In regards to race, African-
Americans have a greater risk than Caucasians for CVD due to higher blood pres-
sure levels. Mexican-Americans, American-Indians, native Hawaiians and
Asian-Americans are also at a greater risk due to higher rates of obesity and
diabetes.

There are risk factors for CVD that can be controlled. Exposure to tobacco
smoke, whether through first-hand or second-hand smoke, carries a significant risk.
The risk of death from CVD for smokers is 2-3 times that of nonsmokers. A
number of the toxicants present in cigarette smoke are damaging to blood vessel
walls, and trigger the formation of vascular lesions. High blood cholesterol can also
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contribute to an increased risk of heart disease, and is a factor that can be controlled
through the diet. This factor will be discussed in more detail later.

Other physical factors contributing to increased risk of CVD include high blood
pressure, physical inactivity, and obesity. Usually these three are present simultane-
ously, and this further enhances the morbidity risk. High blood pressure increases
the burden on the heart, and subsequently causes both the heart and blood vessels
to be more prone to injury. Physical inactivity contributes to CVD by its likely
combination with overeating, obesity, high cholesterol levels, and often the devel-
opment of diabetes. Regular exercise helps to condition the heart, lower blood
pressure, and control obesity. Obese or overweight males and females who carry
most of their weight around their waist increase their risk of CVD. Added weight
places more of a burden on the heart. Many overweight individuals are also more
likely to develop diabetes, a disease marked by unstable glucose levels. Heart and
blood vessel diseases are significant causes of death for nearly two-thirds of indi-
viduals with diabetes.

Factors that are not major risk factors, but can contribute to the onset of CVD,
exist as well, including increased levels of stress. Relationships have been found
between the risk for CVD and personal stress, health behaviors, and socioeconomic
status. Sex hormones, while not entirely controllable, contribute to risk as well,
predominantly in women. After menopause, women develop a greater risk for heart
attacks due to loss of estrogen than women who continue to cycle. Interestingly,
surgical menopause due to hysterectomy causes the risk of heart attack to rise more
sharply than the natural loss of hormone through menopause. Finally, the level of
alcohol use contributes to the onset of CVD. Large amounts of alcohol consumed
on a regular basis increases blood pressure, and can contribute to developing other
risk factors such as tobacco use and obesity. However, moderate amounts of alcohol
(average of 1 or 2 drinks per day for females and males, respectively) can actually
lower the risk of CVD from that of nondrinkers.

Hypercholesterolemia and oxidized low density lipoprotein (OxLDL) are among
the most significant risk factors associated with the initiation and progression of
atherosclerosis. Three different cholesterol lipoproteins, very low density lipo-
protein (VLDL), low density lipoprotein (LDL), and high density lipoprotein
(HDL), transport cholesterol and proteins through the blood to peripheral tissues
requiring cholesterol for cellular membrane synthesis. VLDLs contain the high-
est ratio of lipids as compared to LDL and HDL. HDLs contain more protein than
lipid, and individuals with high levels of HDL in the blood are less prone to
develop CHD than individuals with high VLDL or LDL levels. Elevated levels of
LDL in the blood are often due to defects in the apo B, or apo E (LDL) receptors
responsible for the normal uptake and catabolism of LDL within cells.?> LDL is
considered to be the major source of cholesterol accumulation in foam cells, cells
that contribute to the formation of pre-atherosclerotic fatty streaks.”> However,
LDL requires oxidative modification before it can contribute to the atheroscle-
rotic process.”® The effects and characteristics of oxidized LDL have largely
been studied in vitro, however the mechanisms by which LDL is oxidized in vivo
continue to be debated.
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Evidence for OXLDL in vivo was firmly established by Steinberg?*: (1) OxLDL
is found in both rabbit and human atherosclerotic lesions; (2) antibodies against
OxLDL react with materials in both rabbit and human lesions; (3) autoantibodies
against OxLDL are evident in both rabbit and human plasma; and (4) treatment
with compounds to prevent oxidation of LDL slow the progression of induced
atherosclerosis in rabbits, hamsters, mice, and nonhuman primates. Oxidation of
LDL is believed to occur within the artery wall after it has been taken up by intimal
ECs by transcytosis, whereby LDL is surrounded by proteoglycans and extracellu-
lar matrix components.’®21%25 The process of LDL oxidation is a free-radical driven
lipid peroxidation event where polyunsaturated fatty acids of LDL lipids are con-
verted to lipid hydroperoxides.'? These lipid hydroperoxide products can be further
degraded through free radical reactions to reactive products including malondialde-
hyde and 4-hydroxynonenal.> It is believed that these reactive products are the cul-
prits in overall OXLDL toxicity.!®! In this manner, the toxicity of OXLDL in the
vasculature can be compared to oxidative damage caused by chemical atherogens,
a concept that mechanistically links seemingly unrelated biochemical processes. As
will be addressed later in this review, many polycyclic aromatic hydrocarbon and
aliphatic amine atherogens are metabolized by cytochrome P450 enzymes to reac-
tive byproducts, including hydrogen peroxide, superoxide radicals, and hydroxyl
radicals. These free radical species can cause significant cellular injury in the vessel
wall, including lipid peroxidation, altered redox status/signaling, and damage to
both DNA and proteins. As a result, free radical production mechanisms through
both pathways indicate the similarity between cholesterol-induced injury and
chemically induced injury.

OxLDL was first implicated in vascular lesion formation by Carew et al.?® and
Kita et al.,''* who showed that WHHL rabbits with a gene defect causing LDL
receptor deficiency, and thereby considered hypercholesterolemic, had smaller
atherosclerotic lesions upon treatment with the antioxidant probucol. OxLDL is
also present in macrophages of human lesions,?® and is capable of promoting
monocyte and T-lymphocyte transmigration through the endothelium and into the
arterial wall.?!® In addition, OXLDL stimulates proliferation of SMCs through acti-
vation of PDGF.*’

A recent finding by McMillan and Bradfield'¥” has shown that LDL can contrib-
ute to vascular disease via an Ah receptor (AHR)-mediated pathway. LDL that was
modified by either fluid shear stress or NaOCl activation (to model oxidation) pro-
duced activation of AHR signaling in multiple cell lines and species. Since shear
stress is such an important factor in vascular biology, this offers another mechanism
of LDL involvement in potential lesion formation. These results are also intriguing
since AHR has been implicated in activating c-Ha-ras gene expression in vSMCs
that could lead to a proliferative response.'® This mechanism will be further con-
sidered later in this chapter.

Low HDL is also a risk factor in coronary heart disease, especially in women,
and exceeds the risk of high levels of LDL in the blood."*” HDL provides a protec-
tive effect against CHD, and is capable of inhibiting LDL oxidation caused by
redox metals in cultured arterial cells.!* HDL also acts to prevent the formation of
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lipid peroxides in LDL when they are both incubated under oxidizing conditions.!?
Therefore, low levels of HDL could contribute to the prevalence of potentially
oxidizable LDL simply by not providing effective protection against its
accumulation.

Atherogens vs. Carcinogens

Mechanisms characteristic of the progression of atherogenesis are analogous to
mechanisms representative of carcinogenesis. As mentioned previously, the clonal
expansion theory of the progression of atherosclerosis correlates closely with the
course of tumor progression in carcinogenesis. The cellular and molecular mecha-
nisms of both atherosclerotic lesion and neoplastic tumor formation are similar in
the course of initiation, promotion, and progression of the disease. Of relevance in
this context is that a number of toxic environmental chemicals can contribute to
both processes.

The first set of compounds classified as both atherogens and carcinogens
are the polycyclic aromatic hydrocarbons (PAHs). PAHs such as BaP, 7,12-
dimethylbenzanthracene (DMBA), and 3-methylcholanthrene (3-MC) were
initially identified for their potent carcinogenic potential. Nearly all PAHs are
oxidized by cytochrome P450 enzymes to toxic metabolic intermediates which
can be involved in DNA adduct formation or mutation of DNA. Factors such as
solubility, distribution to target tissues, and intracellular localization relative to
enzymes involved in biotransformation figure prominently in the expression of
PAH carcinogenicity.! DMBA can be hydroxylated to a benzylic alcohol'>? or
oxidized by cytochrome P450s to a radical cation (benzylic carbocation), which
is its most highly toxic form.? Metabolism of BaP to the secondary metabolite
BaP 7,8-diol-9,10-epoxide is considered the ultimate carcinogenic product of
metabolism of this compound in that it adducts strongly to DNA. As atherogens,
BaP and DMBA are biotransformed through P450 enzymes primarily in the
smooth muscle layer of the aorta, and also in the aortic endothelium.'® DMBA,
in combination with methoxamine, induces focal proliferation of SMCs by an
initiation—promotion sequence.'” Others have indicated that several PAHs act as
promoters of the atherosclerotic response by increasing the size, and not the fre-
quency of atherosclerotic lesions.>!%5 3-MC however increases both the number
and size of lipid-staining aortic lesions found in animals that have been fed an
atherogenic diet for 8 weeks, indicating the action of this PAH as an initiator of
the atherosclerotic process.!”

Occupational exposure to inorganic metals is also a risk factor for the initiation
of both carcinogenesis and atherosclerosis. Arsenic, cadmium, chromium, and
nickel are all considered carcinogens with a predominant malignancy of pulmonary
carcinoma from working in metal refineries.”** The inorganic metal cadmium is
also considered to be a potent atherogen as well. Long-term exposure to cadmium
is linked to the development of atherosclerosis and hypertension through its high
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localization in the elastic lamina of large arteries, especially at arterial branching
points. '8

While atherogenesis and carcinogenesis have similar etiologic mechanisms,
some toxicants are primarily atherogens, and possess little carcinogenic potential.
Two industrial agents are examples of this: allylamine, used in the synthesis of
pharmaceutical and commercial products, and dinitrotoluene, a precursor in the
synthesis of polyurethane foams, coatings, elastomers, and explosives. Allylamine
is an aliphatic amine that is bioactivated by amine oxidases to acrolein and hydro-
gen peroxide to induce arterial smooth muscle cell injury and proliferation.!®®
Repeated injury of the vasculature by allylamine generates smooth muscle cell
hyperplasia and coronary artery and aortic lesions similar to those found in athero-
sclerotic vessels.!” Dinitrotoluene exposure in humans can lead to circulatory dis-
orders of atherosclerotic etiology, while repeated in vivo exposure leads to dysplasia
and rearrangement of aortic smooth muscle cells.**1* Carcinogenic toxicity has
been identified with dinitrotoluene exposure in lab animals, however in humans, the
toxicity is primarily of cardiovascular etiology.

Natural products also play a role in the onset of atherosclerosis. One such
atherogen is homocysteine, a sulfur-containing amino acid that is a byproduct of the
biosynthesis of cysteine from methionine. Individuals with genetic defects in
enzymes necessary for homocysteine metabolism have high plasma homocysteine
concentrations, and often develop atherosclerosis during childhood.!3*17
Homocysteine is responsible for inducing endothelial cell injury that precedes the
formation of atherosclerotic plaques, and also increases vascular fragility and the
proliferation of vSMCs.!”® The reactive sulthydryl group of homocysteine may be
responsible for its atherogenic properties.

Reactive Oxygen Species and Oxidative Stress

Reactive oxygen species (ROS) are products of the numerous reduction—oxidation
(redox) reactions occurring constantly within the cell, and are predominant media-
tors of a number of signal transduction processes that regulate normal cellular
function. These redox mechanisms occur through electron transport in the mito-
chondria, or through metabolic conversion of chemicals or proteins within the
cytosol. ROS are found in the form of superoxide anions (O,™), hydroxyl radicals
(‘OH), hydrogen peroxide (H,0,), and nitric oxide (NO). When atypical quantities
of these species are generated through redox reactions within the cell, cellular redox
balance is altered, and a number of different cellular processes can be affected.
Alteration in the redox balance of the cell shifting toward the pro-oxidant is termed
oxidative stress. Of importance is the fact that oxidative stress is not exclusively
attributed to increased levels of ROS in the cell — decreases in redox status also
constitute oxidative stress, and can have profound effects on cellular processes as
well. Altered conditions in the cell that can lead to oxidative stress include:
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(1) increased levels of transition metals or their reactive forms, (2) depletion of
nonenzymatic antioxidant defenses, (3) increased generation of ROS, (4) ionizing
radiation, and (5) redox cycling.

Cellular Redox Reactions

Free radicals and ROS are produced constantly during the life of the cell, and are a
major product of electron transport in the mitochondria. In addition to ROS, other
reactive compounds can be generated in the body by normal processes. This is
especially true in regards to detoxification and metabolism of xenobiotics by vari-
ous enzymatic systems. While xenobiotics may not be as directly toxic as parent
compounds, their metabolic byproducts may be reactive species and thereby induce
toxicity. These reactive metabolic byproducts can include free radicals and
electrophiles (for a review see [76]).

Redox Cycling

Free radicals, chemical species characterized by one or more unpaired electrons in
the outer shell, can contribute to toxicity in two ways — as an electron donor or an
electron acceptor. Reductase enzymes add electrons to parent compounds to
increase their hydrophilicity and facilitate excretion from the body. With a lone pair
electron, the reactive parent compound can easily donate its free electron to molec-
ular oxygen, regenerating the parent compound, but producing a superoxide radical
(0,7). This continual process is termed “redox cycling.” Superoxide radicals con-
tinue to be produced and significantly alter the redox balance of the cell, resulting
in oxidative stress (Fig. 8.3).

Conversely, peroxidase enzymes remove electrons from nucleophilic parent
compounds, such as those containing hydroxyl or amine functional groups, result-
ing in a free radical species. Hydroquinones, such as that shown in Fig. 8.3, are
such compounds that lose one electron to form a semiquinone, and a second elec-
tron to form a quinone. Redox cycling also occurs here with reduction back to the
hydroquinone species catalyzed by reductase enzymes (e.g., NADPH-cytochrome
P450 reductase or NADPH-quinone oxidoreductase). The generation of radical
cation forms of the parent compound, as well as ROS through redox cycling, con-
tributes to the toxicity and elevation of oxidative stress within the cell. Quinones
generated through the redox cycling event above represent another class of reactive
metabolic byproducts — electrophiles. Electrophilic compounds contain reactive
functional groups with a partial or full positive charge that are electron acceptors.
Such compounds extract electrons from other chemicals containing nucleophilic
functional groups, and contribute to their toxication, thereby initiating free radical
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BaP 1,6-hydroquinone BaP 1,6-semiquinone BaP 1,6-quinone

Fig. 8.3 Redox cycling of the BaP metabolites, BaP 1,6-hydroquinone and BaP 1,6-quinone

forming redox reactions as mentioned above. Nucleophiles in themselves are not
necessarily reactive species, but become so through loss of an electron by elec-
trophilic compounds (for reviews see [76,178]).

