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Glycated proteins, including serum albumin, may be
involved in the pathogenesis of diabetic vasculopathy.
Recent evidence suggests that expression of inducible
nitric oxide synthase (iNOS) in vascular smooth mus-
cle cells (VSMC) may, in part, promote atherosclerosis
by increasing local oxidative stress. We therefore in-
vestigated whether VSMC exposed to glycated human
serum albumin (GHSA) produce nitric oxide (NO) by
increasing INOS expression through transcriptional
activation of the INOS gene and whether this process
is dependent on nuclear factor kB (NF-kB) activation.
Treatment of VSMC with GHSA causes activation of
NF-kB and the iNOS promoter. Induction of NF-«kB
and the iNOS promoter by GHSA exhibited dose-
dependent Kinetics at concentrations ranging from 3
to 1000 pg/ml. GHSA alone was a weak inducer of NO
production in VSMC as measured by determining ni-
trite levels, and interferon-y alone was totally ineffec-
tive, whereas the combination of GHSA and inter-
feron-y was a strong stimulus. This synergy for NO
production corresponded to Northern blot analyses of
iNOS mRNA expression. Thus, GHSA may promote
atherosclerosis in part by activation of NF-kB and up-
regulation of iINOS, thereby fostering local inflamma-

tion and oxidative stress. © 1999 Academic Press

Hyperglycemia is generally believed to be a major
contributing factor leading to the development of dia-
betic complications. As blood glucose concentrations
rise, excessive nonenzymatic glycation of a wide range
of proteins, including serum albumin, occurs (1). Pro-
duction of glycation adducts may result in a series of
pathophysiologic consequences (2-4). Once advanced
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glycation end-products (AGEs) are formed, this process
and its associated tissue damage become irreversible.

Nonenzymatic glycation is a condensation reaction
between glucose and reactive protein amino acid
groups, vielding Schiff base intermediates that un-
dergo Amadori rearrangement to form stable protein-
glucose adducts (5-7). Amadori adducts are the prom-
inent form of circulating glycated proteins in vivo, and
their concentration is significantly increased in dia-
betic during hyperglycemia (5-7). It has recently been
demonstrated that nonenzymatically glycated serum
albumin impairs the proliferation index and increases
the synthesis and gene expression of type IV collagen
in mesangial cells (8). Moreover, mesangial expansion
observed in a rodent model of genetic diabetes was
significantly attenuated by injecting an antibody selec-
tively reacting with Amadori adducts (9-10). In murine
vascular endothelial cells, glycated albumin was
shown to enhance nitric oxide (NO) synthase activity
and gene expression (11). Glycated serum albumin has
also been shown to induce chemokine gene expression
in human retinal pigment epithelial cells and corneal
keratinocytes (12,13). Although these data may sup-
port the role of glycated proteins in the pathogenesis of
diabetic complications, the mechanisms by which early
glycosylated products of albumin exert these effects are
still unknown.

Accelerated atherosclerosis in patients with diabetes
is a major cause of their morbidity and mortality. Re-
cent evidence indicates that vascular smooth muscle
cells (VSMC) can express the inducible isoform of NO
synthase (iNOS). The putative role of iINOS in the
development and clinical expression of atherosclerotic
vascular disease is not yet clear, although some inves-
tigators have speculated that iNOS activity may, in
part, be responsible for oxidative damage to VSMC. For
these reasons, we sought to define the effects of gly-
cated human serum albumin (GHSA) on iNOS expres-
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sion in VSMC. We investigated whether GHSA induces
NO formation by rat VSMC with an emphasis on the
nuclear factor kB (NF-«B) activation and iNOS pro-
moter activation followed by iNOS gene expression.

MATERIALS AND METHODS

Cell culture and RNA extraction. VSMC were isolated by elastase
and collagenase digestion of thoracic aortae from male Wistar rats,
as previously described (14). Cells in passages 10 to 15 were used for
experiments. Total RNA was extracted from confluent VSM using a
modified guanidinium isothiocyanate method (15).

Nitrite assay. Nitrite accumulation, an indicator of NO synthesis,
was measured in the cell culture medium of confluent VSMC (16).
Nitrite was quantified colourimetrically after adding 100 ul of Griess
reagent (1% sulfanilamide and 0.1% naphthylenediamine in 5%
phosphoric acid) to 100-ul samples. Absorbance at 550 nm was
determined with a microplate reader (Molecular Devices, Richmond,
CA, USA). Nitrite concentrations were calculated by comparison
with the absorbance of standard solutions of sodium nitrite prepared
in cell culture medium.

