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Abstract

Diabetes carries an increased risk of atherosclerotic disease that is not fully explained hy known car—
diovascular risk factors. There is accumulating evidence that advanced glycation of structural proteins, and
oxidation and glycation of circulating lipoproteins, are implicated in the pathogenesis of diabetic ather-
osclerosis, Reactions involving glycation and oxidation of proteins and lipids are believed to contribute to
atherogenesis. Glycation, the nonenzymatic binding of glucose to protein molecules, can increase the ather—
ogenic potential of certain plasma constituents, including low density lipoprotein(L.DL). Glycation of LDL
15 significant increased in diabetic patients compared with normal subjects, even in the presence of good
glycemic control. Metabolic abnormalities associated with glycation of LDL include diminished recognition
of LDL by the classic LDI. receptor ; increased covalent binding of LDL in vessel walls ; enbanced uptake
of LDL by macrophages, thus stimulating foam cell formation ; increased platelet aggregation ; formation
of LDL-immune complexes ; and generation of oxygen free radicals, resulting in oxidative damage to both
the lipid and protein components of LDL and to any nearby macremolecules. Oxidized lipoproteins are
characterized by cytotoxicily, potent stimulation of foam cell formation by macrophages, and procoagulant
effects. Combined glycation and oxidation, “glycoxidation” occurs when oxidative reaclions affect the initial
products of glycation, and results in irreversible structural alterations of proteins, Glycoxidation is of greatest
significance in long lived proteins such as collagen. In these proteins, glycoxidation products, believed to
be atherogenic, accumulate with advancing age : in diabetes, their rate of acetwmulate is accelerated. Inhibition
of glycation, oxidation and glycoxidation may form the basis of future antiatherogemic sirategies in both

diabetic and nondiabetic individuals.
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INTRODUCTION

Diabetes is associated with accelerated atheroscle—
rosis, with the incidence of cardiovascular disease in
diabetic patients three to four times that of nondiabetic
individuals{1), The increase in cardiovascular risk is
partly explained by the high prevalence of lipid abnor-
malities in diabetes, but even when all known cardio-
vascular risk factors are accounted for, diabetes remains
as an independent risk factor(2). Attention has therefore
[ocused on potential cardiovascular risk factors that
are specific to the diabetic metabolic milieu, and con-
siderable evidence now exists to suggest that the pro-
cesses of oxidation and glycation are of major impor—
tance. Other reviewers have examined in detail the
hiochemical processes involved in advanced glycation
(3), oxidation(4), and lipoprotein glycation(5).

The importance of atherosclerosis in diabetes is clear.

+ .
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Since the beginning of the insulin era, the proportion
of total deaths from coronary heart disease(CHD) in
diahetes has progressively increased to the point where
now almost three fourths of deaths among diabetics
are directly attributable to CHD. Recent data from the
Joslin Clirze Indicate that by age 50, [ully one third of
male and female individuals with insulin-dependent
diabetes mellitus(IDDM) have already died {from CHLD,
a proportion far exceeding that observed in an age-
matched nondiabetic cohort(s). Although CHD mortality
cannot be directly equated with atherogenesis, such
data are compelling nevertheless.

Of the risk factors for atherosclerosis in the general
pepulation, most of the potentially reversible ones are
mare prevalent among the diabetic population. However,
an epidemiological analysis suggests that the contri-
bution of all of the commonly measured risk factors
together can account for no more than about 2525 of
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Fig. 1. Plot of coronary heart disease mortalily rate
in nondiabetic and diabetic men.

the excess CHD in diabetics(6). Recent data from the
Multiple Risk Factor Intervention Trial, which includ-
ed mere than 5,000 middle-aged diabetic men among
the more than 350,000 participants, indicate that while
the mortality rate for CHD increases exponentially as
a [unction of serum cholesterol levels in diabetics just
as it does in nondiabetics, for every cholesteral level
dizbetics have threefold to fivefold higher CHD mor-
tality rates(V)(Fig. 1).

