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Prostacyclin synthase (PGIS) is tyrosine nitrated in
diseased animals. Whether PGIS nitration occurs in
human diabetic atherosclerotic arteries has not been
reported. The present study was designed to deter-
mine PGIS nitration and its association with the in-
flammatory response in atherosclerotic carotid arter-
ies from patients with or without type 2 diabetes, and
carotid plaques were obtained from patients who un-
derwent carotid endarterectomy. PGIS nitration, ni-
tric oxide synthases, adhesion molecules, myeloper-
oxidase, osteopontin, and matrix metalloproteinase
(MMP) were measured by using immunohistochemis-
try and Western blotting. In low stenosis areas, dia-
betes enhanced reactive nitrogen species production,
as evidenced by increases in 3-nitrotyrosine and PGIS
nitration. In parallel , diabetes dramatically increased
inflammatory markers including intracellular adhe-
sion molecule-1, vascular adhesion molecule-1, and
osteopontin. In both diabetic and nondiabetic pa-
tients, MMP-2 and MMP-9 protein levels were signifi-
cantly increased in the arteries with high stenosis as
compared with those with low stenosis. Moreover,
diabetes enhanced inducible nitric oxide synthase ex-
pression in the plaques from low stenosis areas and
up-regulated myeloperoxidase expression in the
plaques from both high and low stenosis areas. These
data demonstrate that diabetes preferentially in-
creases PGIS nitration that is associated with exces-
sive vascular inflammation in atherosclerotic ca-
rotid arteries from patients with type 2 diabetes ,
suggesting a possible role of tyrosine nitration of
PGIS in the development of atherosclerosis in pa-

tients with diabetes. (Am J Pathol 2010, 176:2542–2549;

DOI: 10.2353/ajpath.2010.090783)

Diabetes mellitus magnifies the risk of macrovascular
and microvascular complications. Patients with type 2
diabetes, in particular, have a twofold to fourfold increase
in coronary artery disease and peripheral arterial disease.1

This has been attributed to several risk factors, including
chronic hyperglycemia, dyslipidemia, and insulin resis-
tance, which induce oxidative stress and activate several
downstream signals that mediate diabetic complications
and render arteries susceptible to atherosclerosis.2

Atherosclerosis, formerly considered a lipid storage
disease, is now thought to involve an ongoing inflamma-
tory response, which participates in all stages of the
disease, from initiation through progression and, ulti-
mately, to the thrombotic complications of atherosclero-
sis. Accumulating evidence demonstrates that the major
mechanisms underlying diabetic vascular complications,
such as oxidative stress and endothelial dysfunction, can
accelerate atherosclerosis.2 These findings provide im-
portant links between diabetes and atherosclerosis.

A variety of substances including oxidants, cytokines,
and growth factors are involved in the inflammatory pro-
cess.3 One group of these mediators is prostanoids that
are produced from arachidonic acid by the action of
cyclooxygenase. Among prostanoids, prostacyclin (PGI2)
and thromboxane A2 (TXA2) have attracted particular atten-
tion for their importance in cardiovascular diseases.4 The
capacity of blood vessels to generate PGI2 is essential to
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the integrity of the endothelium. PGI2 is produced in endo-
thelial cells from prostaglandin endoperoxide (PGH2) by the
action of the enzyme prostacyclin synthase (PGIS).5 Inacti-
vation of PGIS causes an accumulation of PGH2 and TXA2,
which activate thromboxane A2 receptors (TP), inducing a
striking inflammatory response in vasculature.6,7

Oxidative stress is a key mediator in the development
and progression of diabetic vascular complications.8

