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Advanced Glycosylation Endproducts Block

the Antiproliferative Effect of Nitric Oxide

Role in the Vascular and Renal Complications of Diabetes Mellitus

Margaret Hogan, Anthony Cerami, and Richard Bucala

The Picower Institute for Medical Research, Manhasset, New York 11030

Abstract

Advanced glycosylation endproducts (AGEs) accumulate on
long-lived tissue proteins such as basement membrane collagen
and have been implicated in many of the long-term complica-
tions of diabetes mellitus. These products originate from glu-
cose-derived Schiff base and Amadori products but undergo a
series of complex rearrangement reactions to form ultimately
protein-bound, fluorescent heterocycles. AGEs can react with
and chemically inactivate nitric oxide (NQO), a potent endothe-
lial cell-derived vasodilator and antiproliferative factor. Since
mesenchymal cell proliferation is an early and characteristic
lesion of diabetic vasculopathy and glomerulopathy, we investi-
gated the possibility that collagen-bound AGEs functionally
inactivate the antiproliferative effect of NO. In model cell cul-
ture systems, AGEs were found to block the cytostatic effect of
NO on aortic smooth muscle and renal mesangial cells. The
inactivation of endothelial cell-derived NO by basement mem-
brane AGEs may represent a common pathway in the develop-
ment of the accelerated vascular and renal disease that accom-
pany long-term diabetes mellitus. (J. Clin. Invest. 1992.
90:1110-1115.) Key words: endothelium « atherosclerosis * gly-
cation  glomerulopathy » mesangium

Introduction

Circulating sugars such as glucose react nonenzymatically with
proteins to initiate a posttranslational modification process
known as advanced glycosylation (1-3). Glucose reacts with
the amino groups of proteins to form first reversible Schiff base
and Amadori products. These adducts then undergo further
reactions to form a heterogeneous group of fluorescent, pro-
tein-bound moieties called advanced glycosylation endprod-
ucts, or AGEs.! These products remain irreversibly bound to
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tissue proteins and accumulate in increased amounts in pa-
tients with diabetes mellitus. The progressive accumulation of
AGEs, particularly on long-lived basement membrane pro-
teins, has been implicated in the pathogenesis of a number of
the long-term complications of diabetes mellitus (2).

Vascular tone and regional blood flow are mediated in part
by the soluble products of endothelial cells (4). An important
mediator of these responses is nitric oxide (NO), a radical spe-
cies produced enzymatically by endothelial cells after stimula-
tion by such factors as acetylcholine, histamine, and increased
flow (5-7). Although NO possesses an in vivo half-life of less
than a few seconds, it rapidly traverses the subendothelial space
to activate smooth muscle cell guanylate cyclase, leading to
smooth muscle relaxation and vasodilatation.

In addition to its role in regulating vascular tone, NO exerts
potent homeostatic and antiproliferative effects on different
cell types (7-10). Nitric oxide is released tonically by vascular
endothelial cells (11, 12) and may serve to maintain the mito-
genic quiescence of subintimal mesenchymal cells (9). In ath-
erosclerosis, vascular smooth muscle cell proliferation is an
early and characteristic abnormality (13). It has been postu-
lated that the removal of locally produced NO, as occurs after
endothelial injury, might be an early, initiating event in the
development of the atherosclerotic vascular lesion (9).

Recent studies have shown that protein-bound AGEs can
react with and inactivate NO via a direct chemical reaction
(14). Advanced glycosylation endproducts form continuously
in the subendothelial space that separates endothelium from
vascular smooth muscle (2, 3). The inactivation of NO by
AGEs may play a role in the defective vasodilatory responses
that occur in diabetes mellitus. In animals with experimentally
induced diabetes, defective vasodilatation occurs over a time
period that approximates the time course of AGE formation
(14). The administration of aminoguanidine, an inhibitor of
advanced glycosylation in vivo, delays significantly the develop-
ment of defective vasodilatation in rats with diabetes (14).
These findings suggest that AGE-mediated NO quenching may
contribute to acquired defects in vascular relaxation.