Reactive Oxygen Species and Atherosclerosis

Increased levels of ROS that contribute to oxidative stress play a key role in vascu-
lar biology and the onset of atherosclerosis. A major source of ROS in blood
vessels is the NADH/NADPH oxidase enzyme, which is expressed in endothelial
cells, SMCs, and fibroblasts of the vessel wall.?® Physiologically, ROS regulate
vascular tone and structure,® induce vascular contraction,* and promote SMC
growth.?0126428 Acute exposures to oxygen radicals can cause loss of contractile
function and structural abnormalities of the vessel.?¢”"?% In addition, ROS are pro-
inflammatory molecules and contribute to the metabolism of LDL to OxLDL.*

Oxygen free radicals and free radical species are significantly involved in cases
of heart failure due to myocardial infarction.”®® In this type of injury, apoptotic
events that occur are believed to be the result of oxidative stress.”*!%* Clinical studies
of patients undergoing coronary artery bypass graft surgery have also suggested
that increased free radical production and decreased antioxidant reserves play a role
in the pathogenesis of heart failure. 7523023

Oxygen-derived free radicals also play a significant role in ischemic reperfusion
injury.'76211 While reperfusion involves introduction of molecular oxygen-contain-
ing solutions to the ischemic myocardium, the breakdown of molecular oxygen to
ROS and free radicals can actually enhance myocardial injury."”*¢ Of the ROS
detected in the pathogenesis of reperfusion injury, superoxide anion (O,™), hydro-
gen peroxide (H,0,), and hydroxyl radicals (OH) were most prevalent.''”** While
the antioxidant enzymes superoxide dismutase, catalase, and glutathione peroxi-
dase are present within the myocardium, the overload of ROS during reperfusion
injury may overwhelm their antioxidant capabilities.®!
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Vascular cells are stimulated to generate ROS by a number of factors including
cytokines, OxLDL, angiotensin II, high glucose, advanced glycosylation endprod-
ucts of proteins, and shear stress. Generated ROS (including (O,™) and H,0,) can
thereby increase inflammatory gene transcription through activation of transcrip-
tion factors such as NFxB and AP-1. Inflammatory genes known to be responsive
in the vasculature to ROS are VCAM-1, TNFa, IL-1B, and MCP-1, among others.
ROS scavengers and antioxidants can inhibit this inflammatory gene expression
and decrease the pathogenesis of atherosclerosis.**!"® Oxidative stress influences
blood flow, inhibits platelet aggregation, inhibits leukocyte adhesion, and moder-
ates cellular growth, thereby affecting vessel diameter, vessel wall remodeling and
lesion formation, during the atherogenic process.*%

Reactive Oxygen Species as Second Messengers

ROS can also act as “second messengers” in the body, influencing the regulation of
transcription, signal transduction pathways, and the modification of proteins
involved in these processes. As mentioned previously, there are many risk factors
that contribute to the onset of atherosclerosis, including hypertension, diabetes,
hyperlipidemia, and tobacco smoking. A possible link between all of these factors
and atherosclerosis may be explained by the second messenger actions of ROS. As
reviewed by Kunsch and Medford,'® one hypothesis suggests that oxidative signals
may regulate the expression of vascular inflammatory genes, thus providing a
molecular mechanism that links these risk factors. Pro-inflammatory or pro-oxidant
stimuli may induce vascular cells to produce ROS, which in turn transmit these
signals to elevate the expression of genes involved in the atherosclerotic process,
including those responsible for the generation of adhesion molecules and other
inflammatory gene products. Nitric oxide (NO) regulates vascular inflammatory
gene expression, including the activity of NFkB in ECs, which could implicate a
mechanism for suppression of vascular gene expression.'"™ H O, can also regulate
NFxB activation by influencing IxB phosphorylation, releasing NFxB to translo-
cate into the nucleus and bind to promoter regions of target genes. Oxidative stress
can also activate AP-1 transcription factors to bind target genes within the
nucleus.'

In addition, ROS can act as second messengers to influence intracellular
signal transduction mechanisms. These molecules could provide a link
between extracellular signals received at the membrane level, and the modula-
tion of gene expression at the nuclear level.”® For example, treatment of
vSMCs with H,O, elevates intracellular stores of Ca** most likely through
inhibition of normal ATP-dependent Ca* pumps in the endoplasmic reticu-
lum.* Since Ca?* signaling mechanisms are controlled by Ca’* transport
through these pumps, this infers an oxidant-mediated effect on signaling
processes. In addition, oxidative stress inducers such as H,O, and ionizing
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radiation modulate tyrosine kinase pathways, and activate downstream
kinases involved in these pathways such as protein kinase C.!#+167.247 p
vSMCs, H,0, stimulates phosphorylation of the EGF receptor, thereby initiat-
ing a tyrosine kinase signaling cascade involving Shc, Grb2, Sos, and Ras.?
Tyrosine phosphorylation and activation of MAP kinases (serine/threonine
kinases) can also be influenced by treatment of vSMCs with PDGF, which
increases intracellular H,O, production to mediate these effects.”® In these
studies, kinase activation was inhibited upon increasing the cellular concen-
trations of catalase or N-acetyl cysteine, both antioxidants. MAP kinase acti-
vation can also be induced through the increase in intracellular ROS by key
vascular injury agents such as OxLDL and angiotensin I1.82% Angiotensin IT
specifically increases intracellular H,O, and subsequently contributes to rapid
phosphorylation of p42/44 and p38 MAP kinases.?>?% In addition, arachi-
donic acid, through Rac-1-dependent H,O, production, can also activate c-Jun
N-terminal kinase (JNK).?3*

Reactive Oxygen Species as Protein Modifiers
and Phosphorylation Mediators

ROS can also play a key event in redox modulation of transcription factors,
which can have positive or negative effects on transcriptional states. As
reviewed by Stadtman and Berlett,”” the outcomes of protein oxidation by
ROS include oxidation of amino acid residue side chains, cleavage of peptide
bonds and formation of covalent protein—protein cross-linked derivatives.
Oxidative modifications and posttranslational modifications of transcription
factors by ROS can greatly alter the DNA binding activity of the protein,
affect its cellular localization, or influence its transcriptional activity. In
regards to amino acid oxidation of proteins, cysteine residues are key regula-
tors of the DNA binding capacity of transcription factors, and are significant
targets for redox modification. The carbonyl content of proteins is also a
widely known measure of oxidative damage to proteins. Carbonyl groups can
be found in the form of aldehyde or ketone derivatives from protein reactions
with ROS. Oxidative cleavage of the peptide backbone can generate frag-
ments with N-terminal carbonyl moieties, while amino acids themselves can
be modified via oxidative modifications of lysine, proline, arginine, and thre-
onine residues. In a more physiological reaction, rather than direct oxidation,
lipid peroxidation generates 4-hydroxy-2-nonenal, a compound that can react
with proteins and add carbonyl groups to lysine, histidine, or cysteine
residues.f®1642% Increases in carbonyl content, irrespective of the mechanism, have
been shown in exposures to hypoxia, exercise, ischemia-reperfusion, oxidative
burst, ozone, and tobacco smoke, and are key indicators of aging, physiologi-
cal disorders, and disease (for a review see [249]).
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Benzo[a]pyrene

Polycyclic aromatic hydrocarbons are ubiquitous environmental contaminants that
originate from multiple sources, including vehicle exhaust emissions, heat and
power generation, refuse burning, industrial processes, oil contamination by dis-
posal or spills, cigarette smoke, and cooking of foods.*” Of the many PAHSs studied
for their toxic effects in human populations, benzo[a]pyrene (BaP) has often been
regarded as the prototypical PAH.

BaP is a five-membered ring generated as a byproduct of combustion of coal tar,
petroleum, and tobacco. BaP is present at an average level of 100ng/m? in heavily
polluted air, 23ng/L in drinking water, and 100 ug/kg in smoked foods,'" and the
average daily intake of BaP by the general U.S. population is approximately 2.2 g/
day.?! The food chain is considered the dominant pathway for routine human expo-
sure and accounts for about 97% of the total daily intake of BaP.!! Inhalation and
consumption of contaminated water are considered minor pathways of exposure for
the general population, except for consumers of tobacco products or workers in the
coal industry. PAH exposures often involve multiple sources and routes, and often
involve co-exposure with other contaminants. As a result, the spectrum of toxic
effects associated with single exposure to BaP may or may not reflect actual envi-
ronmental exposures.

The inhalation of cigarette smoke has been strongly implicated as a causal
factor in human cancers, as suggested by the high incidence of lung cancer
among smokers,??%2%7, BaP has been estimated to be present at a level of 25ng
per cigarette,?”® and the average intake of BaP in smokers of one-pack of unfil-
tered or filtered cigarettes per day is 0.7 ug/day or 0.4 pg/day, respectively.’’
Many free radical species are also present in cigarette smoke, both in the gas-
phase and inhaled particulate phase,'” potentially contributing to increased
incidence of cancer in smokers. Epidemiological data suggest that the amount of
particulate matter, or “tar” that is inhaled correlates with increased rates of lung
and larynx cancer.®> Heavy smokers not only face a high risk for lung and larynx
cancer, but also of upper digestive tract, pancreas, kidney, and urinary bladder
cancers.®

Bay Region Hypothesis

Several PAHs contain a structural motif known as the “Bay Region.” The bay
region is defined as the area of a complex ring structure containing a single angular
fused benzene ring adjacent to an aromatic ring (Fig. 8.4). The region encompass-
ing carbons 9-12 is considered to be the bay region of BaP. The angular ring forms
an area of steric hindrance, where oxidation or radical formation can easily occur,
while detoxification and conjugation are impeded. The active center is located at
the benzyl position (the carbon on the angular ring that is o to the aromatic ring).
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Fig. 8.4 Bay region and K-region reactive sites on benzo[a]pyrene

C!% of BaP is considered the active center (o-carbon) as its location is in the highly
reactive benzylic position of the saturated, angular benzo-ring forming the bay
region. The K-region represented by carbons at positions 4 and 5, represents an area
of high electron density, and therefore high metabolic activity.

Molecular orbital calculations have shown that epoxides formed on these satu-
rated benzo-rings undergo ring opening to form a carbonium ion more readily than
non-bay-region epoxides, and are highly susceptible to nucleophilic attack, such as
that by DNA.'¥? Benzo[a]pyrene 7,8-diol-9,10-epoxide (BPDE), a putative carcino-
genic metabolite of BaP, contains an epoxide ring at the tenth position and has been
shown to form DNA adducts with the N? position of guanine. The strength of a
carcinogenic PAH correlates with the formation of a carbonium ion within the bay
region of the molecule. However, exceptions to this rule may exist since a highly
toxic BaP metabolite (BaP 4,5-oxide) capable of adducting DNA has been reported
to be formed on the K-region of the molecule.'®?

Metabolism of Benzo[a]pyrene, Enzyme Systems
and Reactivity of Metabolites

BaP is a procarcinogen, and as such, requires metabolic activation to reactive inter-
mediates to elicit toxic effects. Many enzymatic systems participate in the metabo-
lism of BaP leading to enhancement of, or protection from toxicity.” The multiple
metabolic products generated from oxidative metabolism of the parent compound
exhibit varying reactivities, leading to complicated pathways of cytotoxicity,
macromolecular damage, and overall deficits in cell function and integrity.
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Both Phase I and II enzymes metabolize BaP to hydrophilic intermediates as a
means of detoxification and elimination from the organism. Phase I metabolic
enzymes involved in BaP metabolism include cytochrome P450 mixed function
oxidases (MFOs), epoxide reductases, and epoxide hydrolases (which can also be
considered as Phase II enzymes), as well as the Phase II conjugating enzymes glu-
tathione transferases, UDP-glucuronyl transferases, and sulfotransferases.”
Endoplasmic reticulum-based cytochrome P450 monooxygenase reactions begin
the metabolic cascade, introducing oxygen at any number of positions on the parent
compound to form epoxides, the major forms of which are the 4,5-, 7,8-, and 9,10-
isomers (Fig. 8.5).

Simple oxidation of BaP upon exposure to air can also produce the epoxides
1,2-, 2,3-, 4,5-, 7,8-, 9,10-, and 11,12-epoxide isomers. The 4,5-, 7,8-, and 9,10-
diols, all present as trans isomers, are formed through subsequent metabolism of
epoxides by epoxide hydrolase.” BaP frans-dihydrodiol oxidation can occur by the
action of dihydrodiol dehydrogenases in the cytosol. Dihydrodiols, such as BaP
7,8-diol can be converted to catechols via dihydrodiol dehydrogenase, and subse-
quently autooxidize to an electrophilic ortho-quinone, as in the case of BaP
7,8-quinone.?*?

Nonenzymatic rearrangement of epoxides can also result in phenolic intermedi-
ates, of which five have been isolated: 1-, 3-, 6-, 7-, and 9-OH BaP isomers. 3-OH
BaP is considered to be the major phenolic metabolite of BaP, arising from an NIH
shift mechanism in an unstable 2,3-epoxide. However, this is not considered to be
the primary pathway of formation, since direct hydroxylation on the C-3 position
of BaP is predominant in most cell types.” Mechanisms of phenol formation inde-
pendent of an epoxide intermediate are also possible, notably in the case of oxy-
genation at C-6 with subsequent quinone formation at the 1,6-, 3,6-, and
6,12-positions.**36 3-OH BaP can be metabolized to quinones upon air oxidation,'
and convert to BaP 3,6-quinone upon incubation with heat-inactivated micro-
somes.?! In general, PAHs of low ionization potential, such as BaP, can be con-
verted by one-electron oxidation via peroxidases or cytochrome P450 to toxic
radical cations, an intermediate in further metabolism to quinones.” BaP 3,6-qui-
none accounts for 44% of the oxidation of 6-OH BaP,'** and binding of BaP to DNA
at the 1, 3, and 6 positions is associated with a free-radical mechanism of toxic
action.?® 6-oxy BaP has also been identified as a metabolite, involved as an inter-
mediate of 6-OH BaP formation.”

Autooxidation of 6-OH BaP leads to quinone formation with the subsequent
production of radicals, including O, and "OH radicals and OH~ through redox
cycling events. These oxygen radicals may react further to produce H,0,. A posi-
tive feedback mechanism involving direct action of hydroxy radicals with BaP to
generate 6-oxy-BaP radicals and BaP quinones has also been described.?®
Surprisingly, the 6-oxy-BaP radical is unusually stable and is unreactive to hydro-
gen-donating solvents and antioxidants.!!37 As a result, quinone formation is
highly likely and can account for a large metabolic yield of BaP in a variety of tis-
sues.'?* BaP quinones participate in one-electron redox cycles between their corre-
sponding hydroquinones (BaP diols) and semiquinone radicals. Coupling these
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NADPH-cytochrome P450 reductase catalyzed cycles with molecular oxygen pro-
duces ROS in the form of O, and H,0,."** Such redox cycles operate under physi-
ological conditions and can be aided by cellular respiratory enzymes. The excessive
generation of oxidants can ultimately alter redox status in target cells and induce
cellular injury.

Secondary metabolites of BaP are formed following further enzyme attack of
primary metabolites. Catechols are secondary metabolites formed by the dehydro-
genation of dihydrodiols,?*?! while additional epoxides form through monooxyge-
nase attack of unoccupied positions in phenols and dihydrodiols.?'*” Such is the
case of BaP trans-7,8-diol, which is converted to two stereoisomers (anti and syn)
of BPDE by recycling through the MFO system. The (+) isomer of anti-BPDE is
the most active of all four diol epoxides (+ anti and + syn), acting as both a com-
plete carcinogen and tumor initiator in mouse skin,?*! as well as a mutagen in
Chinese hamster V79 cells.®

Factors controlling recycling through the MFO system include the amount of
phenol or diol metabolites available for further action by MFOs, relative to the
amount of competing BaP substrate available. Less recycling occurs when large
amounts of BaP parent compound are available, and vice versa.”” MFO recycling
creates metabolites of far greater polarity that are not as easily extractable as the
primary and secondary metabolites.” High levels of conjugating enzymes may also
compete with the MFOs for the oxygenated primary or secondary metabolites, thus
diminishing the availability of oxygenated metabolites for recycling.