Many basic and clinical studies demonstrate that hyper-
glycemia-enhanced oxidative stress induces endothelial
dysfunction, an early marker of diabetic complications. In
vitro, exposure of isolated arteries to a high concentration
of glucose attenuates endothelium-dependent relax-
ation.9 Consistently, in vivo studies have also shown that
hyperglycemia induces endothelial dysfunction in dia-
betic and nondiabetic subjects.10,11 In addition, the
acute effects of hyperglycemia are counterbalanced by
antioxidants.12–14 Superoxide over production, when ac-
companied by increased nitric oxide generation, favors
the formation of a highly reactive species, peroxynitrite
(ONOO�).15–17 ONOO� can initiate both nitrosative and
oxidative reactions with proteins, lipids, and DNA. A char-
acteristic reaction of ONOO� is the nitration of protein-
bound tyrosine residues.15–17 ONOO� has been reported
to induce endothelial dysfunction through a mechanism that
depends on the nitration of PGIS.18 For example, exoge-
nous ONOO� inactivates PGIS by nitration modification,
leading to reduction of PGI2 and accumulation of vasocon-
strictor prostanoids18 in vasculature harvested from dia-
betic animals.19–21

Although PGIS is found to be nitrated in diseased ani-
mals,22 whether PGIS nitration occurs in human diabetic
arteries as well whether it associates with the development
of atherosclerosis in patients with diabetes have not been
reported. We, therefore, evaluated the relationship between
the presence of PGIS nitration and inflammation in human
carotid arteries with low- and high-degrees of stenosis from
patients with or without type 2 diabetes.

Materials and Methods

All investigations were approved by the institutional review
board of the hospital, and informed consent was obtained
from all patients. The study group comprised 21 type 2
diabetic patients and 19 nondiabetic patients with asymp-
tomatic carotid stenosis. The patients were enlisted to un-
dergo carotid endarterectomy for extracranial high-grade
(�70%) internal carotid artery stenosis.23 The degree of
luminal narrowing was determined by repeated Doppler
echography and intra-arterial cerebral angiography using
the North American Symptomatic standard criteria. Diabe-
tes was categorized according to the American Diabetes
Association criteria.24 Patients with diabetes were taking
metformin as an antidiabetic therapy. The clinical charac-
teristics of the patients are summarized in Table 1.

Atherectomy Specimens

After surgery, the specimens were divided into two parts:
one part was from a low stenosis area (edge area of the

plaque; Figure 1A) and another from a high stenosis area
(central area of the plaque; Figure 1B). The specimen
was immediately immersion fixed in 10% buffered forma-
lin. Sections were serially cut in 5 �m, mounted on lysine-
coated slides, and stained by the H&E method. Carotid
artery specimens were analyzed by light microscopy.

Immunohistochemistry

Sections were deparaffinized, rehydrated, and blocked
with 5% normal serum. The sections were then incu-
bated with specific antibodies: antiendothelial nitric
oxide synthase (eNOS; BD Transduction Laboratories,
San Jose, CA), anti-inducible nitric oxide synthase
(iNOS; BD Transduction Laboratories), anti-myeloperox-
idase (MPO; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), anti-intercellular adhesion molecule-1 (ICAM-1;
Santa Cruz Biotechnology, Inc.), anti-vascular cell adhe-
sion molecule 1 (VCAM-1; Santa Cruz Biotechnology,
Inc.), anti-osteopontin (Abcam, Cambridge, MA), anti-
matrix metalloproteinase (MMP)-2 (Calbiochem, San Di-
ego, CA), and MMP-9 (Novocastra Laboratories Ltd., Ben-
ton Lane, UK). The sections were then incubated for 30
minutes with secondary antibodies; 3, 3�-Diaminobenzidine
or Avidin fluorescent D (Vector Laboratories, Burlingame,
CA) was used to visualize positive immunoreactivity. Normal
rabbit or mouse immunoglobulin fractions were substituted
to primary antibodies as negative control. Double staining
for 3-nitrotyrosine (Upstate Biotechnology, Inc., Billerica,
MA) and PGIS (Cayman Chemical, Ann Arbor, MI) was
performed by using a kit from Vector Laboratories, followed
the protocol provided by the company, and was viewed on
a SLM 510 laser scanning confocal microscope (Carl Zeiss
Meditec, Inc., Jena, Germany).

Quantitative Analysis for Histology

Analysis of experiments was performed with a personal-
computer-based 8-bit color image-analysis system. In
brief, the sections were visualized under an Olympus
inverted microscope (Olympus America, Melville, NY).