The enhanced proliferation of two subendothelial cell
types, the vascular smooth muscle cell and the renal mesangial
cell, have been linked to the accelerated vasculopathy and glo-
merulopathy that characterize long-standing diabetes mellitus
(15). We hypothesize that the accumulation of subendothelial
AGE: interferes with the antiproliferative activity of NO, re-
sulting in myointimal and mesangial proliferation. In the pres-
ent study, model cell culture systems were used to address the
possibility that subendothelial AGEs functionally inactivate
the antiproliferative effects of NO. We have confirmed that NO



displays potent cytostatic effects in different mesenchymal cell
types, and furthermore demonstrate that AGE-modified ma-
trix proteins specifically block the antiproliferative effect of NO
on vascular smooth muscle cells and kidney mesangial cells.

Methods

Reagents. BSA and glucose-6-phosphate were obtained from Sigma
Chemical Co. (St. Louis, MO). Rat tail tendon collagen (type I) was
from Collaborative Research, Inc. (Bedford, MA). N-acetyl-D,L-
penicillamine was purchased from Aldrich Chemical Co. (Milwaukee,
WI). AGE-albumin was prepared by incubating albumin (50 mg/ml)
with 0.5 M glucose-6-phosphate in 0.2 M Na/PO, buffer (pH 7.4) for
60 d (14). Collagen solutions (at neutral pH) were first microfuged for
15 min to remove insoluble material before incubation with
glucose-6-phosphate. AGE-collagen was synthesized by incubating col-
lagen (5 mg/ml) with 0.5 M glucose-6-phosphate in 0.2 M Na/PO,
buffer (pH 7.4) for 60 d. Glucose-6-phosphate was selected as the gly-
cosylating sugar because the 6-phosphate shifts the anomerization equi-
librium toward the reactive, open-chain form of the sugar (16). All
incubations were performed under sterile conditions, in the dark,
and at 37°C. Samples were dialyzed extensively against PBS before
analysis.

S-nitroso- N-acetyl-D,L-penicillamine (SNAP) was synthesized by
reaction of NaNO, and N-acetyl-D,L-penicillamine following the
method of Field et al. (17). Chemical purity and structural identity
were established by melting point determination (measured value:
154.3°C; reported value: 152-154°C [17]), and by nuclear magnetic
resonance Spectroscopy.

Protein analyses. Albumin concentration was determined by the
Bradford method (18) using BSA as a standard. Collagen amounts
were determined by hydroxyproline assay as described by Edwards and
O’Brien (19). The progress of AGE modification in vitro was deter-
mined by characteristic spectroscopic changes (optical absorbance at
350 nm and fluorescence emission at 460 nm following excitation at
390 nm). AGE content was determined by ELISA using a specific
anti-AGE antibody (20). In this immunoassay, 1 U of AGE activity is
defined as the amount of antibody-reactive material that is equivalent
to 1 ug of an AGE-BSA standard (20). The AGE content of the pro-
teins used in cell cultures were as follows: AGE-BSA, 1 U ug™'; AGE-
collagen, 2.2 U ug™". Nitric oxide inactivation was measured by anaer-
obic incubation of 200-ul aliquots of test protein solutions with 50 ul of
authentic NO (12.5 nmol) prepared by dilution of an NO saturated
standard solution (Matheson Gas Products, Inc., Bridgeport, NJ) (14).
At the end of a 5-min incubation period, the remaining NO activity was
determined spectroscopically. AGE-BSA was determined to inactivate
63+7 pmol NO mg™! protein and AGE-collagen inactivated 175+18
pmol NO mg ™' protein. The control (unmodified) BSA or collagen
used in these studies inactivated < 6 pmol NO mg ™! protein. For tissue
culture studies, protein samples were filter sterilized and analyzed by
the Limulus amebocyte assay (Whittaker Bioproducts, Walkersville,
MD) to ensure the absence of contaminating endotoxin (21).