In the case of lung microsomes, exposure to oxygen metabolites leads to a
decreased rate of BaP metabolism, decreasing the potential for enzymatic detoxifi-
cation reactions, and thereby increasing accumulation of potentially toxic BaP
metabolites.** Levels of the detoxification enzymes superoxide dismutase (SOD)
and catalase are also reduced in BaP-treated tissues and correlate with increased
oxidative damage to DNA and protein.!'° In like manner, BaP increases the level of
oxidative DNA damage in the form of 8-OHdG levels in liver, kidney, and lung.!!°
Protein damage via oxidation, as reflected by protein carbonyl content, is also seen
in cytosolic fractions of these tissues, though predominantly in the liver.!'

Despite formation of potentially damaging intermediates that can promote cel-
lular injury and toxicity, oxidative metabolism of BaP is a pathway of detoxification
and elimination. Phenols and diols can be conjugated to water-soluble compounds
by either sulfate or glucuronide conjugation,” with BaP phenols as the preferred
substrates for UDP-glucuronyl transferases. Diminution of BaP and 6-OH BaP
cytotoxicity by glucuronide conjugation is likely due to elimination of cytotoxic
phenols and quinones.?®

Metabolism of BaP can produce ROS in the form of O,™, OH", OH™ and H,0,,
all of which are capable of incurring some form of injury when present in high levels
in the cell. BaP quinones and consequent generation of free radicals may mediate
modulation of redox status in target cells by BaP. However, redox cycling may not
be the primary mechanism of quinone cytotoxicity in all cell types. Zhu and cowork-
ers®* have shown that levels of cellular glutathione (GSH), quinone reductase (QR)
activity, and ROS are not involved in BaP quinone-induced bone marrow stromal
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cell injury. Despite increases in GSH content and QR activity by pretreatment with
1,2-dithiole-3-thione (D3T), protection against BaP 1,6-quinone toxicity was not
achieved. Interestingly, dicumarol, an inhibitor of QR, and buthionine sulfoximine
(BSO), an inhibitor of GSH synthesis, did not alter BaP 1,6-quinone cytotoxicity
either.* In actuality, BaP 1,6-quinone treatment of bone marrow stromal cells
depleted cellular ATP content and induced mitochondrial morphology changes,
leading to decreased cell survival.

Target Organs and Cellular Localization of Benzo[a]pyrene

Exposure to BaP by inhalation, oral or dermal exposure, results in distribution of
the toxicant throughout the organism. The liver is often regarded as a primary target
of BaP since this organ contains many of the enzymes involved in bioactivation of
the parent molecule. Following intratracheal administration, 21% of a single BaP
dose is available in the liver within 10 min.?’® High levels of BaP are found within
30min in the liver, kidney, gastrointestinal tract, esophagus, small intestine, blood,
and carcass.?”® In the lung and liver, quinone metabolites of BaP are present at high
levels within 5 min after exposure. The intestinal concentration of BaP and its
metabolites increases with time, suggesting the occurrence of biliary excretion and
enterohepatic recirculation.?’” However, intestinal absorption of PAHs is highly
dependent on the presence of bile in the stomach.!”* BaP can also be absorbed into
liver, lung, and kidney after oral administration.?®3

BaP is highly lipophilic and readily taken up into cells through the plasma
membrane. Once taken up into the cell, PAHs generally associate with hydropho-
bic molecules that participate in its distribution throughout intracellular compart-
ments. Most PAHs preferentially accumulate in the mitochondrion and nucleus.
Mitochondria themselves may be cellular targets of BaP, with quinone-induced
cytotoxicity resulting from direct disruption of energy metabolism.?** Barhoumi et al.'
examined the partitioning of BaP into rat liver cells by fluorescence microscopy. In
these cells, BaP was found to enter the cell within several minutes, and to rapidly
localize in Golgi and cytoplasmic membranes, including the plasma membrane,
endoplasmic reticulum, and nuclear envelope. Some accumulation was also found in
the nucleus, mitochondrial matrix, and lysosomes. In addition, monooxygenases are
believed to be present in the nucleus and nuclear envelope,®106:10205235 sugoesting that
BaP could in fact be metabolized in these compartments. In support of this, Bresnick
and coworkers® showed that isolated nuclei could metabolize BaP to BPDE.

Benzo[a]pyrene Carcinogenicity

BaP is a key factor in promoting atherogenesis, however, its toxicity was first attrib-
uted to its carcinogenic properties. Understanding the mechanisms of BaP-induced
carcinogenicity may aid in understanding its mechanisms of inducing atherogenesis,
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as some of these processes are similar. Miller and Miller'**!! performed ground-
breaking research in the 1950s with PAHs such as BaP showing that covalent binding
of these chemicals to DNA was an initial critical step in carcinogenesis. Such
modifications in DNA are handled by repair mechanisms within the cell nucleus
and are subject to tight cellular regulation. Unrepaired genomic damage can slip
through the pathway and go on to form preneoplastic lesions that give rise to neo-
plasia and malignant transformation. Factors such as solubility, distribution to tar-
get tissues, and intracellular localization relative to enzymes involved in
biotransformation figure prominently in the expression of PAH carcinogenicity.

Initial studies of BaP carcinogenesis were performed by Levin and coworkers
using a mouse skin model, whereby BaP and its metabolites were painted onto
mouse skin over a period of 60 weeks.!?® At 0.4 umol, parent compound, BaP 7,8-
oxide, and 2-OH BaP showed the most prevalent incidences of tumors, with
metabolites closely mimicking the response of BaP. The 2-OH BaP metabolite was
shown to be the most carcinogenic, however it was disregarded as a major signifi-
cant metabolite due to its high reactivity and instability.?*® At 0.15 umol, BaP 7,8-
diol showed a greater incidence of tumors than BaP 7,8-oxide. The carcinogenicity
of these two latter metabolites was believed to involve conversion to BaP 7,8-diol-
9,10-epoxide (BPDE).'” Intraperitoneal injections of newborn mice with BaP, BaP
7,8-diol, and BPDE showed high incidences of malignant lymphomas of the thy-
mus, spleen, bone marrow, lymph nodes, liver, and other organs, as well as lung
adenomas, with a clear establishment of BaP 7,8-diol as the proximate carcinogenic
metabolite of BaP.!®

A number of factors determine human susceptibility to PAH-induced cancers.
One is the heterogeneity of human genotypes regarding aryl hydrocarbon hydroxy-
lase inducibility.! Although the average human lifetime exposure to BaP greatly
exceeds the amount necessary to grow papillomas on the back of a mouse,??
humans are generally less sensitive to BaP-induced carcinogenesis than other spe-
cies. Kadlubar and Badawi'”' have shown that PAH-DNA adducts in human bladder
correlate with polymorphism in the total metabolism of BaP by bladder micro-
somes and especially the formation of BaP 7,8-diol. Thus, the expression of
metabolizing enzymes may be a critical determinant of carcinogen-DNA adduct
formation and individual cancer susceptibility.!” This paradigm may also influence
other toxicity outcomes upon exposure to BaP.

Recycling of MFOs leads to further oxidation of BaP dihydrodiols and subse-
quent formation of highly toxic diol epoxides. BPDE is the most carcinogenic of
all BaP metabolites tested. This compound contains an epoxide ring within the bay
region of the molecule and is highly susceptible to nucleophilic attack. BaP-DNA
adducts form on the 9,10-epoxide position, preferentially on the N? position of
guanine, and lie in the minor groove of DNA.?”” BPDEs are easily converted into
carbonium ions, which are alkylating agents, and thus mutagens and initiators of
carcinogenesis. The proportion and amount of BaP binding to DNA (through
BPDE) increases with time of exposure to BaP in culture. This is primarily due to
induction of P450IA1 by BaP and increases in metabolism of the parent compound
to the ultimate carcinogen.’® In support of this, antibodies against P450IA1 reduce
binding of BaP to DNA by over 90% in microsomal preparations of BaP-treated



180 K.P. Miller and K.S. Ramos

hepatocytes.’! Long-term exposure of cells to BaP could result in activation of a
higher proportion of BaP to the carcinogenic BPDE.! P450IIC11 can also
metabolize BaP to 7,8- and 9,10-dihydrodiols, and further to BPDE. Antibodies
against this enzyme and epitopically related P450s inhibit metabolism to these reactive
metabolites and also inhibit enzyme catalyzed binding of BaP to DNA in the specific
formation of BaP-N’Gua adducts detected by *?P-postlabeling.® Yang et al.®** pro-
vided evidence that BPDE is responsible for adduct formation in the aprt gene in CHO
cells. Upon separate treatment with BaP and BPDE, the mutation spectra of this gene
was analyzed and found to be similar between the two, suggesting that BPDE is
responsible for some of the significant biological effects of the parent compound.

Macromolecular Adduction

Exposure to PAHs induces formation of various types of macromolecular
adducts, of which DNA adducts have been most extensively characterized. DNA
adduction profiles exhibit species-, strain-, and tissue-specific differences due to
variations in metabolic activation and repair capability.?!! Studies using rat liver
microsomes and mouse skin showed that binding of BaP at the C°® position to
DNA occurs. Although the major stable adduct of BaP identified was BPDE-10-
N2dG (a C'° adduct), DNA adduction primarily occurred at the C° position of BaP
to the C® and N7 positions of guanine, and N’ of adenine. All of these latter
adducts were lost from DNA by depurination. These results suggest that forma-
tion of PAH radical cations by one-electron oxidation plays a central role in acti-
vation of carcinogenic PAHs of low ionization potential and localization of
charge in their radical cations.

In accord with this one-electron oxidation pathway, semiquinone intermediates
formed during the redox cycling of quinones can directly bind DNA.**11316 Ap end
product of redox cycling, BaP 3,6-quinone, forms two DNA adducts with deoxy-
guanosine (dG), but not with deoxyadenosine, deoxycytosine, or deoxythymidine.”
NAD(P)H quinone oxidoreductase, (NQO,) can specifically reduce binding of qui-
none metabolites of BaP to DNA and protein. 6-OH BaP, a precursor to quinone
formation, also binds DNA, most likely through participation of the 6-oxy BaP
radical.'®® BaP 7,8-diol can also contribute to DNA adduct formation as seen in
lung target cells co-incubated with activated neutrophils. The addition of phorbol
myristate acetate (PMA)-activated neutrophils strongly enhanced BaP 7,8-diol
adduct formation, while antioxidants added to co-incubations significantly reduced
the number of adducts.?? The K-region BaP 4,5-oxide forms DNA adducts, but does
not fit into the minor groove of DNA as well as BPDE does, and consequently is
more rapidly repaired by DNA repair systems.”'8! Finally, 9-OH and 3-OH BaP
can be further metabolized to covalently bind to DNA.” King et al.!'! suggested that
metabolism of 9-OH BaP to the 4,5-epoxy-9-OH BaP metabolite is capable of
DNA binding. In the case of 3-OH BaP, Kinoshita and Gelboin!!?> showed DNA
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binding by a benzo[a]pyrene-3-glucuronide intermediate generated by the action of
B-glucuronidase.

Nucleotide adduct formation by BaP leads to DNA mutations. Major mutations
include G:C — T:A transversions, with mutations localized within runs of guanines.?**
Mutation by BaP is nonrandom, and preferentially targets runs of guanines flanked
by adenine residues, such as those found in the hotspot region of codon 61 in human
c-Ha-rasl proto-oncogene.

Deficient repair of DNA adducts formed by reactive BaP intermediates has
been associated with increased rates of mutation in mammalian cells. In studies
examining the mutagenicity of BaP in TA98 and TA100 Salmonella strains,'*
BaP 7,8-diol-9,10-epoxides and H4-9,10-epoxides (9,10-epoxy-7,8,9,10-tetrahy-
droBaP) were identified as the most potent mutagenic metabolites. Mutagenic
capacity is significantly decreased if the epoxide is located on the 7,8-position, as
opposed to the 9,10-position. This follows the reactivity correlates predicted by
the Bay Region Hypothesis. The 4,5-oxide of BaP is also mutagenic in these
strains, but to a lesser degree than diol epoxides and H,-9,10-epoxides. Of the
multiple phenolic metabolites of BaP, only 1-, 3-, 6-, and 12-OH BaP isomers
showed any mutagenic activity in bacterial or mammalian cells, with the 6-OH
being the most mutagenic, though less so than BPDE. The six quinones (1,6-,
3,6-, 6,12-, 4,5-, 7,8-, and 11,12-isomers) and 4 dihydrodiols (4,5-, 7,8-, 9,10-,
and 11,12-isomers) tested were all inactive as mutagens. In the presence of
monooxygenase activity, many of the primary BaP metabolites (BaP 7,8-diol, and
1-, 2-, 3-, 6-, and 9-OH BaP) were activated to more mutagenic metabolites.
Similar results were found upon examination of the mutagenicity of these metab-
olites in Chinese Hamster V79 cells.'?

Different results were reported when the Salmonella TA104 tester strain was
examined in separate investigations.’> BaP 1,6-quinone and 3,6-quinone were
both highly mutagenic, while the 6,12-quinone was only a weak mutagen. Two-
electron reduction of BaP 3,6-quinone by NQO, to the hydroquinone was not
mutagenic, whereas the one-electron reduction, catalyzed by NAD(P)H:cyto-
chrome P450 reductase, was mutagenic. The mutagenicity of quinones by this
pathway was attributable to the generation of oxygen radicals, particularly O,~,
and subsequently H,O,. In support of this view, SOD and catalase together
inhibited reductase-mediated mutagenicity of BaP 3,6-quinone almost com-
pletely, while the two individually only show modest inhibition. As a result,
oxygen radicals produced through redox cycling, rather than quinones them-
selves or their semiquinone intermediates, were implicated in this case as the
mutagenic agents.

Quinone redox cycling is a predominant mechanism of ROS production upon
exposure and subsequent metabolism of BaP within the cell. BaP quinones induce
single-strand scissions in T7 bacteriophage DNA in vitro, an event most likely cata-
lyzed by ROS participating in free-radical reactions within the cell.’* Studies indi-
cate that hydroxyl radicals produced in Fenton-type reactions can be responsible for
strand scission.'*
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Benzo[a]pyrene and Atherosclerosis

BaP has been implicated in the initiation and progression of atherosclerotic
disorders, particularly through modulation of growth and differentiation in aortic
SMCs.1%¢ In vivo treatment of Sprague—Dawley rats with BaP is associated with
development of aortic wall lesions with structural changes characteristic of the
early stages of atherosclerosis, including loss of endothelial integrity, fragmenta-
tion of elastic laminae, expansion of the SMC mass, and orientation changes of
medial SMCs.?! A relationship also exists between induction of proliferative
vSMCs involved in lesion formation and expression of c-Ha-ras, as shown by
evidence that in vitro BaP challenge upregulates ras gene expression.?! However,
mutations are not detected in SMCs within the activating regions of c-Ha-, c-Ki-,
or N-ras genes upon weekly in vivo BaP injections, indicating that such mutations
are not responsible for BaP-induced alterations in SMC proliferation.*' An epige-
netic mechanism involving deregulation of c-Ha-ras expression has therefore
been proposed.'’

