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ABSTRACT

Background: Reactive glucose-protein intermediates
and advanced glycation endproducts (AGEs) are shown
to colocalize with atheromatous lesions and to trigger
complex chemical and biological responses through in-
teraction with vessel wall elements. In diabetes and renal
insufficiency, atherosclerosis is common, as are elevated
levels of serum and vascular tissue AGEs. In the present
study, AGEs supplied exogenously to nornal animals
elicited vascular and renal pathology.
Materials and Methods: Nondiabetic rabbits were in-
jected intravenously with low doses of AGE-modified
rabbit serum albumin (AGE-RSA, 16 mg/kg/day) for 4
months alone, or combined with a brief terminal period
(2 weeks) of a cholesterol-rich diet (CRD) (2% choles-
terol, 10% corn oil). AGE-RSA associated expression of
vascular cell adhesion molecules and the development of
atheromatous changes within the aorta were determined
by immunohistology.
Results: The AGE content of aortic tissue increased by
2.2-fold in AGE-treated and by 3.2-fold in AGE + CRD-
treated rabbits compared with normal saline-treated

control rabbits (p < 0.025 and 0.001, respectively). Se-
rum AGE levels in AGE groups rose up to 3-fold above
the controls (p < 0.025 and p < 0.01). Ascending aortic
sections from AGE-treated rabbits showed significant fo-
cal intimal proliferation, enhanced endothelial cell adhe-
sion with infrequent intirnal macrophages, oil-red-O
staining lipid deposits and positive focal expression of
vascular cell adhesion molecule- I (VCAM- 1), and inter-
cellular adhesion molecule-I (ICAM-1), a pattern not
observed in controls. These AGE-induced changes were
markedly enhanced in animals cotreated with AGEs and
a brief period of CRD. Lesions consisted of multifocal
atheromas, containing foam cells, massive lipid droplets,
and strong endothelial expression of VCAM- 1 and
ICAM-1 restricted to the affected areas.
Conclusions: This study provides in vivo evidence for a
causal relationship between chronic AGE accumulation
and atherosclerosis independent of diabetic hyperglyce-
mia, and suggests the utility of this animal model for
the study of diabetic vascular disease in relation to gly-
cation.

INTRODUCTION
Among patients with diabetes mellitus, cardio-
vascular disease is highly prevalent (1-3). This
has been attributed to an acceleration of athero-
sclerotic processes that more extensively culmi-
nate in the development of vascular lesions
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earlier than normal. Many pathophysiological
changes contribute to the typical atherosclerotic
progression and include increased vascular per-
meability, enhanced procoagulant activity, and
impaired vasodilation. Alterations in adhesive
properties of the endothelial surface, focal adher-
ence, and subsequent migration of mononuclear
cells into the subendothelial space, together with
myointimal proliferation and accumulation of
serum lipoproteins, soon lead to widening of in-
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timal and medial layers and additional accretion
of cellular and noncellular material, as the com-
plex process of intraluminal plaque formation
continues (4,5). Initial monocyte recruitment is
thought to be due to induction of endothelial-
leukocyte adhesion molecules, such as intercel-
lular adhesion molecule-I (ICAM-1) and vascu-
lar cell adhesion molecule-I (VCAM-1), which
coincide with the earliest phases of local endothe-
lial activation and contribute to endothelial-mono-
cyte interactions in early atherogenesis (6,7).

Recent clinical evidence indicates that re-
duction of mean blood glucose level can signifi-
cantly lower the risk for development of ath-
erosclerosis and vascular disease, as well as
other complications of diabetes (8). These large
scale studies support strongly the belief that,
among other risk factors, sustained hypergly-
cemia is a prerequisite for the development of
vascular complications and other sequelae of
diabetes. Advanced glycation endproducts
(AGEs), the late reaction products of the non-
enzymatic pathways causing proteins, lipids,
and nucleic acids to become spontaneously
modified by glucose, accumulate in diabetes as
a direct consequence of prolonged hyperglyce-
mia. In particular, AGE-modified proteins and
lipids have been shown to accumulate in vas-
cular tissues as a function of increasing age and
of diabetes (9,10), and to colocalize with athe-
romatous lesions (1 1). Patients with end-stage
renal disease (ESRD), a group that suffers ex-
cessive morbidity and mortality due to acceler-
ated atherosclerosis (12) in addition to their
underlying nephropathy, also exhibit exagger-
atedly elevated serum AGEs (13). These circu-
lating AGE-bearing molecules include a low
molecular weight class, known as AGE-pep-
tides, that are chemically reactive and tend to
attach covalently to vessel wall and plasma
components (14). Numerous in vitro studies
have suggested that, through interactions with
cell surface AGE-specific receptors, AGEs in-
duce vascular tissue alterations, such as in-
creased endothelial cell permeability (15), ad-
hesion molecule expression ( 16), mononuclear
cell migration (1 7), procoagulant activity (1 5),
nitric oxide inactivation (18), oxygen reactive in-
termediates (19), and other factors which could
predispose diabetic tissues to vascular dysfunction
earlier than in nondiabetic individuals.