Cell culture studies. The murine 3T6 fibroblast cell line was cul-
tured in medium consisting of DME supplemented with 10% FCS and
gentamicin (50 ug/ml). For the assay of mitogenesis, ~ 300 cells per
well were seeded onto 96-well flat-bottom microtitre plates in a vol of
0.1 ml (corresponding to a plating density of 80 cells/mm?). After 48 h
of growth, culture medium was replaced with fresh medium consisting
of DME supplemented with 1% FCS and dilutions of BSA or AGE-
BSA as indicated. Sterile aliquots of SNAP (freshly dissolved and di-
luted in PBS) were added to wells and incubation continued for 24 h.
Cultures then were supplemented with 20 ul of PBS containing 1 uCi of
[*H]methyl-thymidine (2 Ci mmol ', New England Nuclear, Boston,
MA). After a 24-h labeling period, thymidine incorporation was termi-
nated by freezing whole cultures at —20°. Cells then were lysed by
freeze-thawing and the amount of [*H]thymidine incorporated into
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DNA was measured by collecting cell lysates onto glass fiber filters
(PhD cell harvester; Cambridge Technology, Inc., Watertown, MA)
and analyzing radioactivity by liquid scintillation spectrometry. For
the 3T6 fibroblast studies, [ *H ] thymidine is expressed as total incorpo-
rated cpm per well. All assays were performed in triplicate and data
points reflect two to three independent determinations.

Rat aortic smooth muscle cells were obtained from Drs. Richard
Lappin and David Hajjar (Cornell University Medical College, New
York). Smooth muscle cells were isolated from aortic explants ob-
tained from Fisher 344 rats and assessed for purity following estab-
lished protocols (22). Cells were grown in DME supplemented with
10% FCS and 50 ug/ml gentamicin and used between the 4th and 11th
passages. Murine glomerular mesangial cells were the kind gift of Dr.
Lilliane Striker (National Institutes of Health, Bethesda, MD). These
cells were established from glomeruli isolated from normal 4-wk-old
mice (C57B1/6JxSJL/J) and assessed for phenotypic stability as de-
scribed (23). Cells were cultured in DME/10% FCS and gentamicin
and utilized between passages 26 and 36.

96-well, flat-bottom microtitre plates were coated with unmodified
or AGE-modified collagen by adding 0.1 ml of the appropriate collagen
dilution (in sterile PBS) to wells and allowing the solution to air dry
overnight in a laminar flow hood (24). The collagen-coated wells were
washed gently with PBS and the washed material was subjected to
hydroxyproline assay to determine the efficiency of collagen adsorp-
tion (19). An adsorption efficiency of > 95% was observed for both
unmodified and AGE-modified collagen over the range of collagen
concentrations that were used in this study.

Vascular smooth muscle and mesangial cells were plated onto col-
lagen-coated wells at a density of 260 cells/mm?. Sterile aliquots of
freshly prepared SNAP were added in media containing DME and 10%
FCS, followed by 2 uCi aliquots of [*H]methyl-thymidine (86 Ci
mmol !). Incubation was continued for 40-48 h. At the end of this
time, the cell supernatants were removed and wells were filled with 75
ul of trypsin-EDTA (Gibco Laboratories, Grand Island, NY) before
freezing and cell harvesting as described above.

For smooth muscle and mesangial cell growth, data are expressed as
percent [*H Jthymidine incorporation relative to control cell incuba-
tions which contained no SNAP. In control incubations, total thymi-
dine incorporation ranged from 1 to 3 X 10* cpm/well for aortic
smooth muscle cells and 2.5-6 X 10* cpm/ well for mesangial cells. Cell
toxicity was assessed throughout the course of incubation by observing
for cellular detachment and enumerating detached cells.

Results

Experimental studies of the cellular effects of NO have used a
variety of cell types and NO sources. For initial investigations
of NO-induced cytostasis, we selected a murine fibroblast, the
3T6 cell, as a model mesenchymal cell type. This immortalized
cell line proliferates rapidly after serum-deprived growth arrest
and provides a sensitive indicator of the presence of growth
stimulatory or growth inhibitory mediators (25).