Biotransformation and metabolism of BaP during the course of atherogenesis is
believed to occur mainly in the smooth muscle layers of the aorta,®* although
endothelial-mediated metabolism also occurs.?? BaP is metabolized in SMCs by
cytochrome P450 monooxygenases to intermediates that further oxidize to produce
ROS. Specifically, 3-OH BaP, a precursor to quinone formation and generator of
ROS, is a predominant BaP metabolite in SMCs,'® and metabolism to quinones,
namely the 3,6-isomer, can soon follow by air oxidation or further metabolism
through the P450 system.?'?3! Quinone redox cycling is a common occurrence and
can produce a multitude of oxygen radicals through the one- or two-electron reduc-
tion cycles. In vSMCs, this phenomenon has been shown upon treatment with BaP,
evidenced by increases in the formation of ROS and depletion of antioxidant capac-
ity within the cell.!%

Additional support of a redox mechanism is provided in terms of protein
oxidation and atherosclerotic plaque development. Reactive products of protein oxi-
dation such as hydroxyleucine and hydrovaline are increased in advanced
atherosclerotic plaques, indicating that oxy radicals, possibly along with the prod-
ucts of metal ion-catalyzed Fenton chemistry, and/or peroxyl and alkoxyl radicals,
play a direct role in plaque formation.?®

Albert and coworkers? were the first to show that PAHs increase the size of
atherosclerotic lesions in chickens. These observations were confirmed by Bond et
al.,” who also demonstrated a dose-dependent relationship between administration
of BaP and dimethylbenzanthracene (DMBA) and the development of atherosclerosis
in chickens. These studies likened the initiation and promotion of atherosclerotic lesions
to that involved in carcinogenic tumor initiation and promotion, as was previously
suggested by Benditt.!"® In other studies comparing long-term BaP treatment in
atherosclerosis-susceptible White Carneau and atherosclerosis-resistant Show
Racer pigeon models, the number and size of arterial lesions in the brachiocephalic
arteries in females, but not males, of both species were enhanced.® Treatment with
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benzo[e]pyrene, a noncarcinogenic BaP analogue, did not enhance lesion develop-
ment, therefore postulating that metabolic activation is required for BaP athero-
genicity. BaP is a primary constituent of tobacco smoke, and many studies have
focused on how BaP exposure by this route of administration affects the atheroscle-
rotic process. Exposure to cigarette smoke increases the activity of the BaP metabo-
lizing enzyme aryl hydrocarbon hydroxylase.!'* Correspondingly, the activity of
aryl hydrocarbon hydroxylase (AHH) correlates with increased levels of athero-
sclerosis in avian species,'” indicating that metabolites of BaP play a large role in
atherosclerotic plaque development. In support of this, aortic microsomes from
BaP-treated rats metabolize BaP to the 7R, 8S, 9,10-tetrahydrotetrol, 7,8-dihydro-
diol, 1,6-quinone, 3,6-quinone, 6,12-quinone, 3-hydroxy, and 9-hydroxy-BaP moi-
eties, suggesting that BaP present in cigarette smoke can be metabolized in the
aorta to carcinogenic and toxic products, thereby initiating vessel injury and lead-
ing to accelerated atherosclerosis in cigarette smokers.?®

Modulation of Gene Expression by Benzo[a]pyrene through
the Aryl Hydrocarbon Receptor

The aryl hydrocarbon receptor (AHR) has been extensively characterized as the
primary xenobiotic-regulated transcription factor involved in transcriptional regula-
tion of drug metabolizing enzymes.?” Through a ligand-inducible reaction, AHR
binds to dioxin-responsive enhancer elements (DREs), also known as aryl hydro-
carbon response elements (AHRES), in the regulatory regions of Phase I and II
genes. 4142577096179 9 3 7 8_Tetrachlorodibenzo-p-dioxin (TCDD) is often recog-
nized as one of the most potent ligands of the AHR. AHR is a basic helix—loop—helix
cytosolic protein that is present in the cytosol in complex with two heat shock pro-
tein 90 (HSP90) molecules and XAP2 (X associated protein 2). Binding of ligand
to the receptor induces translocation to the nucleus where it releases the HSP90
and XAP2 proteins, and interacts with the aryl hydrocarbon nuclear translocator
(ARNT). This AHR-ARNT heterodimer then binds DNA to transactivate or trans-
repress target genes (Fig. 8.6).

BaP is recognized as a ligand for AHR, and as such, in vivo and in vitro expo-
sure to this chemical is often associated with activation of AHR-coupled signaling
in mammalian and nonmammalian cells. Gene induction via BaP-AHR mechanisms
often serves as a positive feedback regulatory loop that sustains metabolism of the
parent compound.

Vaziri and Faller’® have shown that BaP inhibits growth factor-stimulated DNA
synthesis in cells expressing high levels of AHR. In these experiments, growth
arrest by BaP is not seen in cells lacking AHR, nor cells treated with a-NF, an AHR
antagonist.”’® BaP-treated cells also exhibited increased amounts of DNA adducts,
while TCDD-treated cells did not, indicating that inhibition of cell growth by BaP
may involve metabolism to genotoxic metabolites. Similar results are seen upon
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Nucleus

Fig. 8.6 Ah Receptor signaling pathway. Extracellular ligand is taken up by the cell, and binds
to AHR, which is associated with two HSP90 proteins and XAP2. The new AHR complex trans-
locates to the nucleus where it releases XAP2 and the two HSP90 proteins, and binds to ARNT.
The AHR/ARNT heterodimer then binds to the AHRE to influence transcriptional events
(modified from [149,281])

BaP treatment of rat hepatocytes.?®? In these experiments, pretreatment of cells with
both a-NF and ellipticine antagonized BaP-induced inhibition of DNA synthesis,
implicating AHR signal transduction mechanisms in the toxic response.

In follow-up studies, the time- and concentration-dependent effects of BaP on c-fos,
c-jun, c-myc, and c-Ha-ras expression in cultured rat hepatocytes was evaluated.”* BaP
markedly inhibited the expression of c-fos and c-jun, with pronounced effects observed
during the early part of the induction response. In contrast, the kinetics of c-myc and c-
Ha-ras inducibility was increased by BaP leading to significant enhancement of mRNA
levels relative to control counterparts. TCDD, an AHR agonist, elicited responses com-
parable to BaP for c-jun and c-Ha-ras, but not c-fos or c-myc. Interestingly, o-NF elic-
ited c-jun and c-Ha-ras responses comparable to BaP, but reversed the modulatory
effects of BaP on c-fos and c-myc. Diamide, a sulthydryl oxidant, increased c-fos,
c-myc, and c-Ha-ras gene expression, but did not influence the gene modulatory effects
of BaP. Thus, the ability of BaP to influence growth-related gene expression in cultured
rat hepatocytes involves both AHR signaling and oxidative stress.

In addition, Rushmore et al.?*® have found that o-NF transcriptionally activates
GSTALI through an antioxidant response element, also known as the electrophile
response element (ARE/EpRE) in HepG2 cells, indicating that complex molecular
mechanisms involving the AHR may be operative in the regulation of gene expres-
sion via the ARE/EpRE. Analogously, evidence by Ramos and coworkers has
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shown that AHR signaling participates in ARE/EpRE regulation of the c-Ha-ras
oncogene and the rGSTA1 gene.3*1% The full length rtGSTA1 promoter is negatively
regulated by aromatic hydrocarbons such as BaP and TCDD through a crosstalk
mechanism between AHRE and ARE/EpRE.* Partially responsible for this is the
presence of a C/EBP-like site located within the consensus ARE/EpRE of the
rGSTA1 promoter.”® When this C/EBP-like site is mutated, positive regulatory
function of rGSTAL in response to aromatic hydrocarbons is regained. Therefore,
in this promoter, it has been suggested that in response to aromatic hydrocarbons,
the AHR protein itself, or AHRE, participate in the negative regulation of rGSTA1
via the C/EBP-like site located within the ARE/EpRE.*

c-Ha-ras

Ras genes were first discovered and described as oncogenes present in the Harvey
and Kirsten rat sarcoma viruses.” The ras gene family consists of three members
found in all eukaryotic cell types: Ha-ras, K-ras, and N-ras. The gene sequences of
the ras family are highly conserved, suggesting that ras plays a key role in cell
proliferation. Of significance is that ras genes have been found to be present and
activated in 20% of all human tumors, lending support to their predominant role in
the processes of cell transformation and cancer progression.” Ras oncogenes are
capable of immortalizing and causing morphological transformation, anchorage
independence, tumorigenicity, and metastasis.??*?* They can also play a dual role
in blocking or inducing differentiation, or acting as either oncogenes or oncosup-
pressor genes.”'?%324 Studies by Ramos and coworkers have identified that the
induction of c-Ha-ras gene expression mediates the increase in cell proliferation of
aortic SMCs after toxic injury.?!

The c-Ha-ras promoter does not contain TATA or CAT boxes, but instead relies
on its GC-rich content and the positioning of key response elements in the promoter
to regulate transcription.'*® Some of these key elements include TPA-responsive ele-
ments (TRE), AHRE (arylhydrocarbon response element), Spl, and antioxidant/
electrophile response elements (ARE/EpRE). A basic representation of the c-Ha-ras
transcriptional start site and promoter region is depicted in Fig. 8.7. The heavily
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GC-lI AhRE

Fig. 8.7 Key transcriptional and regulatory elements in the human c-Ha-ras promoter that modu-
late its response to BaP (Modified from [198])
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predominant GC boxes are characteristic of housekeeping genes such as ras, and are
presumed to be involved in binding Spl proteins.” Two GC elements (GCII and
GCIV) which span a 150-bp region from the major start site cluster are key in regu-
lating the expression of human c-Ha-ras,'® along with other sites within the pro-
moter region including an HRE sequence element (CCGGAA) located 5’ of the
GCII box, a functional NF-1/CTF binding site positioned between the GCIII and
GCIV boxes (CCAAT) located at position —88, and a CACCC box downstream of
GCIV.!% From the start site cluster through position —75, there is no independent
activity contributing to gene regulation due to absence of a TATA box.!”® GCIV is
considered to mediate start site selection,'** while GCII is necessary for full transient
expression of the gene,'” and HRE contributes to promoter activity.'*® The CCAAT
site binds the NF-1/CTF protein, which has been previously identified as a DNA-
binding protein necessary for the initiation of adenoviral DNA replication.”’

The multiple transcriptional start sites of the c-Ha-ras gene span an area of 90 bp,
in a major cluster 130 bp upstream from intron 1, notated as +1 to +11.'*3 Minor start
sites can also be located both upstream and downstream from this major cluster.!*
Nearly 80% of c-Ha-ras transcripts originate from the major start site cluster as
shown in T24 and HeLa cells,'? though two novel start sites at —122 and —263 have
been found in vSMCs (Metz et al., unpublished results). Enhancer-like activity of the
c-Ha-ras gene has been found within a variable tandem repeat sequence within the
3’ flanking sequences of human c-Ha-ras.** In addition, an initiator protein-binding
element exists between +6 and +20, a region containing nine start sites.!>

The c-Ha-ras growth regulatory gene encodes for a protein of 198 amino acids,
and of approximately 21 kD in weight, with homology to the o-subunit of G-pro-
teins. This protein is termed p21™, and has been shown to bind guanine nucleotides
(GTP and GDP) and possess intrinsic GTPase activity.'* In studies examining the
role of the Ras protein in the regulation of the cell cycle it was found that p21™ acts
in late G, phase, just prior to initiation of S phase.'®” In addition, p21™ promotes
progression of cells through G, to initiate DNA synthesis without the requirement
of growth factors in certain immortalized cell types.®-24

Signal Transduction through the Ras Pathway

Ras protein activation plays a key role in the mediation of cell signaling processes
involving signal transduction from cellular membranes to the nucleus. These proc-
esses mediate a number of growth-related events including cell proliferation,
differentiation, and transformation via the transduction of extracellular signals
through tyrosine kinase and G-protein coupled receptors.'*® The signaling cascade
involving Ras activation begins at the cellular membrane through binding of extra-
cellular growth factors to the extracellular domains of tyrosine kinase receptors
such as EGF or PDGF (Fig. 8.8). These receptors become autophosphorylated at
their tyrosine residues and associate with the adaptor protein Grb2 on their intracel-
lular domain. Grb2 then binds and activates Sos, recruiting it to the membrane level
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Fig. 8.8 Ras and intracellular kinase pathways. Activation of Ras through receptor binding to
membrane-associated tyrosine kinases leads to activation of intracellular kinases and nuclear
transcription factors, leading to transcriptional regulation of a number of genes.

where SOS then interacts with Ras, inducing replacement of GDP on Ras by
GTP."*!' This places Ras in an active state that leads to Raf phosphorylation and
downstream activation of serine/threonine phosphorylation signaling cascades.'®
Alternatively, Ras can activate Rac1/2 and Cdc42 proteins that then induce a phos-
phorylation signaling cascade to activate JNK and/or p38.* Phosphorylation cas-
cades involving Rac and Cdc42 proteins have been shown to be independent of
ERK activation,'>> however, others have shown that the Rac/Cdc42-activated kinase
PAKI1 can phosphorylate MEK1. The activity of MEK1 does not increase, but its
interaction with Raf does, influencing progression through the MAPK and ERK
cascade.®® As aresult, a crosstalk mechanism between the ERK, p38, and JNK sig-
naling cascades is likely to be mediated through Rac and Cdc42 proteins.
Implications of crosstalk between these three cascades are significant since each is
responsible for independent outcomes regarding cellular responses.’>*” The ERK
cascade predominantly regulates cell growth and differentiation processes, while
the p38 cascade regulates cytokine production and apoptosis. JNK cascades were
originally identified as stress-activated protein kinases that had the ability to phos-
phorylate the c-Jun transcription factor. ** As a result, the JNK cascade is primarily
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involved in regulating growth, differentiation, survival, apoptosis, inflammation,
development, and stress responses. Many transcription factors are downstream ele-
ments of this signaling cascade, and their phosphorylation and activation have key
effects on the initiation or repression of transcriptional events.

The Ras protein interacts with the cytoplasmic face of the cellular membrane by
farnesylation at the C-terminus. Mutations that prevent farnesylation prevent Ras
association at the membrane, and also abolish the oncogenicity of Ras. Furthermore,
point mutations at position 12 have been shown to induce neoplastic transformation
of NIH-3T3 cells,”™ while mutations at codons 12, 13, and 60 are found in colorectal
cancers and acute myeloid leukemia.®® Position 12 is located in loop 1 of the Ras pro-
tein, a region that controls the hydrolysis of GTP. Mutations at codon 12 therefore lead
to an oncogenic form of Ras, since GTP can no longer be hydrolyzed and the protein
remains constitutively active.” Ras proteins in a constitutively active state result in
continuous signal transduction, leading to malignant transformation of the cell.
Overexpression of Ras proteins also contributes to tumorigenic phenotypes.'*

c-Ha-ras and Atherosclerosis

The processes of cell proliferation and plaque formation characteristic of athero-
sclerosis are analogous to that of benign neoplastic tumors,'® implicating a correla-
tion between atherosclerosis and carcinogenesis. Meanwhile, disorders of cell
growth and tumor formation have been linked to the deregulation of ras protoonco-
gene expression in humans® and other species.'*! Thus, protooncogene expression
may support a mechanism of atherosclerotic plaque development. Studies by Penn
and coworkers helped support this correlation by showing that DNA isolated from
atherosclerotic plaques of both humans and cockerels is positive in the transfection-
nude mouse tumor assay. 3418

Ras proteins, as key regulators of mitogenic signaling cascades, play a large
role in the control of cell cycle events and subsequent cellular growth. Indolfi and
coworkers” examined the role of Ras protein in cellular growth and proliferation
characteristic of vascular injury. Proliferation of vSMCs is a key response to arterial
injury, not in atherosclerosis, but also in restenosis after balloon angioplasty.
Cellular Ras was inactivated in rats that were next subjected to balloon injury, using
DNA vectors expressing Ras transdominant negative mutants. Neointimal forma-
tion after injury was reduced, implicating a possible therapeutic use of local
delivery of Ras transdominant negative mutants in vivo to prevent vascular injury
incurred by balloon angioplasty.