Northern blot analysis of INOS mRNA. An iNOS cDNA [kindly
provided by Dr. Nunokawa (17)] labelled with [a-**P]dCTP by ran-
dom priming was used as a probe. Total RNA (10 ung per lane) was
subjected to electrophoresis on a 1.2% agarose gel containing form-
aldehyde, and transferred to nitrocellulose filters. The filters were
prehybridised at 68°C for 15 min and then hybridised with the
*p-labelled iINOS cDNA probe in a rapid hybridisation solution
(QUIKHYB; Stratagene, La Jolla, CA, USA) at 68°C for 1 h. The
hybridised filters were washed twice for 15 min at room temperature
with 2 SSC/0.1% SDS, and then twice for 30 min at 60°C with 0.1X
SSC/0.1% SDS. The filters were exposed to an imaging plate (Fuji
Photo Film Co., Tokyo, Japan) at room temperature for 6 h and
analysed using a FUJIX bioimaging analyser (BAS200011, Fuji Photo
Film Co.). Filters were then stripped and reprobed for the presence
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA.

NF-«B activation. To study NF-«B activation, the cells were sta-
bly transfected with a cis-reporter plasmid containing the luciferase
reporter gene linked to five repeats of NF-«B binding sites (pbNFkB-
Luc: Stratagene). For this, the pNF«B-Luc plasmid was transfected
together with a pSV2neo helper plasmid (Clontech, Palo Alto, CA,
USA) into rat VSMC using FUGEN 6 transfection reagent (Boeh-
ringer Mannheim, Mannheim, Germany). The cells were cultured in
the presence of G418 (Clontech) at a concentration of 500 ug/ml with
medium replacement at 2 to 3 day intervals. Approximately 3 weeks
later, G418-resistant clones were isolated using a cloning cylinder
and analysed individually for expression of luciferase activity. Sev-
eral clones were selected for analysis of NF-«B activation. Luciferase
activity was measured using a Luciferase assay kit (Stratagene).

iNOS promoter analysis. iNOS promoter function was studied, as
previously described (18), using rat VSMC stably transfected with a
construct containing a 1.7-kb fragment of the mouse iNOS promoter
which was cloned in front of a reporter gene that encodes the se-
creted form of human placental alkaline phosphatase (SEAP). SEAP
activity, which is released into the cell culture medium, was mea-
sured by a sensitive chemiluminescent assay.

Statistical analysis. Data are presented as the mean = SEM.
Multiple comparisons were evaluated by ANOVA followed by Fish-
er's protected least significant difference test. Student's unpaired t
test was used for comparisons between two experiments. A value of
P < .05 was considered statistically significant.

Materials. Recombinant murine interferon-y was obtained from
Genzyme (Cambrigde, MA, USA). Human serum albunin (HSA, non-
glycated) and glycated human serum albumin (GHSA) were obtained
from Sigma (St. Louis, MO, USA). GHSA, which contains 1-5 moles
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FIG. 1. GHSA and IFN synergise to increase nitrite synthesis in
vascular smooth muscle cells. After treatmernt with GHSA (0.003 to
1 mg/ml, open circles) alone or in combination with IFN (100 U/ml,
closed circles) for 24 h, nitrite accumulation in the medium was
measured. Data are the mean = SEM of four experiments.

of fructosamine per mole albumin, was made by Sigma as described
by Baynes et al. (19). The GHSA preparation did not contain mea-
surable AGEs as determined by fluorescence assays (from 360 to 600
nm) upon excitation at 370 nm or 350 nm. The GHSA preparation
also did not contain contaminant bacterial endotoxin (LPS) when
measured with ENDOSPECY, a kit for endotoxin test (Seikagakuko-
gyo, Tokyo, Japan). The ~35 kDa extracellular domain of a rat
cellular receptor for AGEs, termed soluble RAGE (sRAGE), was
kindly provided by Dr. Y. Kawakami (Tsukuba University School of
Medicine, Japan).