Nitric oxide has a short half-life in biological fluid (< 5 s),
and the introduction of a defined, continuous source of NO
into cell culture systems has been problematic (7, 26). Experi-
mental sources of NO have included co-cultured endothelial
cells and exogenously added pro-drugs that form NO either
spontaneously or after chemical reduction. These agents in-
clude the nitroglycerin derivatives, nitroprusside, and S-ni-
troso- N-acetylpenicillamine. S-nitroso- N-acetylpenicillamine
was selected as a stable, chemical source of NO for these stud-
ies. In contrast to nitroglycerin derivatives, SNAP does not
require intracellular reduction to produce NO, and unlike ni-
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Figure 1. Dose-dependent inhibition of [*H Jthymidine incorporation
in murine 3T6 fibroblasts by SNAP. (0) Cell cultures supplemented
with BSA (15 uM). (e) Cell cultures supplemented with AGE-BSA
(15 upM). Each point represents the mean+SEM of six wells. Data
are representative of three independent determinations. Standard

error bars are not shown for data points in which the width of the
error bar is less than the width of the symbol.

0.01

troprusside, it does not generate potentially toxic cyanide or
thiocyanate derivatives (26). Previous studies also have estab-
lished the utility of SNAP as an NO-generator in model biologi-
cal systems. SNAP slowly generates NO in aqueous media,
stimulates intracellular cGMP production, and inhibits DNA
synthesis without damaging cells or inactivating serum mito-
gens (9, 10, 27).

Subconfluent murine fibroblasts (3T6 cells) were cultured
in complete media for 48 h. Medium then was changed to
DME/ 1% FCS containing different amounts of unmodified or
AGE-modified BSA and increasing doses of SNAP. S-Nitroso-
N-acetylpenicillamine was found to inhibit [*H ]thymidine in-
corporation in a dose-dependent fashion (Fig. 1). In the pres-
ence of 1 mg/ml of BSA (15 uM), SNAP showed a dose-de-
pendent inhibitory effect with an ICs, (100 uM) identical to
that reported previously for murine fibroblasts (27). Of signifi-
cance, culture of cells with AGE-modified BSA in place of con-
trol BSA resulted in a 0.5 log-fold shift in the dose-response
curve to SNAP (ICsy: 100 uM — 500 uM). AGE-BSA, by
itself, displayed neither growth promoting nor growth-inhibit-
ing effects in the concentration range used in these studies (1-
100 uM).

The interaction between NO and AGEs in cell culture then
was studied as a function of AGE concentration. As shown in
Fig. 2 for a low and a high growth-inhibitory concentration of
SNAP, AGE-BSA was observed to selectively spare the antimi-
togenic effect of SNAP. At the highest concentration, control
(unmodified) BSA had only a small effect on NO-induced cy-
tostasis. These experiments indicate that soluble, AGE-modi-
fied BSA inhibits the antiproliferative effect of exogenous NO
in a model cell culture system. These results are consistent with
the previously described chemical inactivation of NO by AGE-
derivatives ( 14).

To define more carefully the interaction of NO with repre-
sentative tissue AGEs and cellular systems in vivo, we studied
the cytostatic effect of NO on two primary cell types: aortic
smooth muscle cells and renal mesangial cells. The abnormal,
subendothelial proliferation of these cell types has been linked
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Figure 2. Effect of BSA
and AGE-BSA concen-
tration on NO-induced
cytostasis of 3T6 fibro-
blasts at two fixed con-
centrations of SNAP
(100 M and 750 pM).
Cell cultures were sup-
plemented with BSA
(o) or with AGE-BSA
(e). Each point repre-
sents the mean+SEM of
six wells. Data are rep-
resentative of two inde-
pendent determina-
tions. Standard error
bars are not shown for

3H—thymidine (cpm x 103)