The individual with diabetes often develops com-
plications of the disease which are a major threat to
both the quality and length of life. These complications
are a wide group of clinical disorders which affect the
vascular system, the kidney, the retina, the peripheral
nerves, the lens, and the skin. The individual with
diabetes has a 25-fold increase in the risk of blindness,
a 20-fold increase in the risk of renal lailure, a 20-fald
increase in the risk of amputation as a result of
gangrene, and a 2- to 6-lold increased risk of coronary
heart disease and ischemic brain damage(8).

This review discusses recent work that implicates
these processes in the pathogenesis ol dighefic athero-
sclercsis, and examines the role of pokential atherogen-
ic agent of glveated LDL currently under investigation.

DYSLIPIDEMIA IN DIABETES

With regard to plasma lipid and lipoprotein levels,
it is clear that high plasma triglyceride levels, usually
increased in persons treated for diabetes(both IDDM

Table 1. Hypertriglyceridemia in diabetes

Chylomicronemia

Increased VLDL

Increased remnants(VLDL and chylomicrons)
TG-rich low density lipoprotein

TG-rich high density lipoprotein

VLDL: Very low density lipoprotein, TG Triglycerides

and non-insulin-dependent diabetes mellitus[NIDDM]),
have been consistently shown to be a risk factor for
CHD among diabetic individuals in cross—sectional
studies(9). This is in contrast to the controversy over
the role of hypeririglyceridemia as a CHD risk factor
populations. There is now an 11-vear prospective study
from Paris indicating that higher triglyceride levels
among digbetics increase their risk of developing CHD
(10). Hypertriglyceriderma in diabetes can be associated
with a variety of changes in circulating lipoproteins
(Tahle 1). Chylomicronemia may be seen in poorly con—
trolled diahetics, bul [rom the work of Nordestegaard
et al.{11), it appears that chylomicrons are too large
0 enter the arterial wall and hence need not be con-
sidered atherogenic per se. Very low density lipoprotein
{VLDL) and remnants of VLDL and chylomicron ca~
taholism have been associated with deposition of cho-
lestero! ester in arterial wall cells and hence can be
considered potentially atherogenic. When equal particle
numbers of chylomicron remmants and low density
lipoprotein(LDL) are incubaled with human arterial
smooth muscle cells, remmanis are at least as LDL in
increasing cholesterol esterification and producting
cholesterol ester accumulation. In other studies, VLDL
obtained from diabetic demors, whether hypertrigly -
ceridemic of normotriglyceridemi, appears to be more
avidly bound and degraded by mouse peritoneal macro-
phages(12) and results in more cholesterol ester accu—
mulation m human monocyte-derived macrephages
(13) than VLDL obtzined fram normal donors. These
in vitre findings indicate that the increased VLDL and
rermmant concentrations seen in diabetics are potentially
capahle of increasing cholestero! ester depasition in
arterial wall cells.

GLYCATION OF LIPOPROTEINS

There are a number of Hpoprotein modifications in
diabetes that affect cell interaction{ Table 2). For exam-
ple, glycosylation of lipoproteins has been shown to
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occur in diabetes, and glyveated LDL may be func-
tionally abnormal(14,13). Being immunogenic, glycated
LDL accumulates in plasma and may enhance cho-
lesterol ester accumulation in macrophages(16), Glyca—
tion of HDL mmpairs its functional ahility to hind to
the HDL. receptor binding site on cells and to promote
intracellular cholesterol efflux(17){Fig. 2). Thus, glycat~
ed HDL may by anather factor potentially contributing
to arterial cell cholesterol ester accumulation. However,
the concentration of circulating glycated lipoproteins
is relatively small, and their role in the arterial wall
in vivo needs to be elucidated. Glyeation of lipoproteins
and other proteins involves nonenzymatic formation of
Amador products. As a result of the browning (Maillard)
reaction, these products can be further processed with
the formation of cross-links to advanced glycosylated
end products(AGEs)(18). A particular cross-link in-
volving penfosidine has been described hy Sell and

Table 2. Lipoprotein modifications in diabetes affec—
ting cell interactions

Glycosylation
Oxidation
Chemica! modification
Alterations in lipd composition
Core
Increased triglyceride
Decreased cholesterol ester
Surface
Increased free cholesterol
Alterations in apolipoprotein composition
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Fig. 2. Plot of effect of control and glycated high den-
sity lipoprotein subfraction 3(HDL3) on cho-
lesterol esterification.