Table 1. Characteristics of Study Patients

Variables Nondiabetes Diabetes

N 19 21
Age, y 66 � 4 69 � 5
Sex, male/female 10/9 11/10
Hypertension 19 21
Fasting blood glucose, mg/dl 90.5 � 11.0 130.2 � 42*
HbA1c, % 5.4 � 0.1 7.8 � 0.9*
Triglyceride, mg/dl 128.7 � 63.4 149.3 � 76.1
Active therapy, n

Statin 10 15
Insulin — —
Metformin — 21
ACE-inhibitor 8 8
CCB 8 6

Data expressed as mean � SE unless noted otherwise. ACE-
inhibitor, angiotensin II converting enzyme inhibitor; CCB, calcium channel
blocker; –, no patient was treated by this medicine.

*P � 0.01 versus nondiabetes.
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Sequence images were taken by using a Retiga 1300
color-cooled camera and Q capture software (QImaging,
Burnaby, BC, Canada). The staining areas were measured
by using a Bioquant analysis system (Nashville, TN), and a
color threshold mask for immunostaining was defined to
detect the red color by sampling. The same threshold was
applied to all specimens. The percentage of the total area
with positive color for each section was recorded.

Cell Culture and Treatments

Human aortic endothelial cells (HAECs; American Type
Culture Collection, Rockville, MD) were cultured in Ham’s
F12 medium, 10% fetal bovine serum, 100 �g/ml heparin,
and 30 �g/ml endothelial cell growth supplements. Cells
were seeded in 60 � 15 mm culture dishes precoated
with 0.1% pig gelatin. When they reached confluence, the
cells were used for the experiments. HAECs were incu-
bated with palmitate (100 �mol/L), high glucose (30
mmol/L), or palmitate plus high glucose for 72 hours.
After incubation, cellular proteins were extracted and the
cell lysates were subjected to immunoprecipitation and
Western blot analysis.

Immunoprecipitation and Western Blot Analysis

Nitration of PGIS in cell extract was identified by immu-
noprecipitation and Western blotting as previously de-
scribed.25–27 Total cell lysates were prepared in lysis
buffer (1% Triton X-100, 150 mmol/L NaCl, 10 mmol/L
Tris, pH 7.4, 1 mmol/L EDTA, 1 mmol/L EGTA, 0.2 mmol/L
phenylmethylsulfonyl fluoride, 0.2 mmol/L sodium or-

thovanadate, and 0.5% Nonidet P-40), and protein con-
tents were measured by using the Bradford assay. Solu-
bilized proteins were incubated with 10 �g of monoclonal
antinitrotyrosine antibody. Immune complexes were pre-
cipitated with protein A Sepharose CL-4B, resolved by
SDS-polyacrylamide gel electrophoresis, and blotted on
to a nitrocellulose membrane. The membranes were then
incubated with appropriate primary antibodies and ana-
lyzed as described previously.28,29

Assay of PGIS Activity

PGIS activity was determined by measuring the stable
metabolite of PGI2, 6-keto-PGF1�, after cells were incu-
bated with its substrate, PGH2 (10�5 mol/L for 3 minutes),
as described previously.18,30 Briefly, after incubation with
PGH2, the reaction was stopped by acidification with 1 N
HCl to pH 3.5. Incubation media were extracted with ethyl
acetate. After centrifugation, the organic phases were
evaporated to dryness under nitrogen. Samples were
then resuspended in 100 �l of PBS. The amount of 6-ke-
to-PGF1� and PGE2 was subsequently determined with
an enzyme-linked immunosorbent assay kit (Cayman
Chemicals) according to the instructions provided by the
supplier.

Statistical Analysis

Data are presented as mean � SE. Significance was
determined by one-way analysis of variance followed by
Bonferroni’s method. P � 0.05 was considered statisti-
cally significant.