0 data points in which the
y width of the error bar
3 10 100 is less than the width of
BSA (uM) the symbol.

to the accelerated vascular and renal pathology of diabetes mel-
litus (15). To more closely approximate the in situ environ-
ment of these cells, we studied the mitogenic response of cells
cultured on an immobilized collagen matrix. 96-well flat-bot-
tom plates were coated with either control (unmodified) colla-

100
50
50 ng/mm2 Figure 3. Dose-depen-
100 1 dent inhibition of aortic
l smooth muscle cell mi-

togenesis by SNAP in
the presence of four
concentrations of con-
trol (o) and AGE-mod-
ified (@) collagen. Per-
cent [*H]thymidine in-
corporation is relative

to control incubations
which contained no
added SNAP. Total
[*H]thymidine incor-
poration in control wells
ranged from 1to 3

X 10* cpm in different
experiments. Each point
shows the mean+SEM
of two to three indepen-
dent determinations,
each representing data
from triplicate wells.
Standard error bars are
not shown for data
points in which the

(o4
o
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o 3
[«] o

660 ng/mm2

100

50

1000 ng/mm2

0 width of the error bar is
0.1 1 less than the width of
SNAP (mM) the symbol.



gen or AGE-modified collagen. Vascular smooth muscle cells
then were plated onto the collagen matrix and increasing doses
of SNAP added. As in the case of the 3T6 cells, SNAP inhibited
smooth muscle cell {*H ]thymidine incorporation in a dose-de-
pendent fashion (Fig. 3). When grown on 50 ng/mm? of con-
trol or AGE-modified collagen, smooth muscle cells showed no
difference in their sensitivity to the cytostatic action of NO

100
|
50}
100 ng/mm2
100 :
I
(4
50

330 ng/mm?2

|

3H—thymidine (%)
3

(84
o

660 ng/mm2

100

50t

1000 ng/mm2

0.1 1
SNAP (mM)

Figure 4. Dose-dependent inhibition of murine mesangial cell mito-
genesis by SNAP in the presence of four concentrations of control
(0) and AGE-modified (o) collagen. Percent [*H ]thymidine incor-
poration is relative to control incubations containing no added SNAP.
Total [*H]thymidine incorporation in control wells ranged from 2.5
to 6 X 10* cpm in different experiments. Each point shows the
mean+SEM of two to three independent determinations, each repre-
senting data from triplicate wells. Standard error bars are not shown

for data points in which the width of the error bar is less than the
width of the symbol.

(ICs, = 150 uM SNAP). With increasing amounts of AGE-col-
lagen however, a significant and concentration-dependent dif-
ference in the antiproliferative effect of NO was observed. The
IC,, increased from 150 uM at 50 ng/ mm? of AGE-collagen to
700 uM at 1,000 ng/ mm? of AGE-collagen. AGE-collagen it-
self neither enhanced nor inhibited cellular proliferation in the
amounts that were present in the culture wells. In agreement
with prior studies (9, 10, 27), NO-induced cytostasis was not
observed to be accompanied by any apparent cytotoxic effects.

In patients with diabetes mellitus, the glomerular basement
membrane accumulates high levels of collagen-bound AGEs
(2). Subendothelial mesangial cell hyperplasia is an early and
characteristic lesion in diabetic glomerulopathy (15). It was of
interest, therefore, to determine whether AGE-modified colla-
gen might similarly prevent the cytostatic effect of NO on iso-
lated renal mesangial cells. As in the case of aortic smooth
muscle cells, mesangial cells plated on different concentrations
of AGE-collagen were found to be less sensitive to NO-induced
cytostasis (Fig. 4). The IC5, of SNAP increased from 320 uM at
100 ng/mm? of AGE-collagen to 680 uM at 1,000 ng/mm? of
AGE-collagen.