In vivo, vSMCs exist in a contractile, nonproliferative state, and regulate the
vascular tone of the artery. Once these cells are injured, and the atherosclerotic
process is initiated, vSMCs are transformed to a more proliferative/synthetic phe-
notype.'*® A similar phenotypic change has been observed in vitro upon transfection
of aortic SMCs with c-Ha-ras™. An altered phenotype was observed in stable trans-
fectants over a 6-week period, and was characterized by changes in morphology,
anchorage-independent growth, and enhanced mitogenic responsiveness.?”®* Other
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studies have shown that c-Ha-ras™ transfection also affords a marked proliferative
advantage of SMCs over nontransfected controls in both cell cycle regulated and
randomly cycling cells.?”® Oncogenic ras also influenced growth-related signal
transduction of SMCs, incurred enhanced serum-sensitivity and EGF-responsiveness,
and induced loss of o-smooth muscle actin expression, all factors that characterize
a highly proliferative SMC phenotype present in atherogenesis.??

Increased expression of ERK2 protein, a downstream kinase of the Ras:MAPK
pathway, and its phosphorylated form, was evident in c-Ha-ras® transfected SMCs,
supporting the constitutive activation of this signal transduction cascade by oncogenic
Ras.?’® In addition, the protein kinase C (PKC) signal transduction pathway is upregu-
lated in c-Ha-ras™ transfected cells. PKC regulates mammalian cell growth and dif-
ferentiation,'” further implicating Ras in deregulating growth-related signaling.

c-Ha-ras and Benzo[a]pyrene

c-Ha-ras oncogene expression has been implicated in the progression of chemical-
induced atherogenesis. BaP and related hydrocarbons have been shown to be
chemical atherogens, inducing fibro-proliferative atherosclerotic plaques in a
number of species.?®>'”7 Upon treatment of growth arrested rat aortic SMCs with
BaP, serum-induced c-Ha-ras protooncogene expression was observed.??! Though
c-Ha-ras is a growth regulatory housekeeping gene that is constitutively expressed
within the cell, cell cycle dependent expression has been shown in vSMCs and is
associated with enhanced proliferation of these cells.??

Metabolism of BaP generates a number of different oxidative metabolites and
byproducts. These species have the ability to adduct DNA, induce sequence muta-
tions, and influence the transcription of a number of genes. Studies utilizing the BaP
metabolite 7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene have shown
that its reaction with a DNA fragment of c-Ha-ras generates a transforming oncogene
with mutations in codons 12, 13, 61, or a combination of these.?”® In addition, muta-
tions in c-Ha-ras codons 12 and 61 are also evident upon interaction of c-Ha-ras and
oxygen radicals, radicals produced upon metabolism of BaP. A highly carcinogenic
PAH similar to BaP, DMBA, targets the second position of Ha-ras codon 61, inducing
A—T mutations that lead to tumors in both the skin and liver of mice."*! However,
while BaP-induced proliferation of vSMCs involves increases in expression of the
c-Ha-ras oncogene, this proliferative advantage is not due to mutations in any of the
“hot spot” regions of ras genes (codons 12, 13, 60, and 61).!

c-Ha-ras and Redox Signaling Pathways

Phosphorylation through redox signaling cascades activates proteins that bind to key
response elements in regulatory genes and modulate their transcription. The regula-
tion of c-Ha-ras expression is certainly no exception. The induction of c-Ha-ras
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mRNA and DNA synthesis by BaP, as well as BaP-induced protein binding to AHRE
sequences of c-Ha-ras is inhibited by a-naphthoflavone (0-NF), a cytochrome P450
inhibitor. Since o-NF has the potential to compete with BaP for intracellular protein-
binding sites, a mechanism of action for BaP-induced expression of c-Ha-ras could
involve protein binding to response elements in the c-Ha-ras promoter.”?! The AHR
was implicated as a target protein in this mechanism since an AHRE sequence is
present in the upstream promoter region of c-Ha-ras. However, activation of AHR
binding to the c-Ha-ras AHRE alone is not sufficient to activate transcription of the
c-Ha-ras gene.** Likely partners for the AHR include the proteins that bind to the
ARE/EpRE.* A second mechanism explaining inhibition of ¢-Ha-ras expression by
a-NF could involve inhibition of cytochrome P450 metabolism of BaP. o-NF has
been shown to inhibit P450-mediated BaP metabolism within 1-6h.?"” Therefore,
metabolites of BaP may regulate BaP-induced c-Ha-ras expression. In fact, Kerzee
and Ramos showed that oxidative metabolites and byproducts of BaP metabolism
(BaP 3,6-quinone and hydrogen peroxide) are capable of enhancing serum-activated
c-Ha-ras expression in vSMCs.!® This expression is inhibited upon pretreatment with
ellipticine, an AHR antagonist and cytochrome P450 inhibitor, and precluded upon
upregulation of antioxidant capacity by N-acetylcysteine. Treatment of vSMCs with
buthionine-(S,R)-sulfoximine, a cellular glutathione depletor, also enhanced expres-
sion of c-Ha-ras, further implicating a redox mechanism in c-Ha-ras expression.

Mitogenic Signaling Induced by Benzo[a]pyrene

BaP is also known to interfere with mitogenic signal transduction pathways
within the cell, namely those involving Ca?* and EGF. Disruption of Ca?* home-
ostasis by PAHs inhibits activation of both B and T lymphocytes in rodents and
humans.?®’ In human peripheral blood mononuclear cell lymphocytes (HPBMCs)
treated with BaP 4,5-epoxide and BPDE, a 20-30% depletion of reduced glutath-
ione (GSH) is seen, along with an elevation of intracellular Ca?* that can be
reduced upon treatment with o-NF. These outcomes may be a result of sulthydryl
damage induced by these epoxide metabolites. As a result of alterations in Ca?*
homeostasis, cell activation and proliferation in these cells is also compro-
mised.?”” A contribution by BaP metabolism is supported by the finding that cul-
tures of epidermal keratinocytes also exhibit increased overall metabolism of BaP
upon pre-incubation in high Ca?* medium prior to BaP treatment.*’ These results
indicate that in addition to the known effects of Ca?* in the regulation of cellular
differentiation, expression and inducibility of enzymes involved in BaP metabo-
lism can be regulated by this ion.

BaP also exerts profound effects on PKC-mediated phosphorylation of mamma-
lian cell proteins. PKC is a serine/threonine kinase that participates in mitogenic
signal transduction cascades involved in growth and differentiation. Increases in
diacylglycerol and intracellular Ca?* activate PKC and initiate a series of phosphor-
ylation-dependent events leading to transcriptional activation of immediate early
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genes.”? During PKC-related signal transduction, c-jun and c-fos protooncogene
transcription is activated during the G to G, transition,""® facilitating production of
the AP-1 complex that binds to TPA-responsive elements, transactivating growth-
related genes. Any interference with this pathway would result in deregulated cel-
lular growth and differentiation. Previous studies in this laboratory have shown that
BaP challenged vSMCs exhibit a concentration-dependent inhibition of PKC activ-
ity, occurring as early as 30 min and extending up to 24 h after treatment.'” In these
cells, 3-OH BaP elicited a comparable response, suggesting that modulation of
PKC activity could be affected by oxidative metabolites of the parent compound.
However, inhibition of PKC-related signal transduction was not related to general-
ized interference with cell cycle events,'” suggesting that interference with
mitogenic signaling by BaP is a complex process.

BaP can also mimic growth factor signaling pathways leading to alterations of
cell growth and proliferation.?® This point is best exemplified by BaP interference
with EGF signaling cascades. The EGF receptor (EGFR) is a membrane-bound
tyrosine kinase receptor that primarily activates the Ras-MAPK signaling pathway
following receptor autophosphorylation. In human placental cell lines, BaP
decreases EGF-binding as well as EGFR proteins, resulting in alterations in tro-
phoblast proliferation and endocrine function.?”® Time-dependent decreases in EGF
binding are also seen upon BaP treatment of mouse fibroblasts.”> BPDE does not
alter EGF binding, implying that metabolism of the parent compound does not
mediate EGF signaling, or that DNA damage is not responsible for the inhibitory
response. Other PAH inducers of P450 inhibit EGF binding, possibly through a
pathway involving binding of AHR.”

However, EGF-mediated activation of tyrosine kinases can be affected by oxida-
tive stress, a potential result of oxidative metabolism of BaP. H,O, potentiates EGF-
induced phosphorylation,” as well as phosphorylation of the EGF receptor after
UVB-induced increases in intracellular H,O, levels."® OxLDLs, major players in
the progression of atherosclerosis, also induce tyrosine phosphorylation of EGFR
and activate this signaling pathway.?*® Other signaling pathways can be influenced by
BaP and related hydrocarbons. BaP and TCDD activate insulin-like growth factor
(IGF-I) signaling pathways under insulin-deficient conditions in human mammary
epithelial cells.”® Upon BaP treatment, tyrosine phosphorylation of IGF-Irf3, IRS-1,
and Shc is increased, indicating that signaling is mimicked through the IGF-I receptor
(IGF-IR).* In these studies, BaP was also shown to significantly increase activity of
phosphatidylinositol-3-kinase (PI3K).2%

Oxidant-Regulated Signaling in vSMCs

In renal mesangial and corticotubular epithelial cells, as well as hepatocytes,
induction of oxidative stress by BaP activates redox signaling.>**? In both HepG2
cells and vSMCs, oxidative stress leads to activation of ARE/EpRE, located in the
5' region of critical target genes.?**
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Antioxidant/Electrophile Response Element

Antioxidant/electrophile response elements (ARE/EpRE) are cis-acting regula-
tory sequences that mediate the basal and inducible expression of several genes,
including the growth regulatory gene c-Ha-ras and those of the Phase II detoxifying
enzymes glutathione-S-transferase A1,A2, and A3 (GSTA1, GSTA2, GSTA3),
NADPH:quinone oxidoreductase (NQO,) and y-glutamyl cysteine synthetase
(YGCS),2458:67.100.103.163.220271 " T ocated in the upstream promoter region of these
genes, the ARE/EpRE regulates transcription through protein binding to its core
sequence and complex assembly.

When first discovered by Rushmore et al.,*'® the ARE/EpRE was defined as the [3-
naphthoflavone (B-NF) response element. The sequence was identified in the 5' pro-
moter region of the rat (r) GSTA1 gene (known then as GSTYa) as a unique xenobiotic
response element involved in inducible expression by planar aromatic hydrocarbons
such as B-NF and 3-methylcholanthrene (3-MC).2®® Shortly after, Rushmore and
Pickett found that transcriptional activation of GSTA1 could be induced through the
B-NF response element in response to phenolic antioxidants such as ¢-butylhydroqui-
none (tBHQ).2" It was then that this unique regulatory element was renamed and
defined as the antioxidant response element (ARE). Around the same time, Daniel
and coworkers had defined a unique regulatory element in the mouse (m) GSTA1
gene that was responsive to planar aromatic compounds (3-MC, B-NF, and TCDD),
as well as electrophiles (trans-4-phenyl-3-buten-2-one, and dimethyl fumarate).”’
Responsiveness to planar aromatic compounds required a functional AHR and
cytochrome P450 1A1 activity, therefore it was concluded that inducibility by these
compounds was due to metabolism to electrophilic intermediates. As such, this regu-
latory element was defined as an electrophile response element (EpRE), since
transcriptional activation occurred through both electrophilic inducers and compounds
that metabolized to electrophilic intermediates. After discovery by both Pickett and
Daniel’s groups, individuals have interchangeably used ARE or EpRE to define this
regulatory element.

Soon after the ARE/EpRE was defined in both the rat and mouse GSTAI1 genes,
it was identified in the 5' flanking region of the rat NAD(P)H:quinone reductase
gene (rNQO,),”” and also found to be responsive to both metabolizable planar aro-
matic hydrocarbons and phenolic antioxidants. Shortly thereafter, Pickett and
coworkers defined the core sequence of the ARE/EpRE required for transcriptional
activation as 5'-TGACNNNGC-3', where N represents any nucleotide.?® Using
analysis of CAT deletion constructs from the rGSTA1 promoter, they also demon-
strated in this study that the ARE/EpRE is responsive to both hydrogen peroxide
and phenolic antioxidants that undergo redox cycling, implicating that this element
can be regulated during conditions of oxidative stress.

The ARE/EpRE has since been identified in the human (h) NQO, gene by Jaiswal
and coworkers, the YGCS gene by Mulcahy and coworkers, and in the human c-Ha-
ras (hHaras) gene by Ramos and coworkers.?*!?%163 In 1997, Wasserman and Fahl
further characterized the ARE/EpRE core sequence of mGSTA1. Through system-
atic mutational analysis of the mGSTA1 ARE/EpRE, the initial core sequence



8 Molecular Mechanisms of Environmental Atherogenesis 193

identified by Rushmore etal.>'® was extended, and characterized as: 5'-TMAnnRTGAY
nnnGCRwwww-3'2" Also in this study, data was provided for the presence of ARE/
EpRE sequences matching this extended core in a variety of mammalian promoter
sequences. These genes, in addition to those already mentioned, include -globin,
myoglobin, Alzheimer gene STM2, collagenase, P-450 aromatase, GST-Pi, ferritin-L,
glutathione transporter, tyrosinase, and interleukin-6.>> The ARE/EpRE was also
later modified and extended in the NQO, promoter as 5-GAGTCACAGTGAG
TCGGCAAAATT-3' (Nioi et al. 2003).