Figure 1. Colocalization of 3-nitrotyrosine (3-NT) and PGIS
in atherosclerotic plaques from diabetic and nondiabetic
patients. A and B: Representative example from low stenosis
areas (A) and high stenosis areas (B). The sections were
stained with H&E. C: Representative examples of double
staining of atherosclerotic plaques. Top: immunostaining for
PGIS (green) in atherosclerotic plaques. Middle: immunore-
activity of 3-NT (red) from the same section. Bottom:
merged images from 3-NT and PGIS staining; note that 3-NT
staining (red) is colocalized with PGIS staining (green), and
yellow color indicates the colocalization of 3-NT immunore-
activity and PGIS staining. Normal rabbit or mouse immuno-
globulin fractions were substituted to primary antibodies as
a negative control. D and E: Quantitative analyses of immu-
nohistochemical staining of 3-NT and PGIS are shown. All of
the data represent the mean � SEM; nondiabetic group, n �
19; diabetic group, n � 21.
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Results

Diabetes Induces Prostacyclin Synthase
Nitration in Carotid Plaques

We set out to investigate whether PGIS is nitrated in carotid
plaques by using a double-labeling immunofluorescence
technique. We first detected the formation of 3-nitrotyrosine
in carotid plaques obtained from diabetic and nondiabetic
patients, which is generally regarded as an index of reactive
nitrogen species. In the plaques from both diabetic and
nondiabetic patients, the staining areas of 3-nitrotyrosine

were significantly increased in high stenosis areas as com-
pared with those in low stenosis areas. Diabetes induced
more 3-nitrotyrosine formation in the plaques from both high
and low stenosis areas (Figure 1, C and D). Similar to the
alterations of 3-nitrotyrosine, the expression of PGIS was
increased in plaques from high stenosis areas in both dia-
betic and nondiabetic patients. In both areas, diabetic
plaques had a higher PGIS level (Figure 1, C and E). Im-
portantly, the merged confocal images of green and red
fluorescence provided a yellow color to indicate the areas of
colocalization of anti-PGIS and anti-nitrotyrosine in the
plaques, which demonstrated identical staining patterns
with these two antibodies (Figure 1C), indicating that PGIS
is a major protein nitrated by ONOO� in the carotid
plaques. These findings suggest that diabetes increases
reactive nitrogen species production, resulting in tyrosine
nitration of PGIS.

Hyperglycemia and Palmitate Increase PGIS
Nitration and Reduced Its Activity

Two hallmarks of type 2 diabetes are hyperglycemia and
increased free fatty acids. To further confirm that diabe-
tes induces tyrosine nitration of PGIS, we treated HAECs
with high glucose to mimic hyperglycemia and palmitate
to mimic elevated free fatty acids for 72 hours. Compared
with control group, high glucose and palmitate alone
increased 3-nitrotyrosine levels. Of note, a combination of
high glucose and palmitate proved to be much more
potent in inducing oxidative stress (Figure 2A). As a
result, PGIS nitration, analyzed by immunoprecipitation
and Western blot, was increased in the cells exposed to
high glucose or palmitate alone, and high glucose plus
palmitate additively increased nitrated PGIS (Figure 2B).
PGIS activity, judged by measuring the decomposition
product of PGI2, 6-keto-PGF1�, was dramatically de-
creased in the cells treated with high glucose or palmi-
tate. Notably, a combination of high glucose and palmi-
tate further decreased PGIS activity (Figure 2C). These in
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Figure 2. High glucose and palmitate increase prostacyclin synthase nitra-
tion and decrease its activity in HAECs. A: HAECs were incubated with
palmitate (Pal; 100 �mol/L), high glucose (HG; 30 mmol/L), or high glucose
plus palmitate for 72 hours. After incubation, cellular proteins were extracted
as described in Materials and Methods, and the cell lysates were subjected to
Western blot analysis by using an antibody against 3-nitrotyrosine (3-NT).
The blot is a representative of three blots from three different experiments.
B: PGIS was immunoprecipitated (IP) from the HAECs treated with palmitate,
high glucose, or high glucose plus palmitate; PGIS and 3-NT were detected
in Western blots (WB). The blot is a representative of three blots from three
different experiments. C: PGIS activity was assessed by analyzing PGF�1, a
degradation component of PGI2, using enzyme-linked immunoassay, n � 5.
*P � 0.05 versus control; †P � 0.05 versus palmitate or high glucose.

Figure 3. Morphological analysis of eNOS and iNOS expression in carotid plaques from diabetic and nondiabetic patients. A: Representative sections show
specific immunoreactivity for eNOS (green signal; top). Bottom: Representative photomicrographs demonstrate iNOS immunoreactivities (red signal). B and C:
Quantitative morphometric measurement of immunohistochemistry for eNOS and iNOS is shown. Data are expressed as mean � SEM; nondiabetic group, n �
19; diabetic group, n � 21.