The pathogenic links between hyperglyce-
mia, AGE accumulation, and characteristic tissue
pathology have been tested in several animal
models, showing that the short-term administra-

tion of exogenous AGEs to nondiabetic rats, rab-
bits, or mice results in systemic vascular dysfunc-
tion (20), can significantly enhance the size of
experimentally induced cerebral strokes (Zim-
merman et al., submitted), and can lead to early
(21) and advanced end-organ damage (e.g., glo-
merular sclerosis) (22). However, the long-term
in vivo consequences of cumulative AGE depo-
sition on the structure and function of the aortic
wall, assessed for instance by adhesion molecule
expression and atheroma formation independent
of hyperglycemia, has not been determined.

In this report, we present evidence indicat-
ing that in vivo exposure of euglycemic rabbit
aortic vessel wall tissues to AGE-modified ho-
mologous serum albumin can induce signifi-
cant local biochemical and physiological alter-
ations, including enhanced adhesion molecule
(VCAM- 1, ICAM- 1) expression, such that the evo-
lution of frank atheromatous lesions is markedly
accelerated.

MATERIALS AND METHODS
Preparation of Advanced Glycation
Products
Rabbit serum albumin (RSA) (Sigma Chemical
Co., St. Louis, MO, U.S.A.) was passed over an
Affi-Gel Blue column (Biorad Lab., Richmond,
CA, U.S.A.), a heparin-Sepharose CL-6B column
(Pharmacia, Piscataway, NJ, U.S.A.) and an en-
dotoxin-binding affinity column (Detoxigel,
Pierce, IL, U.S.A.) to remove possible contami-
nants (19 -21 and Zimmerman et al., submitted).
RSA modified by advanced glycation endprod-
ucts was prepared as described (19-21 and Zim-
merman et al. submitted). AGE levels were mea-
sured by AGE-specific ELISA based on polyclonal
anti-RNAse (23) or on monoclonal anti-AGE IgG
(provided by Dr. H. Founds, Alteon, Inc.). (AGE-
rat albumin: 92 AGE U/mg protein, unmodified
rat albumin control: 0.8 U/mg). Each reagent con-
tained <0.2 ng/ml of endotoxin (E-Toxate, Sigma).

Animal Studies

Male New Zealand White (NZW) (Pasteurella-
free) rabbits (n = 20, 2.5 kg each) obtained from
Hare-Marland (Hewitt, NJ, U.S.A.) were used in
these studies, which were conducted in accor-
dance with the Picower Institute Laboratory An-
imal Center guidelines. Rabbits were individually
housed and after a 2-week adaptation period,
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randomly assigned to four groups (n = 5/group)
and fed commercially available pelleted diet (48
g/kg/day) (Lab-Rabbit Chow #8526, Ralston-Pu-
rina, NC, U.S.A.). Two of the groups were given
daily injections of AGE-modified rabbit serum
albumin (AGE-RSA) (16 mg/kg/day) through
the marginal ear vein for four months in normal
saline. Two groups were treated with normal
saline (controls). During the last 2 weeks of
treatment, one of the AGE-RSA-treated groups
and a normal control group were placed on a
cholesterol-rich diet (2% USP cholesterol, 10%
corn oil); the remaining animals consumed an
isocaloric control diet which contained 12% corn
oil without cholesterol supplementation. Food
intake was recorded daily and body weights were
monitored weekly. Blood samples were collected
once a month and at the end of the treatment
period for determination of serum AGE (23),
cholesterol and triglyceride levels. Plasma cho-
lesterol was measured enzymatically using a
Roche Cobas Mira random-access analyzer,
while total triglycerides were measured by a
Roche Cobas Fara II centrifugal analyzer. At the
end of the treatment period the animals were
killed by overdose of pentobarbital (100 mg/kg,
Nembutal, Abbott Lab., IL, U.S.A.) The aorta
was flushed through the left ventricle with ap-
proximately 150-200 ml of chilled phosphate
buffered saline, and was dissected into four seg-
ments: aortic arch, ascending thoracic, descend-
ing thoracic, and abdominal aorta. Each stan-
dardized segment was further divided into
subsections for immunohistochemistry, histopa-
thology, and AGE analysis. Standardized 1/3 or-
gan samples from heart, liver, and kidneys were
also taken for similar evaluation. Specimens for
immunohistochemistry or AGE measurements
were snap-frozen in liquid nitrogen-chilled iso-
pentane, transferred to liquid nitrogen, and
stored at -800C.