While the promoter sequences of all of the genes listed above contain a core ARE/
EpRE sequence, the context in which it is found in each is very different. The
ARE/EpRE of the rNQO, promoter consists of a palindromic sequence, 5'-
TCTAGAGTCACAGTGACT TGGC-3', where both half sites act synergistically to induce
high basal level gene expression.>® The rGSTA1 promoter contains a consensus ARE/
EpRE site that is sufficient for transcriptional activation, and a distal ARE/EpRE-like
site: 5'-AAATGGCATTGCTAA-TGGTGACAAAGCAAC-3"1® The mGSTA 1 promoter
ARE/EpRE is the same as rGSTA1 save for one base pair change in the distal flanking
region(5'-AAATGACATTGCTAATGGTGACAAAGCAAC-3").% Thesetwosequences
are also defined as AP-1-like binding sequences. While in mGSTA1 they individually
have low enhancer activity and no inducibility, together they confer electrophile induc-
ibility to this regulatory sequence.® Jaiswal and coworkers reported that basal and
inducible expression in the hNQO1 promoter requires an ARE/EpRE containing two
TREs (5'-GCAGTCACAGTGACTCAGCAGAATC-3").** In the catalytic YGCS, subu-
nit gene, a single consensus site in the upstream promoter region mediates basal and
inducible expression (5'-TCCCCGTGACTCAGCGCTTT-3'),'3 while induction of the
regulatory YGCS, subunit gene is mediated by a consensus ARE/EpRE and an AP-1
sequence 33 base pairs upstream.'”’ In addition, the consensus ARE/EpRE sequences
in both yGCS, and YGCS, contain an embedded AP-1 sequence. Finally, a single
consensus ARE/EpRE located in the promoter region of c-Ha-ras mediates the transcrip-
tional activation of this gene: 5'-AGCTCCTGGGTGACAGAGC-GAGAAGCT-3'*

Protein Binding to ARE/EpRE

To derive the mechanism by which ARE/EpRE can mediate expression of these
genes, a number of investigators, including our laboratory, have endeavored to char-
acterize the proteins that assemble on this regulatory site. As a result, several proteins
that interact with ARE/EpREs have been identified, including Nrf1;%271:272 Nrf2;8392
154,157,169,271,272,281 Nrf3;224 Jun famlly prOteinS;14’68’83’127’129’281’295 Small Maf proteins;67,281
Fral;®! c-Fos;!468127.129271 C/EBPB;* AHR;**® ERo and ERP;* and hPMC2.'%
Wasserman and Fahl have also identified proteins of various molecular weights to
bind to the ARE/EpRE.?* Although the list is long and ever growing, many of the
proteins that contribute to ARE/EpRE complex formation are still unknown.
Mechanisms of protein activation to interact with ARE/EpREs have also been
widely investigated, to gain insight as to how these proteins can be regulated.
Regulation by signaling pathways involving ERK and p38 MAP kinases, 03286287295
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tyrosine kinase,* phosphatidylinositol 3-kinase,'**!** and protein kinase C% have
been implicated, as well as stress-regulated shuttling mechanisms involving
Keap1;°48146 and antioxidant/xenobiotic shuttling mechanisms involving Keap1 (or
the similar protein INf2).23417! However, regardless of the mechanism of activa-
tion, ARE/EpREs are universally responsive to planar aromatic compounds (PAHs,
TCDD, 3-MC), B-NF, phenolic antioxidants (+~-BHQ, 3,5-di-z-butylcatechol,
butylated hydroxyanisole (BHA)), thiol-containing compounds, phorbol esters (12-
O-tetradecanoylphorbol-13-acetate  (TPA)), as well as H)O, and
t-butylhydroperoxide.!*17

The ARE/EpRE shows sequence similarity to a number of different regulatory
elements. The TPA response element (TRE), also considered an AP-1 response
element, is characterized by the sequence 5'-TGA(G/C)TCA."! This represents
exactly the 5' end of the core ARE/EpRE sequence, and is found intact within the
ARE/EpRE core of hNQO, and YGCS promoters. In addition, there is sequence
similarity to the erythroid transcription factor NF-E2 binding sequence, which is
characterized by the sequence 5'-(T/C)GCTGA(G/C)TCA(T/C)-3".¢ High sequence
homology to a TRE type-Maf recognition element (T-MARE) is also found, char-
acterized by the sequence: 5'-TGCTGACTCAGCA-3".!" Finally, the heme respon-
sive element characterized by the sequence (T/C)GCTGAGTCA, shows sequence
similarity to the 5' end of the ARE/EpRE core.®

Proteins that bind to ARE/EpRE sequences in the various promoter regions were
initially identified due to sequence similarities with these response elements above.
TRE binding proteins, such as the Fos and Jun family proteins;'¢¥7 NF-E2 site
binding proteins Nrfl,Nrf2, and Nrf3;311%22* and Maf proteins that bind to
MARESs!” are all involved in protein complex binding to ARE/EpREs. Specific
protein recognition is dictated in a context specific manner, and additional work to
investigate the complexity of ARE/EpRE protein complex assembly in individual
promoters and cell types is being conducted in a number of different laboratories.

Overall, protein binding to the ARE/EpRE in c-Ha-ras activates transcription of
this gene, which in turn stimulates the uncontrolled proliferation and dedifferentia-
tion of vSMCs leading to lesion formation characteristic of atherosclerosis. This
molecular mechanism links oxidative stress and redox signaling to the onset of
atherogenesis. The fact that a number of diverse factors bind the ARE/EpRE and
that this element is present in the promoter regions of a number of different genes
indicates that there could be many other mechanisms of action involving redox
signaling in the atherosclerotic process.

Concluding Remarks

In closing, atherosclerosis is one of the leading causes of death in the United States,
and its onset can be initiated by exposure to ubiquitous environmental contaminants
such as BaP, which originate from vehicle exhaust emissions, industrial processes,
oil contamination, and cigarette smoke. Exposure to BaP, and similar chemicals,
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may lead to the onset and progression of atherosclerosis by growth stimulation of
cells lining the arterial wall. Metabolism of BaP in the body may generate byprod-
ucts that disrupt important growth processes in vascular cells, leading to increased
proliferation and formation of atherosclerotic lesions. Indeed, through cytochrome
P450-mediated metabolism, oxidative metabolites of BaP are produced in the form
of free radicals, peroxides, quinones, and reactive intermediates, which activate
redox signaling cascades. Arterial vSMCs therefore undergo oxidative stress as a
result of BaP challenge and subsequent metabolism, thus leading to the transcrip-
tional activation of growth regulatory genes, such as c-Ha-ras, and induced growth
and proliferation characteristic of arterial lesion formation. These mechanisms are
often cell-specific, protein-specific, and sequence-specific, adding to the complex-
ity of research in this field. Elucidation of the pathways by which BaP, and other
chemicals like it, induce the uncontrolled growth of vSMCs will lead to a better
understanding of the atherosclerotic process, and the potential predisposition of
certain individuals to the disease.
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Chapter 9
The Role of Glutathione Pathways
in the Prevention of Atherosclerosis

Jordan L. Holtzman

The Role of Oxidized Serum Lipids in the Chronic Vascular
Inflamation Associated with the Development of Atherosclerosis

Our current concept of the etiology of atherosclerosis is that it is a chronic inflam-
matory process. In support of this model serum markers of inflammation, such as
high levels of C-reactive protein**® and fibrinogen, ®'**'2 have been observed in
numerous studies to be sensitive predictors of future cardiovascular adverse events.
These markers are a group of serum proteins that are termed ‘“‘acute phase reactants.”
Their serum levels increase in the presence of any inflammatory process, the most
common of which are infections. And indeed it has been suggested that atheroscle-
rosis may be due to a focus of infection, such as periodontal disease.'”” The infection
then presumably spreads to the vascular tissues to initiate a local inflammatory proc-
ess. Against this model it has been found in clinical trials that antibiotics do not pre-
vent adverse vascular events.® Furthermore, agents, such as statins, which have no
antibacterial activity, have been shown in innumerable studies to be highly effective
in the reduction of number of vascular events occuring in a vulnerable population.
The apparent association between periodontal and vascular disease may be due to
the fact that both conditions are much more common in smokers.

Alternatively, in recent years there has been a growing body of evidence sug-
gesting that the inflammation may be initiated by oxidized, serum lipids. This
mechanism is clearly chemically plausible, since the serum is a highly oxidizing
medium. It contains high concentrations of molecular oxygen, ascorbic acid and
protein bound iron. These are the essential ingredients of Fenton’s reagent, a strong
oxidizing system which produces the hydroxyl radical through the Haber-Weiss
reaction.® This radical extracts hydrogen atoms from unsaturated lipids to produce
lipid radicals. These in turn react with molecular oxygen to form lipid peroxy radi-
cals leading to a cascade in which the lipid radical abstracts a hydrogen atom from
a second molecule of lipid to form a lipid hydroperoxide and a new radical mole-
cule. The plausibility of this mechanism for the development of atherosclerotic
lesions is supported by the observation that increased serum iron levels, which
would increase the rate of formation of the hydroxyl radical, is associated with
increased oxidant damage.'%%10
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Furthermore, there are extensive data in the literature indicating that this
peroxidation does occur.*>!%* Unfortunately, many of these studies were based on
the detection of thiobarbituric acid reactive substrates (TBAS), which presumably
is primarily malondialdehyde (MDA). MDA is produced during the decompostion
of the peroxylipids. Unfortunately, this assay does have problems with cross reac-
tivity with other compounds, but high levels of TBAS does suggest that there is the
lipid peroxidation in the serum. Yet, other investigators have detected the lipid
hydroperoxides by more specific methodology, such as chemiluminescence, either
after HPLC separation®91:132159203.206 o djrectly without prior separation (Miyazawa
1989).25,68,123—125,165,211

Similarly, a number of workers have found that the oxidized lipids can be detected
immunologically in both atherosclerotic plaques'®>* and in the serum.’>!%

Finally, indiviuals with severe cardiovascular disease have antibodies to oxi-
dized LDL suggesting that they have been exposed to high levels of these oxidized
lipids.'®® Some workers have reported that there is even a direct correlation between
the levels of oxidized lipids present in the serum and the severity of cardiovascular
disease.*!1713* Similarly, Minekura et al.'* have demonstrated that 4-hydroxy-2-
nonenal, another product of lipid peroxidation, inhibits endothelial function. In a
similar vein, Shen and Sevanian'® reported that oxidized lipid directly stimulated
the GSH pathways which are known to be enhanced in the presence of oxidant
stress. Clearly, together these data support a role for oxidant injury in the develop-
ment of atherosclerosis.

In a review of the association between various genetic variants of both prooxi-
dant and antioxidants Leopold and Loscalzo'® have summarized a vast body of
data indicating that there is an increased level of lipid peroxides in individuals with
significant vascular disease.

Mechanisms for the Initiation of Vessel
Injury by Oxidized Lipids

The oxidized lipids are highly cytotoxic and could directly lead to endothelial
damage. For example, Rangaswamy et al.'® reported that the infusion of oxidized
LDL leads directly to endothelial injury. The area of injury can in turn form a nidus
for the development of atherosclerosis.

A more widely accepted mechanism for the role of oxidized lipids in the initia-
tion of vessel injury is that they activate blood macrophages.!#>14*!”* These cells
have receptors for oxidized LDL. On binding to these receptors, the cells are acti-
vated, infiltrate into the vessel wall and initiate an inflammatory process within the
intima. The infilitrating macrophages contain high concentrations of the oxidized
lipids and become foam cells, a characteristic finding in atherosclerotic lesions. As
these cells die they release the lipids into the palque. The lipids are isolated from
the circulation by a fibrous lid on the plaque. If this lid ruptures, the lipids are
released into the blood stream leading to the formation of a clot and arterial occlusion,
thereby initiating an acute myocardial infarction (AMI).
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The Role of Antioxidant Systems in the Protection
of the Vessel Wall from Oxidant Injury

The levels of the oxidized lipids are a function of their rate of formation and the
rate at which the body can reduce them to their nontoxic, alcoholic metabolites.
Since the blood is a highly oxidizing medium, the rate of production of the peroxy-
lipids is primarily a function of the concentration of the plasma lipids. As a result,
if oxidant injury is a major factor in the development of atherosclerosis, then the
steady state levels of the lipid hydroperoxides is going to be primarily determined
by the rate at which they are detoxified by various protective pathways.!>'¢7! There
are three systems involved in their detoxification. These include the paroxonases
and two families of glutathione dependent enzymes, the glutathione peroxidases
(GPxs) and the glutathione-S-transfereases (GSTs).!>16:101.167

The primary role of the paroxonases appears to be to cleave the oxidized fatty
acids from the serum phospholipids. On the other hand, the GPxs and GSTs serve
to catalyze the reduction of the free, oxidized fatty acids. GSH is the largest reser-
voir of reducing equivalents in the cell with free concentrations in the mM range.
Depletion of cellular GSH by severe oxidant stress leads to cell death.

In the serum, the free GSH concentration is much lower with reported levels
being between 3 and 20 uM.381120 Since the serum GSH is readily oxidized to give
mixed protein disulfides, about 90% is present in the oxidized form. Hence, when
one is seeking to determine its free, serum concentration, it is necessary to either
promptly determine it within minutes®*'? or immediately alkylate the free GSH
sulthydryl to prevent its oxidation.®! When this is not done, then the apparent free,
serum, GSH concentration has been reported to be as low as 0.5 uM.!'*

The Correlation between the GSH and Cysteine Levels
and Vascular Disease

Several workers have examined the correlation between the serum GSH levels and
vascular disease. Belch et al.'® reported that patients with evidnece of vascular dis-
ease had lower, acid soluble, total serum thiols, but increased levels of erythrocyte
thiols. The latter would suggest that since GSH is the most pleniful intracellular
thiol, there was an increase in its synthesis in response to oxidant injury. Similary,
Nuttall et al.”*! reported that in normal volunteers, there was a decline in serum
GSH with age and an associated increase in lipid peroxides. On the other hand, Cals
et al.” found that in community living, elderly, healthy subjects the levels of GSH
and TBAS were the same as in young adults while the GSH was lower and the
TBAS were higher in the infirmed elderly.

In another study, Morrison et al.'”” compared the total serum GSH levels in the
adolescent children of patients with cardiovascular disease to the levels in children
of matched controls. They found that the children of the controls had significantly
higher total serum GSH levels than the children of the cases (p > 0.002). These data
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indicate that the serum GSH levels are under genetic control and that long term,
high levels protect against vascular disease.

A similar association has been reported in adults. For example, Ashfaq et al.'?
reported that carotid artery, intimal thickening was associated with lower levels of
GSH. Similarly, Kinscherf et al.*? found that oxidized LDL levels and severe vas-
cular disease were associated with low levels of serum thiols. This was a follow-up
study of a report by Franceschini et al.** demonstrating that the administration of
N-acetylcysteine, a source of cysteine for the synthesis of GSH, increased the
plasma HDL levels.

Cigarette smokers have also been found to have lower levels of GSH,'** while
smoking cessation led to increased levels.” Together, these data suggest that the
low serum GSH levels may be one factor leading to the early onset of atherosclerosis
in smokers.

On the other hand, Mills et al.'”! and Go and Jones® have reported that vascular
injury was more appropriately associated with the cysteine/cystein ratio rather than
the GSH/GSSG ratio. Since the level of cysteine is the limiting factor in the syn-
thesis of GSH, it would suggest that the intracellular concentrations of GSH may
be decreased in the presence of low levels of this amino acid. In line with these
observations Vento et al.'* and Koramaz et al.  reported that N-acetylcysteine was
cardioprotective when administered during coronary artery bypass. Furthermore,
Darley-Usmar et al. * reported that the activation of macrophages by oxidized LDL
increased cytosolic GSH, suggesting that such increases do have a role in protecting
cells from oxidant damage.

A similar result was observed in a double blind study of the effect of the infusion
of GSH into patients with peripheral arterial vascular disease (PAVD).!° The
treated patients had marked increases in various measures of perfusion, including
increased walking distance and increased macro- and microcirulatory flow. Since
hydrogen peroxide is a vasoconstrictor, it is likely that this improved performance
was due to a reduction of the peroxide leading to significant vasodilitation.