RESULTS

Nitrite secretion. Unstimulated VSMC or VSMC
stimulated with nonglycated HSA did not produce de-
tectable levels of nitrite. GHSA slightly increased ni-
trite accumulation in the cell culture medium at higher
concentrations (Figure 1). IFN alone (at concentrations
up to 1000 U/ml) did not induce detectable levels of
nitrite (data not shown). However, GHSA-induced ni-
trite release was markedly potentiated by IFN. In the
presence of IFN, nitrite accumulation increased as a
function of GHSA concentration (3 to 1000 wg/ml) (Fig-
ure 1). This GHSA/IFN-induced nitrite production was
not reduced by polymyxin B (10 wg/ml), an LPS inhib-
itor (data not shown).

NF-«B activation. GHSA dose-dependently stimu-
lated NF-«B activity in VSMC (Figure 2). In contrast,
nonglycated HSA was totally ineffective (data not
shown). IFN alone had no effect on NF-kB activity, but
modestly enhanced GHSA-induced NF-«B activity (in-
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FIG. 2. The effect of GHSA on NF-kB-dependent transcriptional activity. Vascular smooth muscle cells were transfected with pNF«B-Luc
(a cis-reporter plasmid containing the luciferase reporter gene linked to five repeats of an NF-«B binding site). The cells were treated with
different concentrations of GHSA (0.003 to 1 mg/ml). After 4 h, cells were lysed, and luciferase activities were measured. Data are the mean =
SEM of triplicate observations. Inset: the cells were left untreated (CONT) or were treated with GHSA (1 mg/ml) alone, INF (100 U/ml) alone
or both (GHSA/IFN) for 4 h, after which luciferase activities were measured.

set of Figure 2). NF-«kB activity increased in GHSA-
treated VSMC by 8.5 fold relative to unstimulated lev-
els. NF-kB activity elicited by GHSA or in combination
with IFN was not affected by an excess of SRAGE (data
not shown).

iNOS promoter activation. GHSA activated the
iNOS promoter in a concentration-dependent fashion
in VSMC (Figure 3). IFN alone did not affect the iNOS
promoter activity but enhanced GHSA-induced activity
(Figure 3). INOS promoter activity increased in VSMC
treated with GHSA alone or in combination with IFN
by 3.1 and 4.4 fold relative to unstimulated levels,
respectively. INOS promoter activity elicited by GHSA
or in combination with IFN was not affected by an
excess of SRAGE (data not shown).

iINOS mRNA expression. iNOS mRNA expression
was minimal in unstimulated VSMC, as measured by
Northern blot analysis (Figure 4). IFN is totally in-
effective and GHSA alone is a weak inducer of iNOS
MRNA, whereas the combination of GHSA and IFN
is a strong stimulus for induction of INOS mMRNA
(Figure 4).

DISCUSSION

This study demonstrates that GHSA stimulates
NF-«B activity and induces transcription of the iNOS
gene in VSMC. The induction of NO synthesis in
VSMC by GHSA was remarkably synergistic with IFN.
This synergy is likely to be a consequence of induced
iNOS activity and is associated with an increase in
iINOS mRNA levels. Regulation of iINOS is considered
largely transcriptional and mediated by the activation
of transcriptional factor NF-«B (20,21), while marked
potentiation of iINOS activity caused by LPS or other
cytokines is mediated by a mechanism which is syner-
gistic with IFN (16,22). We showed that GHSA alone is
a weak inducer of iNOS, and IFN alone is totally inef-
fective, whereas the combination of GHSA and IFN is a
strong stimulus for induction of iINOS mMRNA. The con-
centrations of GHSA for half-maximal stimulation of
VSMC NF-«B and iNOS promoter activation were 120
and 100 ug/ml, respectively, and this value was 80
pa/ml for nitrite production in the presence of IFN.
These values for half-maximal stimulation were well
below the normal plasma concentration range of GHSA
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FIG. 3. Effect of GHSA on iNOS promoter/SEAP reporter expres-
sion in stably transfected rat vascular smooth muscle cells. After
treatmernt with GHSA (0.003 to 1 mg/ml, open circles) alone or in
combination with IFN (100 U/ml, closed circles) for 24 h, SEAP
activity in the cell culture medium was measured.