To determine AGE accumulation within the
aorta, thoracic aorta segments were finely
minced, delipidated with acetone/chloroform
(1:1), and digested with 1/100 (w/w) Type VII
collagenase (Sigma) for 48 hr at 370C for deter-
mination of collagen content as described (24).
Tissue AGE levels were determined by ELISA on
protein fractions solubilized by collagenase treat-
ment as described (23).

Histology
Tissue samples (3-mm3) were fixed in cold 10%
buffered formalin (Millonig's Modified Buffered

Formalin, pH 7.4) for 24 hr and embedded in
paraffin for sectioning. Paraffin sections from all
animal groups (n = 5/group) were processed in
triplicate by staining with hematoxylin and eo-
sin, and Verhoeff-Van-Gieson for routine histo-
logical examination in a blinded fashion. Serial
5-6 ,um-thick frozen aortic tissue sections were
fixed in acetone at -20°C for 5' and incubated
with anti-VCAM-1 mab RbI/9, anti-ICAM-1
mab Rb2/3, and anti-E-selectin (ELAM-1) mab
(mouse IgGl hybridoma supernatants), all pre-
viously characterized and shown to recognize the
corresponding rabbit cell adhesion molecules
(7,16). Species-appropriate biotinylated second-
ary antibodies (horse anti-mouse IgG) were ap-
plied, followed by avidin-biotin peroxidase com-
plexes (ABC Elite kit; Vector Labs, Burlingame,
CA, U.S.A.). Additional frozen sections were
stained with oil-red-O for evaluation of lipid
content.

Data Analysis
Serum and tissue AGE content, as well as plasma
cholesterol and triglyceride values were analyzed
by a one-way analysis of variance (significance
level p < 0.05). Histological evaluation of aortic
tissue sections involved examination of at least
three serial cross-sections obtained at the identi-
cal level of the proximal ascending, descending
and abdominal aorta, and was performed in a
blinded fashion by three independent inves-
tigators for the presence and extent of athero-
sclerotic lesions. Immunohistochemical sections
were also scored as positive or negative for each
adhesion molecule.

RESULTS
Prior studies of the effects of chronic daily treat-
ment of normal rabbits with AGE-modified or
native rabbit serum albumin (100 mg/kg/day,
i.v. X 4 weeks) indicated that pathology was
absent in species-specific albumin-treated con-
trols or in animals cotreated with AGE-RSA and
the advanced glycation inhibitor, aminoguani-
dine (Refs. 20 and 21, and Zimmerman et al.,
submitted). Thus, in the present study, to ex-
plore the cumulative synergistic impact of hyper-
lipidemia, experimental groups included rabbits
which were exposed to a brief period of choles-
terol-rich diet (CRD) alone or CRD was added
to AGE treatment (AGE + CRD). During the
4-month period of daily intravenous infusions of
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TABLE 1. Rabbit plasma cholesterol levels during administration of AGE-RSAa and CRDb

Group Treatment Baseline 14 Weeks 16 Weeks

Control (normal saline) 56 + 22 67 + 12 68 + 24
AGE-RSA 62 28 87 22 78 16
AGE-RSA + CRDb 73 16 53 18 1380 ± 322C
CRDb 50 2 72 30 966 +238C

Data are expressed in mg/dl (mean ± SD, n = 5/ group).
aAGE-RSA was infused at 16 mg/kg/day i.v. for 16 weeks.
bCRD, cholesterol-rich diet (2% USP cholesterol + 10% corn-oil) was introduced at last 2 weeks of study.
cStatistically different from control (p < 0.001) and from AGE-RSA group (p < 0.002).