Protein Nitration in Vessel Inflammation 2545
AJP May 2010, Vol. 176, No. 5



vitro experiments support that diabetes increases reac-
tive nitrogen species production, induces PGIS nitration,
and inhibits PGIS activity.

Modulation of eNOS, iNOS, and MPO
Expression by Diabetes

Next we examined the potential sources of reactive nitrogen
species by staining for eNOS, iNOS, and MPO. In nondia-
betic plaques, eNOS expression was elevated in high ste-
nosis areas. Diabetic plaques from high stenosis areas
revealed a weak staining of eNOS as compared with non-
diabetic plaques (Figure 3, A and B). In the plaques from
low stenosis areas, immunoreactivity of iNOS was more
abundant in patients with diabetes. In the plaques from
nondiabetic patients, the immunoreactivity of iNOS was
enhanced in the high stenosis areas compared with the low
stenosis areas (Figure 3, A and C). Myeloperoxidase, a
leukocyte-derived enzyme, catalyzes the formation of a
number of reactive oxidant species and has emerged as
a potential participant in the development of atherosclero-

sis. Immunohistochemical staining for MPO was enhanced
by diabetes in both low and high stenosis areas. In nondi-
abetic plaques, it was increased in high stenosis areas
(Figure 4, A and B). Double staining of 3-nitrotyrosine and
MPO showed the staining region of 3-nitrotyrosine was
larger than that of MPO, thus there was only partial overlap
in these two stainings (Figure 4C).

Alternations of Inflammatory Markers in Diabetic
and Nondiabetic Carotid Plaques

PGIS has been shown to be nitrated and inactivated in
early stage atherosclerotic lesions in animal models,22

and inhibition of PGIS increases endothelial inflammation
via TP receptor stimulation in cultured endothelial cells.6

To investigate whether nitrated PGIS correlates with
the inflammatory response in human atherosclerotic
plaques, we stained several inflammatory markers, in-
cluding ICAM-1, VCAM-1, and osteopontin in patients
with diabetes. Diabetic plaques from low stenosis areas
revealed more intensive staining of ICAM-1 than nondia-

Figure 5. Immunohistochemical detection of ICAM-1 and VCAM-1 in the plaques from diabetic and nondiabetic patients. A: Top: VCAM-1 was immunostained
with a specific antibody (red signal). Bottom: Representative immunostaining for ICAM-1 (green signal). B and C: Quantification of immunohistochemical staining
for VCAM-1 and ICAM-1 is shown. All of the data are expressed as mean � SEM; nondiabetic group, n � 19; diabetic group, n � 21.

Figure 4. Diabetes increases MPO expression in
carotid plaques. A: Immunohistochemistry dem-
onstrates that MPO is expressed differently in dia-
betic and nondiabetic carotid plaques. B: Quan-
tification of MPO immunostaining is shown.
Image analysis indicates that diabetes increases
MPO expression in the plaques from both low
and high stenosis areas. Data are expressed as
mean � SEM; these results are typical of 21
diabetic and 19 nondiabetic plaques. C: 3-NT
and MPO double staining in atherosclerotic
plaques is shown.
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betic plaques. Immunohistochemical staining for ICAM-1
was elevated in the plaques from high stenosis areas in
nondiabetic patients (Figure 5, A and B). Similarly, immu-
nostaining of VCAM-1 was more abundant in the diabetic
sections from low stenosis areas and the staining of
VCAM-1 was increased in high stenosis areas in nondi-
abetic plaques (Figure 5, A and C). Osteopontin (OPN),
initially identified in osteoblasts as a mineralization-mod-
ulatory matrix protein, is a multifunctional protein and
up-regulated in a variety of acute and chronic inflamma-
tory conditions, including wound healing, fibrosis, and
atherosclerosis. OPN is highly expressed in atheroscle-
rotic plaques, especially in macrophages and foam cells.
In the context of atherosclerosis, OPN is generally re-
garded as a proinflammatory and proatherogenic mole-
cule.31 In both diabetic and nondiabetic patients, os-
teopontin staining was enhanced in the plaques from
high stenosis areas. Osteopontin expression was ele-
vated in diabetic plaques from low stenosis areas as
compared with nondiabetic plaques (Figure 6, A and B).
Thus, these analyses confirmed the presence of a higher
inflammatory response in diabetic plaques.