Discussion

Endothelium-derived NO is a potent vasodilator that exerts
significant homeostatic and antiproliferative effects on a vari-
ety of cell types (8-10, 27). In particular, the cytostatic action
of NO has been proposed to play an important role in main-
taining the mitogenic quiescence of subendothelial vascular
smooth muscle cells (9). Experimental damage or removal of
endothelium is associated with proliferation of underlying
smooth muscle cells. This leads to myointimal proliferation,
often considered the “hallmark™ lesion of atherosclerosis (13).
Several renal glomerulopathies, such as the diabetic and hyper-
lipidemic, also are associated with a mesenchymal (mesangial
cell) hyperplasia that may occur by processes similar to those
involving aortic smooth muscle cells (15).

Patients with long-standing diabetes mellitus have a mark-
edly increased tendency toward developing atherosclerotic vas-
cular disease (2, 28). An important consequence of chronic
hyperglycemia is an increase in the formation of protein-bound
AGEs. The accumulation of tissue and basement membrane
AGE:s is one of several biochemical abnormalities that may
promote vascular wall dysfunction and atherogenesis (2, 13).
Recent studies indicate that diabetic patients also have high
circulating levels of AGE-peptides. In patients with diabetes
and chronic renal failure, a group subject to a rapidly progres-
sive vasculopathy, serum AGE levels have been determined to
be eightfold higher than in normal patients, and almost four-
fold higher than in diabetic patients with normal renal function
(29, 30). Circulating AGE:s enter the subendothelial matrix by
direct infiltration or by endothelial cell-mediated transcytosis
(31). AGEs may then interact with specific monocyte, endothe-
lial cell, and mesangial cell receptors (24, 31, 32). This results
in a variety of responses including the release of cytokines such
as interleukin-1, tumor necrosis factor, and platelet-derived
growth factor (33, 34). These mediators produce autocrine
and paracrine effects that ultimately promote the development
of both atherosclerotic and glomerular lesions.

The present study demonstrates that at low levels, matrix-
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bound AGEs contribute directly to mesenchymal cell prolifera-
tion by inactivating endothelium-derived NO and eliminating
its cytostatic activity. Both vascular smooth muscle and renal
mesangial cells show decreased sensitivity to NO when cul-
tured on an AGE-modified matrix. These data suggest that the
AGE-mediated inactivation of NO represents an important
mechanism in the development of the proliferative vascular
and renal lesions of diabetes.

Previous studies have shown that the inactivation of NO by
AGE:s proceeds via a direct chemical reaction (14). Nitric ox-
ide may react directly with the unsaturated pyrrole or furan
moieties that appear to be common structures in advanced
glycosylation chemistry (1, 3). The reaction between NO and
AGE:s does not appear to proceed by nitrosation however (Bu-
cala, R., unpublished observations), and may instead involve
radical-mediated quenching. Model biosynthetic pathways for
AGE formation suggest the occurrence of several oxidation-re-
duction steps that could create reactive, radical centers (1, 3,
35-37). Of significance, the in vitro time course of AGE-
mediated quenching appears to parallel the formation of
AGE-derived free radicals, as measured by electron spin reso-
nance (38).

The precise mechanism of the NO-induced cytostasis was
not addressed in this study. Studies of the intracellular effects of
NO have focused on its ability to increase cGMP levels by
activating guanylate cyclase and in many cell types, the antimi-
togenic activity of NO can be mimicked by exogenously ad-
ministered 8-bromo-cGMP (8, 9). Nitric oxide also is cyto-
static in cell types lacking soluble guanylate cyclase however
(27), suggesting that other pathways such as ADP-ribosylation
may be important for this effect (39).

In conclusion, the present study has demonstrated that
both soluble and matrix-bound AGEs are potent inhibitors of
NO-mediated cytostasis. Of significance, collagen-bound
AGEs were found to spare the cytostatic effect of NO in cul-
tured aortic smooth muscle and renal mesangial cells. These
data implicate tissue AGEs as important modulators of NO
activity in vivo, and suggest a novel, common pathway for the
evolution of the proliferative vascular and glomerular lesions
present in diabetes mellitus.
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