AGE-modified albumin (or normal saline) food
intake and growth rates remained stable among
all groups. Starting on the 14th week of AGE-
RSA treatment, consumption of the atherogenic
diet (CRD) by two groups, one AGE-treated, the
other saline, induced significant elevations in
plasma cholesterol levels within 5 days that
lasted for the remaining 8-10 days of the study
(Table 1). During this brief exposure to high-
cholesterol diet, plasma ALT and AST transami-
nases remained stable, reflecting no evidence of
liver damage which is often associated with
much longer maintenance on atherogenic diets
(data not shown).

The daily infusion of rabbits with low
amounts of AGE-RSA over a period of 4 months
resulted in aortic tissue AGE accumulation (2.2-
fold increase), that was more marked when
AGE-treated animals were placed on CRD (AGE
+ CRD; 3.2-fold increase), compared with aortas
from rabbits treated with CRD alone (p < 0.025,
p < 0.001, respectively) or control diet rabbits
(p < 0.025, p < 0.01, respectively) (Fig. IA).
Similarly circulating AGE-protein levels in AGE-
RSA and AGE + CRD rabbits rose up to 3-fold
above controls (p < 0.005, p < 0.025, respectively)
(Fig. IB).

Microscopic Evaluation
Aortic arch, ascending and descending portions
of the thoracic aorta contained more advanced
lesions than abdominal sections of the aorta. Ac-
cordingly, identical sites in the ascending aortas
were chosen from each group for immunohisto-
chemistry. The aortic intimas of four out of five
AGE-treated rabbits exhibited mild focal intimal
proliferation and thickening, with infrequent in-

timal macrophages (Fig. 2a). Examination of
multiple adjacent sections revealed leukocytes
adhering to the endothelial monolayer (Fig. 2a).
Some sections revealed moderate focal medial
degeneration. Oil-red-O staining revealed mod-
est amounts of diffuse subintimal fatty deposition
(Fig. 2e). Although mild in severity, the histolog-
ical features of these aortic sections after four
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FIG. 1. Rabbit aortic tissue (A) and serum (B)
AGE levels after intravenous administration of
AGE-modified rabbit serum albumin
(AGE-RSA)
Following treatment with either AGE-RSA (16 mg/
kg/day, i.v.) (AGE) alone for 4 months, 2% USP
cholesterol-rich diet (CRD) supplemented with 10%
corn oil for 2 weeks, normal saline control (0.5 ml/
day, i.v.) (CL), or AGE for 4 months plus CRD for
last 2 weeks (AGE + CRD), AGE levels were deter-
mined in collagenase-digested aortic tissue extracts
using an AGE-specific ELISA. (A) Aorta AGE levels
(mean ± SEM, n = 5/group). Significant p values:
AGE versus CL, < 0.025, AGE versus CRD < 0.025;
AGE + CRD versus CL < 0.01, AGE + CRD versus
CRD < 0.001. (B) Serum AGE levels (mean ± SEM,
n = 5/group) p values: AGE versus CL and CRD <
0.005 each; AGE + CRD versus CL and CRD <
0.025 each.
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FIG. 2. Light microscopy micrographs showing eosin/hematoxylin (a-d) and oil-red-O (e-h) staining
of aortic sections from euglycemic rabbits treated with AGE-modified rabbit serum albumin (AGE-
RSA) or saline with varying diet.
Treatments of rabbits were as follows: (a,e) AGE-RSA, 16 mg/kg/d i.v. X 4 months; (b,f) normal saline, 0.5 ml/
day, i.v. x 4 months; (c,g) AGE-RSA, 16 mg/Kg/d i.v. x 4 months plus 2% cholesterol-rich diet (CRD) X 2 weeks
(AGE + CRD); (d,h) CRD alone X 2 weeks. (H&E; 200X.)
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months of exposure to AGEs was significantly
different from the sections of saline-treated con-
trol rabbits (Fig. 2 b and f), and not unlike those
from rabbits placed on the atherogenic diet (Fig.
2 d and h), consisting mostly of mild focal intimal
proliferation and diffuse fatty deposition. Both
the AGE and CRD groups exhibited positive focal
expression of endothelial VCAM-1 (Fig. 3 a and
d) and ICAM-1 (Fig. 3 e and h), compared with
untreated controls that contained no VCAM-1
(Fig. 3b) and only occasional ICAM-1-positive
endothelial cells (Fig. 3f).