Monnier(19), cross-linking arginine to lysine on proteins
vielding fluorescent products. Other AGEs such as
carboxymethyllvsine can hy formed hy oxidation, and
because Amadori adducts are a ready source of super-
oxide, it appears that glycation ol protein enhances its
potential for oxidative damage(20},

Collagen subjected to advanced glvcosylation will
avidly bind LDL as a function of the degree of glyco—
sylation(21}. Vlassara and colleagues(22) have describ-
ed in a series of studies the multiplicity of ways in which
AGEs could by involved in atherogenesis(Table 3).
One of the more exciting possibilities is that amino-
guanidine, which hlocks formation of cross-links in
AGEs proteins(23), can markedly inhibit the develop—
ment of experimental atheroma in rabbits. Therefore,
glycation and advanced giycation of protein in plasma
and the arterial wall deserves to take its place among
the lactors that are potentially involved in atherogenesis
in diabetes(Tahle 4). Although the concentration of
AGE proteins normally increases with age in skin
collagen, their formation is markedly accelerated in
diabetes. A recent report documents an increase in the
concentration of AGE proteins in the arterial wall of
diabetics cempared with matched nondiabetics(24).

Table 3. Potential role of AGE in atherogenesis

AGE accumulation in artery wall : Low density lipoprotein
trapping
Endothelial cell changes
Permeahbility
Cell adhesion
Procoagulant state
Monocytes/macrophages
Chemotaxis and activation
Cholesterol ester accumulation
Cytokine/growth factor secretion
Smooth muscle cell proliferation
Prevention of experimental atheroma by aminoguamdine
Hyperinsulinemia : Decreased AGE receptor sites

AGE: advanced glycosylated end products

Table 4. Atherogenesis in diabetes

+ Abnormalities of apoprotein and lipoprotein particle dis-
tribution("chabetic dyslipidemia™)

» Procoagulant state

» Insulin resistance and hyperinsulinemia

* (lycation and advanced glycation of proteins in plasma
and arterial wall

* "Glycoxidation” and oxidation

» Hormone, growth factor, and cytokine enhanced smooth
muscle cell proliferation and foam cell formation
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GLYCATION AND GLYCOXIDATION

Glucose reacts nonenzymatically with amino groups
ol amine acids of nucleic acids in a process known
as nonenzymalic glycation(3){Fig. 3). The initial prod-
ucts of the reaction are Schiff bases, which rearrange
to form more stable Amidori products. These early
glycation products are in reversible equilibrium with
their precursors, and the levels will tend to rise and
fall depending on the ambient glucose concentration.
Amidoti products are gradually degraded into reactive
carbonyl compaounds such as 3-deoxyglucosone, which
can then [urther react with {ree amino groups to form
advanced glycation endproducts(25), Advanced glyca-
tion endproducts{ AGE) gradually accumulate on long
lived proteins during normal aging and this process
is significantly accelerated in diabetes, even by modest
elevations in hlood glucose(25). The process of advan-
ced glycation end lead to marked changes in the struc-
ture and function of proteins{26) and the tissue con-
centration of AGE has heen shown to correlate with
the severity of diabetic microvascular complicaticns,
The formation of the presence of oxvgen does not
proceed under anaerobic conditions(27). The process
is accelerated by the presence of transition metals and
phosphate, and is inhibited by reducing compounds such
as ascorbate(4,28). Thus some authors prefer the term
“olycoxidation products” to describe the compounds
that result [rom advanced glycation and coxadation.