Expression of Matrix Metalloproteinase in the
Plaques from Diabetic and Nondiabetic Patients

Matrix metalloproteinase has been consistently impli-
cated in the pathophysiology of atherosclerosis and
plaque rupture. To determine the expression of MMP in

patients’ atherosclerotic plaques, we analyzed the pro-
tein levels of MMP-2 and MMP-9 in the carotid plaques
from diabetic and nondiabetic patients by using immu-
nohistochemistry with specific antibodies. As shown in
Figure 7, MMP-2 staining was significantly increased in
the plaques from high stenosis areas in both diabetic and
nondiabetic patients (Figure 7, A and B). Similar to the
change in 3-nitroyrosine (Figure 1, C and D), diabetes
dramatically increased MMP-9 levels in the plaques from
both low and high stenosis areas (Figure 7, A and C).

Discussion

In this investigation, we demonstrate that in human ca-
rotid artery plaques from low stenosis areas, where ath-
erosclerosis initiates, diabetes enhanced tyrosine nitra-
tion of PGIS, accompanied by significant increases in
inflammatory markers including ICAM-1, VCAM-1, and
osteopontin. In diabetic plaques from high stenosis ar-
eas, increased PGIS nitration was associated with an
increase in MMP-9 protein levels. Moreover, diabetes
enhanced iNOS expression in the plaques from low ste-
nosis areas and up-regulated MPO expression in both
high and low stenosis areas. These findings support that
tyrosine nitration of PGIS is correlated with an excessive
inflammatory response in atherosclerotic carotid arteries
from patients with type 2 diabetes.

Diabetes mellitus increases oxidative and nitrosative
stress, triggering the development of endothelial dys-

Figure 6. Expression of osteopontin in human atherosclerotic plaques from diabetic and nondiabetic patients. A: Representative photomicrographs demonstrate
the expression of osteopontin (brown signal) on paraffin sections form diabetic and nondiabetic patients. B: Quantitative analysis for OPN immunostaining. Data
are expressed as mean � SEM from 21 diabetic and 19 nondiabetic patients.

Figure 7. Immunohistochemical analysis for MMP-2 and MMP-9 in carotid plaques. A: Top: Representative cross sections show specific immunoreactivity for
MMP-2. Bottom: Immunostaining of carotid atherosclerotic lesions for MMP-9 is shown. Quantification of MMP-2 (B) and MMP-9 (C) immunohistochemical
stainings is shown. Data are expressed as mean � SEM from 21 diabetic and 19 nondiabetic patients.
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function, an early event of atherosclerosis.32,33 Vascular
cells are capable of generating ONOO� because of their
capacity to simultaneously release superoxide and NO.
Previous studies have demonstrated that high glucose
enhances superoxide production in vascular cells,6

which may arise from NADPH oxidase, xanthine oxidase,
the mitochondrial respiratory chain, the arachidonic acid
cascade including lipooxygenase and cyclooxygenase,
and microsomal enzymes.34 The effect of high glucose
on eNOS in cultured endothelial cells is a subject of
debate because evidence for both an increase33 and a
decrease35 have been published in the literature. In this
study we did not find a significant difference in eNOS
expression between diabetic and nondiabetic patients in
the plaques from the low stenosis areas, although the
expression of eNOS seemed to be reduced by diabetes
in the plaque from the high stenosis areas. Our data
suggest that increased NO may result from elevated
expression of iNOS. Cromheeke et al36 have reported
colocalization of iNOS and nitrotyrosine in atherosclerotic
plaques, and the authors indicated that iNOS was enzy-
matically active in the plaques that produced NO, and
NO reacted with superoxide to form ONOO�. In turn,
ONOO� nitrated tyrosine residues of proteins.37