In contrast, animals treated with AGE (for 16
weeks) plus brief CRD exhibited diffuse intimal
thickening and proliferation (occupying 70-90%
of the wall circumference) with multifocal athe-
roma comprising foam-like cells and fatty drop-
lets (Fig. 2c). Oil-red-O staining clearly indicated
that the lipid deposits were largely intracellular
(Fig. 2g). The endothelium overlying these com-
plex lesions was strongly positive for VCAM-1
(Fig. 3c) and ICAM-1 staining (Fig. 3g), com-
pared with uninvolved adjacent regions of the
same sections, which were mostly negative for
either adhesion molecule (Fig. 3 c and g). No
E-selectin (ELAM- 1)-positive staining was ob-
served in any of the tissue sections examined
(not shown). Randomly chosen sections from
thoracic and abdominal aorta segments of AGE-
infused and AGE + CRD treated rabbits revealed
occasional multifocal lesions or plaques with
moderate expression of adhesion molecules
(data not shown).

DISCUSSION
The present studies demonstrate that prolonged
administration of in vitro prepared species-spe-
cific AGE-modified protein, in this case rabbit
albumin infused into otherwise healthy normal
rabbits, causes distinct pathological changes in
aortic wall structure akin to early changes of
atherogenesis. Moreover, transient elevation in
plasma lipid concentration induced by dietary
changes synergized potently with AGE adminis-
tration and induced rapidly evolving athe-
romatous lesions. Taken together with previous
evidence implicating AGEs in a number of bio-
chemical, cellular, and early vascular pathophys-
iological events in vivo, these new data further
support a cause-and-effect relationship between
chronic AGE accumulation and atherosclerosis.

Although high levels of AGE immunoreac-
tivity has been observed within the atheroscle-

rotic plaque of diabetic vessels (1 1), the specific
in vivo role of late glycation products (AGEs) in
the establishment of diabetic macrovascular dis-
ease has not been fully determined, as both dia-
betes and atherosclerosis are pathogenically
complex diseases (1-3). Similarly, despite the
strong association of AGE accumulation with
normal aging, the pathogenic role of progressive
AGE accumulation in the gradual thickening and
increased rigidity of large vessel walls, referred to
as arteriosclerosis, with or without attendant
atherosclerosis, is not well understood. Even less
understood is the marked acceleration of athero-
sclerosis that accompanies chronic renal failure,
irrespective of the nature of the underlying renal
disease (2 5).

Vascular tissue and plasma levels of AGEs are
reported to be elevated in connection with renal
insufficiency (13). The AGE content of the low
molecular weight (<10 kD) serum fraction that
may represent in part the degradation of tissue
and cellular AGEs, is independently elevated in
association with diabetes and renal failure
(13,14). The normal renal excretion of small size
AGE containing molecules, including a highly
"reactive" class of AGE peptides, is delayed by
impaired renal function further exacerbating the
accumulation of circulating low molecular
weight AGEs. In experimental incubations in
vitro, a large portion of these reactive serum AGE
peptides readily attach to vascular components,
matrix and/or serum proteins, such as collagen
(14) and LDL (26). This observation suggested
that similar "second generation" AGE accumu-
lation by re-attachment of AGE peptides in vivo
could contribute to the acceleration of tissue in-
jury in patients with diabetic or nondiabetic re-
nal insufficiency.