GLYCATION AND OXIDATION OF LDL

LDL. and other lipoprotein particles are designed to
transport insoluble lipids through the aguecus plasma.
The particles have protein on their surface that deter—
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Fig. 3. Pathway of advanced glycation.

mine their interactions with cell-membrane receptors.
The core of the particles contains esterified cholesterol,
triglyceride, and other lipids. The surface protein can
undergo glycative, oxidative, and glycoxidative damage.
Additionally, the unmsaturated fatty acids in the particle
core can experience coxidative damage.

LDL GLYCATION

LDL glycation was [irst described by Schleicher et
4l.(29) maore than 10 years ago. In vifro experiments
conducted by these investigaters showed that the
extent of LDL glvcation varied as a function both of
the duration of LDL incubation and the concentration
of glucose in the incubation mixture. These research-
ers were also the first to demonstrate that people with
diabetes undergo increased in vivo giycation of apoli-
noprotein B(Apo B, the surface protein of LDL); this
gave rise to the hypothesis that lipoprotein glvcation
contribites to the accelerated atherosclerosis of diabetes.

Studies have examined LDL glycation in nondia-
hetic subjects and in patients with well-contralied
type I diabetes(30). Thus work demonstrated that since
glucose is tightly controlied in nondiabetic subjects,
so is glycation. In contrast, even diabetic patients with
relatively good glveernic control exhibit a significant
increase in LDL glycation in vive. Metabolic zbnor-
malities associated with glycated LT may be relevant
to accelerated atherosclerosis in diabetic patients, as
well as in individuals with undiagnosed impaired glu-
cose tolerance. A number of mechanisms may be involy—
ed. First, recognition of glycated LDL by the classic
LDL receptor is impaired{31), and this may contribute
to hyperlipidemia. Secondly. glycation results in in-
creased sequestration and glucese-mediated covalent
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binding of LDL within vessel walls. Such binding will
be further enhanced if the vessel wall structural prot-
eins have themselves heen modified by glycation and/
or oxidation. A third alteration is enhanced uptake of
1LDL by monocyte-derived macrophages(32) stimu-
lating the formation of foam cells, an early feature of
atherosclerosis. Notably, however, glycated LDL does
not. enter the macrophage via the usual pathway for
heavily modified particlesii.e. the scavenger receptor)
; our group has proposed the existence of a separate,
low-affinity, high-capacity receptor pathway by which
glycated LDL gains entry into the macrophage(32).
TFourth, platelet agpregation 1s increased in the pres-
ence of glycated LDL(33). Fifth, there are theoretical
reasons to believe that glycation of proteins generates
[ree radicals(34), so glycated LDL particles may have
inereased susceptibility to subsequent oxidative dam-
age. Finally, LDL modification can be extensive enough
to provoke an antibody response, and the formation
of potentially atherogenic LDL-immune complexes(35).
There is considerable evidence to support the notion
that diahetes is a state of increased oxidatively revi-
ewed by Bavnes{4). Glucose can catalvze lipid per—
oxidation in vitro. and AGE may generate free radicals
capable of oxidizing lipid in the arterial wall{36).

LDL GLYCOXIDATION

LDL and other circulating proteins persist in plasma
for a relatively short time, so they are less likely than
more long-lived. structural proteins(e.g., collagen) to
experience combined glycation and oxidation. None-
theless, LDL can undergo glycoxidation, and there are
reasons to suspect that this cccurs at an increased rate
in people with diabetes. First, the increased glycative
stress of diabetes increases the amount of glycated
LDL available for potential oxidation. Second, impaired
uplake of glycated LDL by the classic LDL receptor
may increase its plasma half-life and, therefore, expo—
sure to oxygen free radicals. Third, sequestration ol
lipoproteins, e.g., in vessel walls, prolongs their exis—
tence, allowing more time for glycoxidative damage.