MPO is a mammalian enzyme critical for the innate
immune defenses and other inflammatory processes. It is
present in granulocytes36 and macrophages38 in human
atherosclerotic plaques; MPO plays a role in catalyzing
oxidative and nitrative modification of targeted proteins in
the human arterial wall. In the current study we found that
diabetes increased MPO expression in both low and high
stenosis areas, and there was only a partial overlay in
3-nitrotyrosine and MPO stainings, suggesting that MPO
partially contributes to the 3-nitrotyrosine formation in
atherosclerotic plaques. These results are consistent with
our previous findings that hypocholorous acid, a product
of MPO, increases ONOO� and superoxide production
via NADPH oxidase, resulting in eNOS uncoupling and
endothelial dysfunction.39

Although NO is known as an important vasodilator, its
role in atherogenesis is controversial. NO may prevent
atherogenesis by reducing oxidative stress, monocyte re-
cruitment, and the proliferation of smooth muscle cells.
However, high doses of NO promote atherogenesis by in-
ducing apoptosis, matrix breakdown, and ONOO� forma-
tion.40 In the present study, we provide convincing evi-
dence that diabetes enhances ONOO� formation in carotid
arteries in both low and high stenosis areas. We have also
shown that the staining areas of 3-nitrotyrosine were signif-
icantly larger in the plaques from patients with diabetes,
and in vitro high glucose plus palmitate increased 3-nitroty-
rosine formation. Importantly, using a double staining tech-
nique, we found that 3-nitrotyrosine staining was mainly
colocalized with the PGIS staining, suggesting that PGIS
might be a major protein nitrated by ONOO� in humans.
Nitration of PGIS by ONOO� may be an important mecha-
nism for diabetic vascular complications. Eicosanoaids are
important players in the normal homeostasis of the endo-
thelium. TXA2 is a potent agonist of platelet aggregation,
thrombus formation, and vasoconstriction, whereas PGI2
leads to an increase in cAMP that deactivates platelets,

inhibits clot formation, and is a potent vasodilator. In endo-
thelial and smooth muscle cells, ONOO� readily nitrates
and inactivates PGIS at an extremely low concentration with
a reported (half maximal inhibitory concentration) IC50 �
100 nmol/L.41 Inactivation of PGIS results in reduction of
PGI2 and accumulation of PGH2 within vascular tissues,
which activates TP receptor,6,7 triggering platelet aggrega-
tion, thrombus, vasospasm, cell apoptosis, and expression
of adhesion molecule.6 Previous studies show that S18886,
a TP antagonist, increased eNOS expression and reduced
inflammatory markers in the vasculature of diabetic mice.7

In agreement with these data, we found that diabetes in-
creased ICAM-1 and VCAM-1 expression in the plaques
from the low stenosis areas. Moreover, the expression of
osteopontin, a proinflammatory cytokine, was also elevated
by diabetes. Thus, nitration of PGIS by ONOO� likely rep-
resents an important mechanism for inflammatory response
in diabetic arteries, probably contributing to acceleration of
atherosclerosis in patients with type 2 diabetes.

In the plaques of high stenosis areas from patients with
diabetes, increased PGIS nitration is associated with an
increase in MMP-9 protein levels. Matrix metalloprotein-
ases belong to a family of zinc-dependent endopepti-
dases that promote degradation of components in the
extracellular matrix.42 Recently, several lines of evidence
have demonstrated that MMPs might weaken the fibrous
cap and subsequently destabilize atherosclerotic le-
sion.43 Elevated glucose induces MMP-2 and MMP-9
expression and increases their activity.44,45 Inhibition of
TP receptor by S188886 reduces MMP expression and
activity.46 Overall these reports suggest stimulation of TP
receptor may not only promote the progression of athero-
genesis but also transform lesions toward a destabilized
phenotype. Therefore, the possibility of a TP inhibitor
preventing plaque destabilization deserves further inves-
tigation in the future.

In summary, we have reported that hyperglycemia in-
creases oxidative stress and tyrosine nitration of PGIS, re-
sulting in reduction in PGI2 and accumulation of PGH2 and
TXA2. Associated activation of TP receptors increases inflam-
matory response in the vasculature,6,7 a major pathological
process of atherosclerosis. Thus, diabetes-enhanced ty-
rosine nitration of PGIS may play a role in acceleration of
atherosclerosis in patients with diabetes.
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