This potential for in vivo vascular "toxicity"
of AGEs independent of hyperglycemia or aging
was first demonstrated directly in groups of oth-
erwise normal rats and rabbits treated daily with
high doses (100 mg/kg/day) of species-specific
AGE-modified serum albumin over study periods
of 60 days. This chronic exposure resulted in
increased levels of covalently attached vascular
tissue AGEs and was associated with widespread
vascular leakage, mononuclear infiltration, and
vasodilatory impairment, all of which were pre-
vented by the coadministration of aminoguani-
dine, an AGE-crosslink inhibitor (20). Similar
studies in SJL mice over a shorter treatment
period demonstrated a rapid upregulation of spe-
cific genes for growth factor and extracellular
matrix components in the kidney, in association
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FIG. 3. Immunohistochemical staining of endothelial vascular adhesion molecule-I (VCAM-1) (a-d),
and intercellular adhesion molecule-i (ICAM-1) expression in aortic sections of euglycemic rabbits
treated with AGE-modified rabbit serum albumin (AGE-RSA) or saline with varying diet

Treatments for rabbits were as follows: (a,e) AGE-RSA, 16 mg/kg/d i.v. X 4 months; (b,f) normal saline, 0.5 ml x

4 months; (c,g) AGE-RSA, 16 mg/Kg/d i.v. x 4 months, plus cholesterol-rich diet (CRD) X 2 weeks (AGE +

CRD); (d,h) CRD alone X 2 weeks. Arrowheads indicate areas of respective endothelial adhesion molecule
expression.
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with glomerular hypertrophy (21). In subse-
quent studies, exposure of normal Sprague-
Dawley rats to more "physiologic" doses (25 mg/
kg) of AGE over a period of 4-5 months resulted
in frank glomerular sclerosis in this nephropa-
thy-susceptible strain (22). Although only minor
vessel changes were noted in the rodent model
used (as might be expected from its relative re-

sistance to atherosclerotic changes), the marked
renal findings pointed to a similar mechanism by
which vascular tissues of an atherosclerosis-
prone animal model might reflect atheromatous
lesions following chronic exposure to AGEs.

Numerous studies have employed the NZW
rabbit as an experimental model resembling hu-
man atherosclerosis; in both species, atheroscle-
rosis has been related to cholesterol-rich diets
that cause hyperlipidemia (4-7). In NZW rabbits,
several months of induced hyperlipidemia are

usually required for the development of ad-
vanced lesions. Focal changes in the expression
of cell/cell adhesion molecules, such as VCAM- 1

and ICAM- 1, however, are apparent as early as 1

week after diet-induced hypercholesterolemia
(6). Induction of these genes has thus been taken
as a useful marker of endothelial surface activa-
tion and as an early indication of atherosclerotic
changes in the vessel wall. Both of these mole-
cules have also been shown to be induced by
AGEs in cultured endothelial cells (16).

We have evaluated these well-characterized
markers in euglycemic rabbits after extended ex-

posure to low levels of AGE-RSA, using for com-
parison a group of animals provided with an

atherogenic diet for a period sufficient to induce
hyperlipidemia but too brief to allow the matu-
ration of frank lesions. The daily administration
of low doses (16 mg/kg/day) of AGE-RSA was

thus adjusted so as to maintain circulating AGE
levels at a range close to that of diabetic or uremic
human serum (13,14), but avoiding hyperglyce-
mia.

This regimen induced appreciable expression
of VCAM-1 and ICAM-1 within aortic AGE-
treated animals, comparable to that induced by
10 days of cholesterol-enriched diet. This degree
of response typically has been interpreted as in-
dicative of ongoing endothelial activation, an

early feature of arterial lesion formation. At this
stage, in both groups, modest amounts of diffuse
lipid deposition (by oil-red-O) and infrequent
adherent leukocytes were evident. Interestingly,
more advanced atherosclerotic lesions were in-
duced when the same AGE treatment was com-

bined with short-term hyperlipidemia. In this

case, enhanced VCAM- 1 and ICAM- 1 expression
was focal in the endothelium overlying and de-
lineated by the nascent lesion, and was associ-
ated with lipid-laden macrophages. Endothelial
VCAM-1 is thought to participate in monocyte
recruitment early in atherogenesis, but might
subsequently result from macrophage accumula-
tion in response to AGEs (17,20). In agreement
with in vitro studies (27), macrophages activated
by AGEs in vivo can be expected to produce
cytokines (e.g., TNFa, IL-1,3) which are known
to stimulate endothelial adhesion molecule ex-
pression (6). Although the temporal aspects of
this response were not examined in this study,
the results clearly establish the basis for attributing
a causal relationship between the local accumula-
tion of AGEs in vivo and endothelial activation.