Fig. 4 summarnzes the elfects of glycation and gly-
coxidation on LDL(5). Endothelial cell injury is caused
by oxidized lipids in LDL, platelet aggregation, and
cytotoxicity resulting from oxidation of lipid cccurring
within the vessel wall, In fact, most lipid oxidation pro-
bably occurs within the vessel wall, because, in plasma,

oxidarien is buffered by efficlent antloxidant systern,
even 1n diabetic patients. As shown in Fig. 4, modified
lipoproteins are covalently bound to vascular matrix
proteins. Again, if the matrix proteins are themselves
glycoxidized, adherence of the abnormal LDL will be
even greater. Lipid peroxidation products were elevated
in the diahetic patients, and subanalysis suggested that
this elevation was predominantly in patients with mic—
rovasicular or macrovascular disease. It appears, there—
{ore, that there is an association between lipid oxidation
and complications of diabetes, but it is unclear whether
or not oxidation plays a causative role. For example,
recent work by Bucala et al.{37) suggests that the
process of advanced glycation, which has been implicat—
ed in the pathogenesis of diabetic complications, may
itself imtiate lipid peroxidation.

It is now known that LDL exists in distinct sub-
classes that differ in size, density, and chemical com-—
position. The smaller, denser LDL subfraction appears
to be associated with increased risk of coronary artery
disease(38). A preponderance of small dense LDL (termed
“pattern B”) is {ound in individuals with elevated plas-
ma triglycerides and low levels of HDL cholestercl, a
lipoprotein pattern observed commeonly in patients with
NIDDM({39).

Qualitative changes in LDL, consistent with a pre—
dominance of small dense particles, have been described
in diabetic patients. Recent evidence suggests that
small dense LDL is particularly susceptible to oxidative
modification(40). Lipid peroxide levels in diabetic pa-
tients have heen found to correlate with plasma trigly-
ceride levels, and it is, therefore, reasonable to speculate
that the presence of small dense LDIL may be a con-
tributing {actor to increased lipid oxidation in diabetes.

GLYCATION OF CIRCULATING
LIPOPROTEINS IN DIABETES

Glycation of human apolipoproteins was first de-
scribed by Schleicher et al.(29), who were able to de-
monstrate in vifro glycation of several apoli poproteins,
and identified glycated apolipepretein Blapo-B) in the
plasma ol human diabetic subjects. In vivo glycation
of apoproteins Al All, C and E in diaketes has also heen
studied, and LDL glycation in dizbetic subjects has de-
gree of glycemic control{30). Glycation of apo-B occurs
on lysine groups that shield the LDL receptor-binding
domain, thereby impairing its metabolism through the
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{Ref : Lyons 1993}

classical LDL receptor pathway. This may lead to in-
creased plasma levels, especially during time of poor
glycemic centrol, Glycated LI appears to enter human
macrophages by a specific low affinity, high—capacity
receptor pathway, which is separate from the scavenger
recepior pathway and which may contribute to foam
cell formation{41).

Glycation of LDL may render it immunogenic, to
circulating antibodies and to glycated LDL, as well as
immune complexes containing glveated LDL, have been
found in diabetic patients{42). These immune com-
plexes appear to be taken up avidly by macrophages
and can induce foam cell formation. Glycated LDL iso-
lated from diabetic subjects has also heen found to
stimulate the release of thromboxane B2 and aggre—
gation of platelets{43), providing vet another mechanism
by which it may stimulate atherosclerosis. There have
been few studies that have examined in detail the
hiologic elfects of glycation of the other lipoproteins :
of particular interest is some recent evidence that gly-

cation of HDL may impair its ability to participate in
teverse cholesterol transport(44).

There is now evidence to suggest that advanced
glyeation of lipoproteins can occur in vitro and in vivo.
When LDL is incubated with glucose, AGE are detec-
table within 3 days, linked to both the apo-B and the
phospholipid components ol the lipoprotein{37). The
phospholipid AGE formed at a higher rate than the
apo-B-linked AGE, and the [ormation of these com-
pounds was associated with progressive oxidation of
the lipid component of LDL. In the same study, AGE
modification of LDL isolated from human diabetic
suhjects was identified, suggesting that this phenom-
enci OCcurs in vivo.