One of the most interesting aspects of the epidemiological studies has been the
observation that increased levels of the enzyme catalyzing the destruction of serum
GSH, v-glutamyltransferase, is a sensitive marker for future cardiovascular
events. 3102103138 Thege data might suggest that this enzyme destroys the serum
GSH leading to the lower levels and thereby promoting vascular disease.

In conclusion, the relatively scant data published to date would suggest that low
levels of serum and intracellular GSH may be a risk factor for vascular disease.

The Selenium Dependent GSH-Peroxidases and Paraoxonases

There are four well characterized selenium dependent GPxs in mammalian
organisms which are designated as GPx1-4."! In all four the selenium is present as
a selenocysteine. The forms GPx1-3 are homotetramers while GPx4 is monomeric.'®
GPx1 and GPx2 are highly homologous, cytosolic enzymes that can reduce the
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hydroperoxides of free fatty acids, cholesterol and cholesterol esters, but not fatty
acids bound to either phospholipids or triglycerides. On the other hand, GPx3, the
serum form, and GPx4, another cytosolic enzyme, can reduce the phospholipid
hydroperoxides without prior cleavage of the fatty acid.>!%2% It is not clear
whether the reduction of the phospholipid hydroperoxides by GPx3 is enhanced by
prior cleavage of the fatty acid peroxide from the phospholipid. Although knocking
out GPx4 is a early lethal mutant,” there are no epidemiological studies on the role
of this GPx in the prevention of disease. Yet, it has been shown in vitro to be
increased by the cytokines that are involved in the acute phase reaction, suggesting
that it may play a role in protecting the endothelium from oxidant injury.!7!2%2

There is also a cytosolic GPx which does not contain a selenocysteine
(NSGPX). Like GPx3 and GPx4, it can catalyze the reduction of phospholipid
hydroperoxides without prior cleavage of the oxidized fatty acid. As with GPx4,
there are no epidemiological data concerning its possible role in the protection
against vascular disease.

In the serum the cleavage of the oxidized fatty acids from the phospholipids
and triglycerides is catalyzed by a family of esterases bound to the HDL fraction,
the paraoxonases.!°¢” Serdar et al.'®* have shown that there is a correlation
between the paraoxanse activity and the degree of vascular injury. Further, in
support of their role in the prevention of vascular disease, knockout mice on a
high cholesterol diet have an accelerated development of atherosclerosis when
compared to their normal, liter mates.'®” Similary, there are two common
polymorphic forms at position 191 which have significant differences in their
capacity to protect against the oxidation of LDL.>!* Furthermore, Rozenberg
et al.’** reported that the tranfection of paraoxanase into mice decreases the level
of oxidant damage. On the other hand, although there is an extensive literature
suggesting that the paraoxnases may have a role in protecting vessels against
oxidant damage, population studies have not observed any consistent correlation
between the levels of this enzyme and cardiovascular adverse events.!'‘!

The Role of GPx1 in the Prevention of Vascular Injury

GPx1 is the classic, cytosolic form of the GPxs. It is found in all cells. The highly
homologous form, GPx2 is also cytosolic, but is primarily found in the gastrointes-
tinal tract where it may have a role in the prevention of colon cancer. GPx1 was
cloned and sequenced by Mullenbach et al.’** GPx1 knockout mice show an
increased suceptibility to oxidant injury but they do not have a significant reduction
in life span.'® Similarly, de Haan* found that knocking out GPx1 had no effect on
the development of atherosclerosis in mice fed with a high fat diet. Since athero-
sclerosis is the leading cause of death in humans, these results might suggest that
GPx1 does not have a role in the prevention of arterial disease. Yet, such may not
be the case, since, unlike humans, the primary cause of death in both mice and rats
is cancer rather than atherosclerosis. This may be due to the fact that their ratio of
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HDL to total cholesterol is much higher than in humans, possibly because they lack
a transfer protein, cholesterol ester transfer protein (CETP), which tranfers lipids
from the HDL to LDL.

In line with a possible role for GPx1 in the prevention of atherosclerosis, a
number of studies have reported that there is an inverse correlation between the
degree of vascular disease and the activity of erythrocyte GPx].2:24109110.113.164
Simlary, Winter et al.>® found that a genetic variant of GPx1, in which there is a
repeat region of only six instead of seven alanines, was over represented in a group
of patients with vascular disease when conpared to controls. This finding suggests
that the decreased GPx activity associated with this variant could represent an
important factor in the development of atherosclerosis. Furthermore, Siemianowicz
et al.'® have reported that children from families with a high incidence of cardio-
vascular disease had lower levels of erythrocyte GPx1 and catalase when compared
to controls. This has also been reported in patients with hypertension, a risk factor
for atherosclerosis.®* This evidence of increased oxidant stress in patients with
hypertension has also been observed in their polymorphonuclear leukocytes.**
Hapyn et al.® did not find a similar correlation with the antioxidant pathways in the
erythrocytes of childern from families prone to early atherosclerosis. Inspite of
these discrepancies, I feel that the preponderance of evidence would suggest that
low levels of GPx1 is associated with an increased risk of vascular disease.

Yet, since the erythrocytes are not likely to be a significant target for the toxic
effects of oxidized LDL, the results of these studies would imply that this correla-
tion is a surrogate marker for the GPx1 activity within the endothelial cells.” It
would further suggest that GPx1 serves a vital role in protecting the endothelium
from injury by the oxidized LDL. This is consistent with the observations of
Mezzetti et al.''”® who reported that there were lower levels of GPx1 in the aorta
than in the internal mammary artery. This latter artery is unusually resistant to the
development of atherosclerosis. This resistance could result from these higher
levels of GPx1. In a follow-up study, they observed a similar difference between
the levels of GPx1 in diseased carotid arteries taken at surgery when compared to
that found in internal mammary arteries taken during coronary artery bypass
surgery.'® In light of these interesting results, it is unfortunate that these workers
did not not examine this same question in normal arteries taken at autopsy from
young individuals.

Interestingly, the in vitro exposure of platelets to N-3-unsaturated fatty acids,
agents known to prevent vascular events by increasing platelet stability, were
reported to lead to an increase in GPx1 activity'® Since platelets do not synthesize
proteins, this effect on these cell fragments would suggest that the fatty acids acti-
vate GPx1 rather than increase its synthesis. A similar effect has been observed
with blood monocytes.®?

It has also been reported that platelet GPx1 declines with age'® and is lower in
smokers compared to nonsmokers.!”” These data suggest that the association of
lower levels of GPx1 in platelets may be one factor in their increased susceptibility
to activation seen in both the elderly and smokers.
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The Role of GPx3 in the Prevention of Vascular Disease

GPx3 is a serum glycoprotein associated with the plasma HDL fraction.’ It was
initially thought that the serum GPx activity was catalyzed by GPx1 that had leaked
from the liver. This proved to be incorrect when both Maddipati and Marnett!!? and
Takahashi et al.!”s purified the enzyme from serum. It was cloned and sequenced
from humans by Takahashi et al.'’”” and from mice by Maser et al.''* Both groups
reported that the kidney is the primary site of GPx3 synthesis. The sequences in the
two species are 100% identical, suggesting that this enzyme is highly conserved
and hence, that it serves a vital role in survival. To date the only activity observed
for GPx3 has been the reduction of lipid hydroperoxides.

Yet, work from Holmgren’s laboratory had suggested that GPx3 was not cata-
lytically active because its Km for GSH was two orders of magnitude higher than
the previously reported free, serum GSH concentration.’?*1° We found that this
apparent discrepancy between the serum GSH concentration and the concentraion
required for significant GPx3 activity was due to the presence of Tris buffer in the
assay mixture.’! When we substituted phosphate buffer for Tris, we were able to
demonstrate significant activity with as little as 4.5uM GSH, a concentration
within the range reported for the free, serum GSH (Fig. 9.1).
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Fig. 9.1 The effect of varying GSH concentrations on the reduction of tert.-Butylhydroperoxide
by purified, plasma, GPx3. The assay was performed in phosphate buffered saline (Data taken
from Chen et al.')
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Fig. 9.2 The correlation between the GPx3 activity and the plasma (A) HDL and (B) LDL
concentrations (Data taken from Chen et al.?')

We also found that GPx3 was present solely in the HDL fraction. In light of this
result, we next examined whether there was a correlation between the HDL and
LDL levels and the GPx3 activity in samples obtained from the clinical laboratory.
We found that there was a small, but statistically nonsignificant positive correlation
between the GPx3 activity and the HDL (Fig. 9.2A) (slope = 0.0182; p > O.5; N = 45).
On the other hand, there was a small, but significant negative correlation between
the GPx3 activity and the LDL (Fig. 9.2B) (slope =-0.00733; p < 0.05;
N =31). These data suggest that a portion of the protective effect of the HDL may
be due to the presence of both GPx3 and paraoxanase in this fraction.

Finally, we examined the effect of homocysteine on the GPx3 activity.
Homocysteine is produced by the S-demethylation of S-adenosylmethionine. A
large number of epidemiological studies have suggested that hyperhomocysteinemia
is an independent risk factor for atherosclerosis.®*!?” Furthermore, it has been found
in prospective studies of patients with coronary artery disease, that those with
hyperhomocysteinemia had more rapid progression of their disease.!'>!** Even
though some investigators have not found an association between hyperhomo-
cysteinemia and vascular disease,!8"!%! it is still widely accepted as an independent
risk factor for the development of early atherosclerosis.’?’” Our studies might sug-
gest a biochemical basis for this effect. We observed that at physiological, free,
serum, GSH concentrations and physiological, free, serum, homocysteine concen-
trations, GPx3 was markedly inhibited (Fig. 9.2).

These data would suggest that high, free homocysteine levels could accelerate the
development of atherosclerosis by blocking the GPx3 reduction of oxidized lipids.
This is in line with the observations of Voutilainen et al.'®* who reported that there was
an increase in plasma lipid oxidation products in subjects with hyperhomocysteinemia.
On the other hand, Huerta et al.”? found that there was no correlation between homo-
cysteine levels and various indices of oxidant stress. Unfortunately, neither of these



9 The Role of Glutathione Pathways in the Prevention of Atherosclerosis 219

90 -

80¢

70

60

50

40

30

20

nmol NADPH oxidized/min/mg prot

0 bl te g loaa b g bbb e
1 2 3 4 5 6 7 8 9 10

Homocysteine ( uM)

o

Fig. 9.3 The effect of homocysteine on the activity of purified GPx3 in the presence of 9 uM GSH
(Data taken from Chen et al.’!)

authors determined the plasma GSH and GPx3 levels. If, as our data indicate, homo-
cysteine is a competative inhibitor of GPx3, then the ratio of GSH to homocyteine,
along with the GPx3 level, would be a potentially better index for the prediction
adverse vascular events rather than the homocysteine levels alone.

In support of the role of GPx3 in the protection of individuals from vascular
injury, there are two reports of an observational study by Blann and coworkers?>!#
suggesting that the activity of the GPx3 is lower in patients with extensive cardio-
vascular disease than in healthy controls. Unfortunately, it is not clear from their
reports whether they controlled for other risk factors in their data analysis or from
the statistical problems that arise from multiple comparisons. If they did, then it
would suggest that low serum activity of the GPx3 is a major risk factor for the
development of cardiovascular disease.

Our data suggesting that all three components should be determined in order to
access the risk of disease is in agreement with the studies noted above in which it
was found that low levels of serum GSH were associated with early occurrence of
Vascular events.1329,89,98,129,131,163

Another observation suggesting that GPx3 may serve to protect the vessels from
oxidant damage is the finding that the kidney is a major site of GPx3 synthesis.''*!”’
Patients with renal failure typically have accelerated atherosclerosis. This could be
due in part to decreased levels of this enzyme. Compounding the decreased GPx3
levels, renal patients also frequently have hyperhomocysteinemia and
hyperlipidemia.

Interestingly, Moat et al.'*® observed that GPx3 was significanly higher in
patients with a genetic form of hyperhomocysteinemia, suggesting that high levels
of this amino acid may induce GPx3. This would further confound the interpretation
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of the epidemiological studies, since this induction could partially compensate for
the inhibition of the peroxidase activity. Clearly, it would be important to determine
all three components to ascertain whether this system has a significant role in
decreasing vascular injury.

Finally, Voetsch et al.'? reported that the presence of several genetic variants in
the promoter region of GPx3 was associated with a significant increase in the inci-
dence of arterial ischemic strokes. These data lend strong evidence to the role of
this peroxidase in the protection of the vascular wall. In summary, these observa-
tions would suggest that the reported association between increased vascular dis-
ease and hyperhomocysteinemia may be due to inhibition of GPx3.37! Yet, these
findings also suggest a possible reason for the discrepant results among the various
epidemiological studies. The problem may be that homocysteine only accelerates
the progression of athersclerosis when the individual has a low serum GSH or
GPx3 activity. Yet, to date, no investigators have examined all three components
in the same subjects.

The Role of the Gluthathione S-Transferases Polymorphinsms
in the Development of Vascular Disease

The GSTs are a family of enzymes found in the cytosol and endoplasmic reticulum.
They catalyze the covalent binding of GSH to electrophyllic compounds.®3679
Several forms have also been found to have peroxidase activity. These enzymes are
found in all aerobic organisms. In mammalian species there are four major classes
of the cytosolic forms, forms A, M, P, and theta, and two forms in the endoplasmic
reticulum. Furthermore, within families of the cytosolic forms, GSTA has four
subforms and GSTM has five.®” The active GSTs are homodiamers. The activity of
the cytosolic forms, except GSTTI1, can be determined by their conjugation of
1-chloro-2.,4-dinitrobenzene.®” Unfortunately, there is no definitive metabolic pat-
tern for the various substrates of the GSTs which can unequivocally distinguish
them from each other, except for the failure of GSTT!1 to catalyze the metabolism
of 1-chloro-2,4-dinitrobenzene and the exclusive metabolism of trans-stilbene
oxide by GSTM.!®! Hence, their genotype is usually detemined rather than their
phenotype. In population studies this does limit our ability to correlate their cata-
Iytic activities with outcomes. Fortunately, all of the GSTs have been cloned,
sequenced, and their chromosomal locations determined.®” Hence, this has permit-
ted at least some evaluation of their role in preventing oxidant injury.

Like GPx3, GPx4, and NSGPx, the GSTs can also catalyze the reduction of
phospholipid hydroperoxides without prior cleavage of the oxidized fatty acid.™

The first evidence suggesting that GST polymorphisms may increase suscepti-
bility to disease was the observation that a significantly higher proportion of the
leukocytes in smokers with lung cancer (65%) than smokers without tumors
(40%) was GSTM null.'®> This observation has been replicated in a number of
studies of tobacco related lung and bladder cancers and possibly head and neck
cancers, 2672832578895 8TILISI3SI37.146152 Gimjlarly, the null genotype of GSTM has
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been reported to be associated with an increased incidence of colon cancer.*377
It is presumed that these tumors arise as a result of exposure of the colonic epithelium
to high levels of the various toxins produced by the gut bacteria. On the other hand,
an excess prevalence of the null genotypes has not been observed in patients with
tumors which are not thought to be induced by exposure to environmental carcino-
gens, including breast’ and ovarian cancers.”’