As suggested previously, the increase in aor-
tic tissue resident and circulating AGEs noted in
AGE-treated rabbits can be attributed both to
direct interactions with the exogenous AGE-RSA
and to reactions with smaller degradation prod-
ucts of tissue and circulating AGEs that also bear
reactive intermediate glycation products. These
smaller fragments are largely cleared via the kid-
ney as AGE-rich peptide fragments; a previously
marked increase in AGE-immunoreactive mate-
rial was noted in the urine of AGE-RSA treated
rats (22). Attachment of exogenous AGEs onto
matrix components, such as collagen, and
plasma proteins, including lipoprotein compo-
nents might occur through covalently reactive
intermediate products as was recently reported
(14,26). In both cases, this reactivity was inhib-
ited by the coadministration of aminoguanidine.
Thus, the higher AGE levels noted in aortas and
in circulation of transiently hypercholeste-
rolemic AGE-treated rabbits could also be in part
attributed to "second generation" AGE lipids
forming from AGE peptides interacting with ex-
cessive amounts of circulating lipid components.
This issue was not addressed in these studies.
However, such interaction may provide a basis
for the marked acceleration of atheroma forma-
tion in this group of animals.

The contribution of AGEs to vascular pathol-
ogy was indeed most obvious in the rapid devel-
opment of advanced atheromatous lesions in re-
sponse to brief hyperlipidemia; consistent with
earlier studies, such lesions were not generated
by 2 weeks of dietary manipulation alone (6).
The additive effects of AGE-RSA and high-cho-
lesterol diet observed in these studies might re-
flect either increased LDL cholesterol trapping
within tissues due to the accumulation of locally
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deposited reactive AGEs, or by inhibition of nor-
mal lipid clearance mechanisms due to formation
of AGE lipid particles (26). The latter is plausible,
based on the recent identification of increased
levels of an AGE-immunoreactive form of hu-
man plasma LDL cholesterol found in patients
with diabetes or renal insufficiency, both of
which had high circulating AGE levels (26).
Whether in tissues or in circulation, AGE lipid
formation is followed by the generation of oxi-
datively modified lipid (26) a powerful athero-
genic substance (28).

The spectrum of cell activation and pro-athe-
roma changes observed in these chronically
AGE-treated animals may be mediated in part by
the induction of cytokines (TNFa, IL-1P, IL-6)
and growth factors (IGF-IA, PDGF, and TGFf31),
which can regulate both cellular proliferation
and protein synthesis. Each of these, has been
implicated in the complex network of interac-
tions controlling growth and matrix production
in human and experimental systems (4,5). The
cellular mechanisms underlying the effects pre-
sented here, including oxidant stress (19) and
altered cellular properties (15-17), are still un-
clear, however, the contribution of AGE-specific
receptors present on endothelium, macrophages,
T cells, and smooth muscle cells, all major players
in atherogenesis, is highly probable (10); in cul-
ture these cells are shown to respond with al-
tered expression of a similar spectrum of media-
tor molecules via surface AGE-binding sites
(10,15-17). The present data, however, do not
address these mechanistic possibilities. Further-
more, under the conditions used, animals ex-
posed to native rabbit serum albumin presented
no serologic or light microscopic changes attrib-
utable to a systemic immune response. This re-
duces the likelihood of an immune complex-like
mechanism underlying the formation of AGE-
RSA generated lesions.

The pattern of aortic changes presented here
recapitulate many elements in the progression of
human atherosclerosis, irrespective of underly-
ing cause (e.g., hyperlipidemia, diabetes, aging).
Although there can be no central role for hyper-
glycemia in aging-related vascular wall injury,
given the gradual accumulation of AGEs in aging
tissues (9,10), it is tempting to speculate that the
chronically deposited AGE substances may gen-
erate a vulnerable substrate in susceptible indi-
viduals over time. Although further studies are
necessary to establish this association, the model
presented in these studies may prove useful in

the study of both diabetes and aging-associated
large vessel disease.

The work presented here extends the in vivo
evidence that AGEs play an independent role in
inducing vascular disease in otherwise normal
aortas. Thus, the presence of excessive AGEs in
tissues or the circulation may critically affect the
progression of vascular damage in patients with
diabetes or renal insufficiency.
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