ADVANCED GLYCATION AND
ATHEROSCLEROSIS

There are several mechanisms by which advanced
protein glycation may be implicated in the pathogen-
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esis of diabetic atherosclerosis. First. AGE are reactive
compounds that can form into molecular cross-links
with collagen and other structural proteins(3). Cross-
linking increases the rigidity of collagen, and, therefore,
may contribute to the decrease in arterial compliance
and high incidence of hypertension reported in diabetic
subjects. Futhermore, the products of lipid peroxidation,
which are themselves increased in dizbetes, can accel-
erate the cross-linking process. Second, advanced gly—
cated collagen is capable of covalently trapping LDL
(79), and the amount of trapping increases linearly with
the degree of glycation. Once trapped in the arterial
wall, LDL is susceptible to attack by free radicals{which
can be generated by glycated proteins) and subsequent
oxidative modification(36). Thirdly, human monccytes
have AGE-specific receptors on their surface, migrate
selectively in response to AGE, and respond by releasing
cytokines(-15). In tissue culfure, selective migration of
monccytes acrass endothelial cell monolavers is enhanced
when the cells are grown on a matrix containing AGE
(46). These in vitro studies suggest that AGE in the
arterial wall may induce an inflammatory response,
and they are supported by the finding that injection
of AGE into rats induces a marked mononuclear infil-
tration of arterial walls and perivascular areas.

CONCLUSION

Atherosclerosis in diabetes is clearly multifactroial,
but several potential mechanisms stand out and are
in need of further focus. Foremost would be the unicue
effects of hyperglycemia mediated through the mecha-
nisms of protein glycation and glycoxidation. There
has not been an adequate clinical trial of glucose low-
ering and atherosclerosis cutcomes,

Glycation glvcoxidation are closely interrelated pro-
cesses, each of which may contribute to atherogensis.
Glycation alone may increase the atherogenicity of
certain plasma constituents, notably lipoproteins. In
long-lived proteins, glycative damage is lixed by
oxidation reactions, and glycoxidation products accu-
mulate. These products may contribute to the develop-
ment of atherosclerosis by a variety of mechanisms,
some of which have been briefly described. Glycative
stress. leading to the first stage of a complex sequence
of reactions, is constant in normal(non diabetic) indi-
viduals because circulating glucose levels are tightly

controlled throughout their lives. In diabetic patients,
however, glycative stress is increased. On the other
hand, oxidative stress varies within both the normal
and diabetic populations. Our data has not revealed
any difference in the degree of variation in normal and
diabetic individuals, suggesting that the diabetic state
is not associated with any inherent increase in oxidative
stress. Glycoxidative stress(the combined effect of glyca-
tion and oxidation} is increased in diabetics because
of the increase in glycative stress. Therefore, in dia—
betics, the strength of oxidative defenses may be partic-
ularly important in modulating the consequences of
hyperglycemia.

These observations raise questions concerning the
possibility of interventions to slow or inhibit glycation
and glycoxidation of lipoproteins and vascular wall pro-
teins. Ohviously, glycative stress can be modified by
reducing glycemia. maintaining good diabetic contral,
and identifying patienis in whom diabetes or impaired
glicose tolerance has gone undiagnosed. Strategies for
reducing oxidative stress may include use of antioxi-
dant micronutrients(vitamins E and C, 5 -carotene) or
medications such as probucol. Aminoguanidine, or a
derivative, may have a future role in the inhibition of
both glycation and oxidation. Future studies should
shed more light on the antiatherogenic potential of
such strategies.

Ohbviously much work needs to be done to validate
these concepts. However, it is likely that both short-
and long-term glycation of LDL, and possibly other
lipoproteins, contributes to the increased incidence and
severity of atherosclerosis that characterizes the hyper-
glyemic, diabetic patient.
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