Several groups have examined whether similar polymorphisms are associated
with the accelerated vascular disease seen in smokers. These studies are based on
the observation that the vascular disease in this population could result from the
same biochemical reactions which lead to an increased incidence of cancer.'**!8?
It has long been known that the carcinogenic components of tobacco smoke are
procarcinogens which first have to be metabolized by the cell to give the ultimate
carcinogen.® This reactive metabolite then forms adducts with the DNA, leading
to the mutations that are associated with the initiation of tumorgenesis. Studies on
the aortas of various species, including humans, have demonstrated that this tissue
can catalyze these same metabolic processes that lead to the initiation of cancer?**
182.186(Holtzman et al. MS in prep).

Further support for this paradigm comes from the observations of Izzotti et al.”®"
who found that the smooth muscle cells obtained from the atherosclerotic lesions
of GSTM nul smokers had more adducted DNA than those from individuals with
at least one allel of GSTM. Similarly, de Waart et al.*! observed a more rapid
progression of intimal thickening in smokers who were GSTM1 nul than in those
who were not GSTM1 nul. On the other hand, Olshan et al.!*® in a report from the
ARIC group, a longterm cohort study, and Wang et al.,’** in a study of patients
undergoing cardiac catheterization for an acute ischemic event, failed to find any
association between GSTMI1 null and vascular disease in smokers.

To further add to the confusion, in three publications from the ARIC group, they
reported that indiviuals who had the nul genotype for another GST, GSTT1, had evi-
dence of less vascular injury than those with at least one GSTT1 allel.'%!?713¢ On the
other hand, Tamer et al.'” and Abu-Amero et al.' found in case-control studies of
patients with an AMI that there was an increased prevelance of GSTM1 nul and GSTT1
nul in the cases who also smoked, while Girisha et al.®® found an effect only of
GSTTI nul. Doney et al.** found a similar effect of GSTT1 nul in diabetic patients.

These conflicting observations on the effect of GST genotypes in smokers on the
incidence of vascular disease may be due to a variety of factors; the most important
of which may be that these studies generally had small sample sizes and therefore
under powered. Another problem is that these studies were forced to use the geno-
type, whereas any deleterious or benefical effect of a specific GST will depend
upon its actual activity in the endothelium. This can only be ascertained by deter-
mining its actual enzymatic activity. Unfortunately, this is not possible at present.

Since the GSTs can catalyze the reduction of phospholipid hydroperoxides, they
could also protect against oxidant stress in nonsmokers. And indeed, Stickel et al.'’
observed that in patients with a genetic iron overload disease, hemochromatosis,
which presuably leads to severe oxidant injury, the incidence of cirrhosis was
greater in a C282Y polymorphism of GSTP1 than in those without this allel. These
data would suggest that this GST could protect the cell against oxidant injury.
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On the other hand, Pessah-Rasmussen et al.'*’ reported that in a substudy of
80-year-old men in Malmo who had no history of symptomatic, cardiovascular
disease, there was a positive correlation rather than an inverse correlation between
the extent of PAVD and their leukocyte GSTM activity. Clearly this is a skewed
population since 80-year-old men without cardiovascular disease represent a highly
selected population. The presence of GSTM could have been one factor leading to
their survival to this ripe old age.

In line with this, in a population of middle aged men they observed the expected
inverse correlation between the leukocyte GSTM activity and the presence of
PAVD.!*8 This would suggest that middle aged men who lack GSTM may be at an
increased risk for this condition. Yet, they did not observe a correlation in patients
undergoing coronary artery bypass surgery, suggesting that coronary artery disease
has several different etiologies which may have masked the effect of the GSTM
phenotype, including the possibility that other genotypes may be important in this
process. Evans et al.® found a similar lack of association between the GSTM phe-
notype and ischemic heart disease. A major problem with both of these studies is
that in their analysis they did not distinguish between smokers and nonsmokers.
Since the increased incidence of atherosclerosis seen in individuals with other risk
factors, such as hypertension or hyperlipidemias, may not be related to the forma-
tion of the toxic metabolites, such individuals may have diluted out any genetic
deficiency in GSTM which might be associated with the arterial disease seen only
in smokers.

This possibility is born out in a study by Wilson et al.'”® who examined the fre-
quency of GSTM1 nul in patients undergoing coronary angiography for evaluation
of a presumptive AMI. They categorized the patients according to whether they
have had an AMI and also whether they were found to have significant coronary
artery stenosis (>50%) (Table 9.1).

In this population there was no correlatin between the GSTM1 genotype and
cardiovascular disease in nonsmokers or former smokers. On the other hand, in
smokers the GSTM1 nul genotype appeared to have a protective effect on the inci-
dence of significant arterial stenosis. They reported a similar finding in a subse-
quent study in a different population.'®

One possible explanation for the discrepancies between the induction of cancer
and the development of vascular disease is that the GSTs may be catalyzing the
formation of more toxic metabolites of carcinogens in tobacco smoke instead of

Table 9.1 The frequency of GSTMI null in controls and patients undergoing coronary
angiography

All subjects ~ Nonsmokers  Former smokers Current smokers

Acute MI  Stenosis (%) (%) (%) (%)
- - 57 55 61 67
+ - 59 56 62 60
+ + 48 53 46 32

Data taken from Wilson et al.'*®
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detoxifying them. Such enhanced toxicity of GSH conjugates has been shown for
some of the haloalkanes.®’

Another possible problem with all of these studies on subjects with an AMI is
that they all examined only patients who made it to catheterization. It is generally
accepted that only about half of the patients survive long enough to get medical
care. Hence, these investigators were dealing with a biased population of those who
survived long enough to be catheterized. It may well be that those individuals with
a null genotype for GSTM1 and/or GSTT1 have a higher initial mortality than
individuals with the normal genotype and therefore would not have been included
in their sample. To further confuse these findings, they reported that the prevelance
of the GSTM1 nul was much higher in their control populations than has generally
been reported®” or that was reported by Pessah-Rasmussen et al.'*® In fact, the ratios observed
in the previous studies have generally been exactly the opposite of those observed in
these studies.

Effect of Ischemic Heart Disease, Diabetes Mellitus
and Chronic Renal Failure on the GSH Peroxidases

Ischemic Heart Disease

Early reports indicated that ischemic heart disease was associated with high levels
of lipid peroxides.*** Similarly, several groups have found that patients with an
acute ischemic event have decreased levels of GPx1 in their erythrocytes,*%170 207
neutrophils,”® and platelets.®>'*! Similar changes have been observed in chronic
ischemia with an increase in markers of lipid peroxidation*” and erythrocyte GSH
levels.'” Interestingly, Simic et al.'™ also reported that at 6 days post reperfusion
after an AMI, there was as much as a 60% increase in GPx1 activity. This is surprising
since mature erythrocytes do not synthesize new proteins, suggesting that there is a
pool of inactive enzyme in these cells which is activated by the reperfusion.

Diabetes Mellitus

As is well known, diabetes mellitus, both the insulin dependent (IDDM; type 1) and
noninsulin dependent (NIDDM; type 2) are associated with a marked increase in
the incidence of vascular disease. Even though these two forms of diabetes mellitus
have different etiologies, in both conditions there is evidence of enhanced oxidant
injury with a decrease in the antioxidant systems. IDDM results from a loss of
insulin production due to destruction of the beta cells of the pancreas. On the other
hand, at least in the early stages of NIDDM, there are high levels of circulating
insulin with a decreased response to this hormone.
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NIDDM is part of a complex of risk factors which includes obesity, hypertension,
hyperlipidemia, vascular disease, and insulin resistance. This complex is termed the
“metabolic syndrome.” Unlike IDDM, NIDDM is characterized in its early stages
by an increase in both production and serum levels of insulin. A number of studies
have shown that this syndrome is associated with decreases in the antioxidant path-
ways. For example, Pasaoglu et al.'* found that there was increased TBAS in both
the serum and erythrocytes with decreased level of GSH in both compartments. An
early report has suggested that GPx1 was unaltered in NIDDM while GPx3 was
actually elevated.®® On the other hand, more recent studies from one group®*!*° have
indicated that there is a significant decrease in GPx3 activity with an increase in the
plasma TBAS. Similarly, Zaltzberg et al.?'* found that there was an increase in
plasma TBAS, decreased levels of plasma but not erythrocyte GSH and decreased
erythrocyte GPx1, GST, and GSH reductase activities. Yet, these reductions in the
antioxidant pathways appear to be associated with the hyperlipidemia rather than
the NIDDM?3*#°%6 On the other hand, De Mattia et al.** and Telci et al.'"®® reported
that patients with NIDDM had evidence of oxidant stress in the absence of
hyperlipidemia. This stress was partially reversed by the chronic administration
of N-acetylcysteine.* Finally, Shurtz-Swirski et al.'®® presented evidence that in
NIDDM peripheral polymorphonuclear leukocytes were activated in the presence
of decreased levels of plasma GSH, lending support to the role of oxidant stress
in the vascular injury.

Child et al.** reported that many of the indices of oxidant stress and lipid abnor-
malities in NIDDM could be reversed by the administration of oral folate. Since
tetrahydrofolate is the methyl donor involved in the conversion of homocysteine to
methionine, this improvement in the risk factors associated with the metabolic
syndrome could be due to the reduction in the observed homocysteine levels.

These effects of NIDDM do not appear to be due to the hyperlgycemia since
treatment of patients with an oral antidiabetic agent, glimepride, showed increased
evidence of oxidant stress in the presence of good glycemic control.? This agent is
a member of the sulfonylurea family which works by increasing insulin secretion.
Furthermore, although this family of agents can control the hyperglycemia charac-
teristic of NIDDM, they have not been shown to significantly decrease the inci-
dence of cardiovascular events during chronic administration.'®* This might suggest
that decreasing oxidant stress may be critical to the prevention of the long-term
effects of this disease.

One of the well documented, epidemiological observations is that black
patients show a higher incidence of complications from NIDDM. In line with
this Zitouni et al.?'* reported that the levels of GPx1 were significantly lower in
African subjects with NIDDM compared to caucasians. But the levels in both
groups were lower than that found in controls. As would be expected the levels
of GPx3 were correlated with albumin excretion, a measure of renal impairment.
Since the African subjects had a greater decrease of renal function, the lower
levels of GPx3 could be due to lower capacity of the kidneys to synthesize
this enzyme.

There have been few studies on the effect of IDDM on the antioxidant pathways.
Both Yaqoob et al.?®® and Ruiz et al.!* reported that there were lower levels of
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GPx1 and higher levels of serum TBAS and lipid peroxides in individuals with
IDDM. The decrease in GPx1 and increases in indices of oxidant stress were accen-
tuated in individuals with poorer control of their diabetes and with cardiovascular
disease. Both groups reported that these defects were observed early in the disease
process.* Interestingly, Matteucci and Giampietro!''® reported that there was evi-
dence of oxidative stress in unaffected siblings and parents of IDDM patients.

The Effect of Renal Failure on the Antioxidant Pathways

Renal failure is associated with a marked increase in the incidence of both vascular
disease and oxidant stress. Asayama et al.'? reported that uremic children and ado-
lescents had increased plasma TBAS. Ceballos-Picot et al.,*® Lim et al.'®
Roxborough et al.,'* and Ozden et al.'* found that in renal failure patients there
was a decrease in GPx3, but essentially no effect on GPx1. This decrease in GPx3
would be expected in these patients, since it is primarily synthesized in the kidneys.
Yet, Roxborough et al.’** found by immunoassay that the total GPx3 in the serum
was the same in patients with renal failure as in controls, suggesting that the lower
activity in patients was primarily due to denaturation of the enzyme rather than to
a lower rate of synthesis.

In another study in renal transplant patients 1 year after transplantaion, Ruiz
et al.'’"” found that the level of GPx3 was significanly higher in patients with little
vascular pathology.

The Effect of Drugs on the GSH Dependent Pathways

Hormone Replacement Therapy

One of the most controversial areas of therapeutics in recent years has been the
question of whether the administration of estrogens and progestins to postmeno-
pausal women reduces the incidnece of vascular disease. This concept was based
on the observation that premenopausal women have a significanly lower incidence
of vascular events than age matched men. This lower incidence was attributed to a
protective effect of estrogens. Furthermore, observational and cohort studies had
suggested that estrogen replacement therapy did reduce the incidence of both
strokes and AMI. Furthermore, in support of the potential benefit of hormone
replacement therapy, Bednarek-Tupikowska et al.'” reported that in early menopause
there was a direct correlation between GPx1 levels and serum estradiol and
an inverse correlation with TBAS levels. On the other hand, in a large placebo
controlled trial of hormone replacement therapy in more elderly women in the
Women’s Health Initiative, it was reported that progestens and to a lesser extent
estrogen actually increased the incidence of vascular events.?®! This has been a very
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controversial finding because many investigators contend that this study may not
be relevant to early menopausal women who may benefit from replacement ther-
apy. Prior to the publication of this study three groups had examined the effect of
replacement therapy on oxidant stress*’®!3® While Inal et al.”® and Akcay et al.
found that replacement therapy had no effect, Ozden et al.'*® reported that therapy
increased GPx1 activity and reduced plasma TBAS. Since these data would suggest
that replacement therapy had either a neutral or positive effect on oxidant stress, the
observed deleterious effect observed in the Women’s Health Initiative would sug-
gest that either the older studies were examining a younger population with a dif-
ferent response to estrogen or that the adverse effects of the hormones were
unrelated to changes in the antioxidant systems.

Statins and Fibrates

Currently, the HMGCoA reductase inhibitors, the statins, are the most widely
prescribed medication for the primary and secondary treatment of patients at a risk
for vascular events. Their primary effect is to decrease the intracellular hepatic
levels of cholesterol. This leads to increased levels of the LDL receptor and uptake
and degradation of the LDL. The net effect is to lead to decreased plasma LDL
concentrations. With lower levels of LDL there is a decrease in its oxidaiton
products because of the reduced substrate concentration.

Yilmaz et al.?® reported that one statin, fluvastatin increased GPx1 activity in
erythrocytes after 3 months of treatment. Similarly, Molcanyiova et al.!?® found that
simvastatin administration led to both a significant increase in GPx1 and a concom-
mitant decrease in plasma TBAS. In another report, Pereira et al.'** found that this
effect was not due to an increase in plasma thiols. These data suggest that one of
the beneficial effects of statins could be the induction of GPx1. Clearly, this avenue
of investigation will require more studies to determine whether this is correct.

The fibric acid derivatives are another class of agents which have recently
been found to decrease the incidence of vascular events.!>>8! These agents are
PARPa agonist which have been used to lower serum triglycerides and raise
HDL. Yet, in these two studies their effect on the HDL concentrations was not
clinically significant. Another fibric acid derivative, fenofibrate, has been shown
after 12 weeks of treatment to significantly decrease an indicator of oxidant
stress, serum conjugated dienes, and at the same time to nearly double GPx1.!%
On the other hand, Sutken et al.'” found that after treatment for 1 month, gemfi-
brozil had no effect on GPx1. Since erythrocytes have a 3-month life span and do
not synthesize protein once in the circulation, this study may have been too short
to observe an effect.

Together, these data suggest that both the statins and fibric acid derivatives may
decrease oxidant stress both by decreasing the substrate available for oxidation and
by inducing GPx1. Both actions could be important in their protection of endothelial
cells from injury.
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Conclusions

I feel that the preponderance of evidence would appear to lend credence to the
widely held concept that oxidant injury may be a major factor in the development
and progression of atherosclerosis. Furthermore, these data would also indicate that
the GPxs may play a major role in delaying the develoment of this pathological
condition.
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