(350 to 500 wg/ml) (23,24), and at concentrations ex-
ceeding the normal plasma range, GHSA potently ac-
tivated VSMC. Because of the close correlation be-
tween serum glucose content and the degree of
albumin glycation, the concentrations at which GHSA
could induce high output NO synthesis together with a
possible increase in production of cytokines such as
IFN are likely to be easily reached in diabetics.

The GHSA used in our study was purified to exclude
residual contamination with AGEs as described by
Baynes (19). Moreover, treatment of the cells with a
soluble form of the receptor for AGEs affected neither
NF-«kB nor iNOS promoter activity elicited by GHSA.
These results indicate that the response obtained with
GHSA is not due to AGEs. We did not find endotoxin
contamination in our GHSA preparation using an en-
dotoxin detection kit. We found substantial inhibition
of LPS-induced nitrite production by polymyxin B,
whereas polymixin did not affect the induction of ni-
trite elicited by GHSA together with IFN. These data
strongly suggest that LPS contamination was not re-
sponsible for the responses we observed with GHSA.

NO is an important regulator of vascular function. In
normal arteries, NO produced by endothelial NOS
probably plays an important antiatherogenic role by
causing vasorelaxation and inhibiting VSMC prolifer-
ation, platelet aggregation, and lipoprotein oxidation
(25-27). Also, recent studies indicate that inhibition of
NO synthesis promotes atherosclerosis, whereas sup-
plementation with L-arginine reduces atherogenesis
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(28). By contrast, there is evidence that the NO-derived
oxidant peroxinitrite is actively involved in atherogen-
esis (29-31). Peroxynitrite is a product of the reaction
between NO and superoxide anion (32), and its forma-
tion often occurs at sites where there is stimulated
overproduction of NO (33). In addition, an increase in
iNOS mRNA expression for any level of stimulation
may result in an increase in superoxide anion produc-
tion by the enzyme under conditions in which
L-arginine or selected cofactors are limited. Indeed,
diabetes may be associated with lower availability of
L-arginine and/or the NOS cofactor tetrahydrobio-
pterin (34,35). High output production of NO, which
may favor peroxynitrite formation, is generally associ-
ated with iNOS, and it is likely that many of the
inflammatory cytokines associated with atherosclero-
sis (36), in particular, IFN-vy, interleukin-1, and tumor
necrosis factor-a, may lead to stimulated expression of
iNOS.

Activation of NF-«B by GHSA may also have broader
implications for atherosclerosis. Recent studies impli-
cate the existence of an oxidant-sensitive transcrip-
tional pathway that activates the expression of cell
adhesion molecules and chemokines such as vascular
cell adhesion molecule-1 (VCAM-1) and monocyte che-
moattractant protein 1 (MCP-1) (37,38). In animal
models, a number of metabolic alterations that predis-
pose to atherogenesis such as diabetes are associated
with endothelial elaboration of superoxide anion (39).
The elaboration of superoxide anion is associated with
activation of the transcriptional protein NF-«B, in-
duced expression of VCAM-1 and MCP-1, and en-
hanced endothelial adhesiveness for monocytes. This
oxidant-sensitive transcriptional pathway may be the
final common pathway by which a variety of risk fac-
tors to regulate its activation. These results also sug-
gest a role for GHSA as an additional hyperglycemia-
responsive inflammatory mediator which activates
NF-kB in atherosclerosis.

iNOS

FIG. 4. GHSA and IFN synergise to cause the induction of
mRNA for iNOS in vascular smooth muscle cells. Total RNA was
prepared from untreated cells (CONT), cells treated with IFN (100
U/ml) alone, GHSA (1 mg/ml) alone, or both (GHSA/IFN) for 8 h. The
iNOS mRNA levels were evaluated by Northern blot analysis using
an iNOS specific probe and subsequently a GAPDH-specific probe.
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Thus, GHSA may promote atherosclerosis in part by
activation of NF-«kB and upregulating iNOS, thereby
fostering local inflammation and oxidative stress. In-
terestingly, unique binding sites for GHSA have been
identified recently in plasma membranes from rat peri-
toneal cells. These receptor proteins have molecular
weights distinct from that for the AGEs (40,41). Eluci-
dation of GHSA receptor(s) among different cell types
and the resultant postreceptor signaling will provide
new insights into the molecular mechanisms underly-
ing GHSA-mediated proinflammatory responses which
may link to acceleration of diabetic complications.
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