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Abstract

Accumulating evidence suggests that C-reactive protein (CRP), at concentrations known to predict diverse vascular insults, directly
promotes endothelial cell activation, uncovering a proatherosclerotic and proinflammatory phenotype. In the present study, we hypothesized
that (a) hyperglycemia would serve to exaggerate the proatherogenic effects of CRP and (b) the PPARc agonist, rosiglitazone would attenuate
this effect. Human saphenous vein endothelial cells were studied under the following conditions (n= 10 per group): control, human
recombinant CRP (25 µg/ml, 24 h), hyperglycemia (25 mM, 24 h) and hyperglycemia + CRP. In each case, the effects of co-incubation with
rosiglitazone (1 µM) were evaluated. Nitric oxide and endothelin-1 release from endothelial cells was quantified, in addition to the expression
of adhesion molecules and monocyte chemoattractant chemokine (MCP-1). Incubation of endothelial cells with CRP increased endothelin-1
production, and upregulated adhesion molecule and MCP-1 expression. These proatherogenic effects of CRP were potentiated in the presence
of hyperglycemia. CRP also decreased endothelial nitric oxide release, and this effect remained unchanged by hyperglycemia. Importantly, the
PPARc agonist, rosiglitazone, attenuated the proatherogenic effects of CRP under both basal and hyperglycemic conditions. The direct
proatherogenic actions of CRP are exaggerated in the hyperglycemic milieu, and attenuated by rosiglitazone. Elevated CRP levels in patients
with diabetes may serve to uncover a severe proatherogenic phenotype.
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1. Introduction

A growing body of evidence suggests that elevated levels
of C-reactive protein (CRP) represent one of the most pow-
erful predictors of future cardiovascular events, and that the
predictive value of high-sensitivity CRP exceeds that of low-
density lipoprotein (LDL) cholesterol [1,2]. Studies suggest
that the mechanistic basis of the CRP-atherosclerosis con-
nection may be a direct effect of CRP to promote endothelial
cell (EC) activation, with resultant dysfunction. In this vein,
human CRP at concentrations known to predict diverse vas-
cular insults has been shown to increase the production of
endothelin (ET)-1, while augmenting adhesion molecule,
and chemoattractant expression [3–6]. More recently, CRP
was shown to directly quench endothelial nitric oxide (NO)
release, in part via destabilizing NO synthase transcript [7].

The present study was conducted to evaluate if the direct
proatherogenic effects of CRP on ECs are potentiated by
hyperglycemia, and to examine the potential role of rosigli-
tazone to attenuate this effect.

2. Methods

Human saphenous vein ECs were grown in MCDB-131
complete medium supplemented with 10% fetal bovine se-
rum. ECs were plated into 6-well plates and grown to conflu-
ence before treatment. ECs between passages 2 and 5 were
used for the studies outlined below. Human recombinant
CRP (Calbiochem) was used in all studies described. Given
the concern surrounding the potential contamination of CRP
with endotoxin, a number of control experiments were per-
formed. A single 23-kDa band ascertained purity. After puri-
fication of CRP via a commercial Detoxigel column, endot-
oxin levels were evaluated by Limulus assay. In other control
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experiments, we studied the effect of a recombinant NH2-
terminal bactericidal permeability-increasing protein
(rBPI21), and observed no effect of this endotoxin inhibitor
on the CRP-mediated upregulation of adhesion molecules
(not shown). ECs were incubated under the following condi-
tions (n = 10 per group): control, control + CRP (25 µg/ml),
hyperglycemia (D-glucose, 25 mM, 24 h) and hyperglycemia
+ CRP. The glucose concentration in the control medium was
5.5 mM. The concentration of CRP was based on previous
studies demonstrating direct effects on endothelial activation
[7]. In a separate series of experiments, the effects of co-
incubation with rosiglitazone (1 µM) were studied. NO pro-
duction was detected spectrophotometrically by measuring
its final stable equimolar degradation products, nitrite and
nitrate. Total nitrite was quantified after the reduction of all
nitrates with nitrate reductase (Boehringer Mannheim). After
the conversion of nitrate to nitrite, total nitrite was deter-
mined spectrophotometrically at 540 µm by employing the
Griess reaction. Culture supernatants were collected and the
secretion of MCP-1 and IL-6 was assessed by sandwich
ELISA (RandD Systems). ET-1 secretion into the culture
supernatant was assessed with a commercial enzyme immu-
noassay kit (American Research Products, Inc., Belmont,
MA). All determinations were performed in triplicate. For
determination of cell adhesion molecules, ECs were de-
tached with non-enzymatic cell dissociation solution
(Sigma) and were stained for CD54 (ICAM-1) and CD106
(VCAM-1) using monoclonal FITC-conjugated anti-CD54
or anti-CD106 antibodies (Pharmingen), all at a 1:5 dilution.
Cells were analyzed using a Beckman Coulter EPICS XL
flow cytometer with EXPO32 ADC software. The fluores-
cence intensity of 10,000 cells for each sample was quanti-
fied and unstained cells were used as controls. All data are
presented as mean ± S.D. of separate experiments. Differ-
ences between group means were determined by a one-way
ANOVA followed by a Newman-Keul’s test for post hoc
comparisons. Values of P < 0.05 were considered significant.

3. Results and discussion

Over the past few years, we have witnessed a paradigm
shift in our understanding of the underlying principles of
atherosclerosis. This “new view” supports the concept that
vascular inflammation is the central orchestrator of athero-
sclerotic lesion formation, progression and eventual rupture.
Chronic inflammation results in endothelial dysfunction, and
facilitates the interactions between modified lipoproteins,
monocyte-derived macrophages, T cells and normal cellular
elements of the arterial wall inciting early and late athero-
sclerotic processes [8]. This paradigm has fueled exponential
interest in evaluating inflammatory markers of atherosclero-
sis, of which high-sensitivity CRP has emerged as one the
most important. Elevated levels of CRP are one of the most
powerful predictors of cardiovascular events, with prognos-
tic value exceeding that of LDL cholesterol [1]. Much inter-
est has been generated in the mechanistic basis of the CRP
atherosclerosis connection, and recent evidence suggests that
CRP, in addition to predicting cardiovascular events, may
actually partake in lesion formation. Data from our group,
and others, have shown that CRP facilitates ECs ET-1 re-
lease, quenches NO while increasing expression of adhesion
molecules and MCP-1, and facilitating macrophage LDL
uptake [3–5,9]. In the present study, we hypothesized that the
hyperglycemic milieu will potentiate the proatherogenic ef-
fects of CRP on ECs; an effect that will be reversed with
rosiglitazone.

As demonstrated previously, human recombinant CRP
increased EC ET-1 release and decreased basal NO produc-
tion (Fig. 1). Importantly, in the presence of hyperglycemia,
the effects of CRP on ET-1 release were potentiated (Fig. 1).
Although there was a trend for greater ET-1 production in the
group subjected to hyperglycemia per se, this did not reach
statistical significance. Rosiglitazone co-incubation attenu-
ated the effects of CRP on ET-1 release, under both basal and
hyperglycemic conditions (Fig. 1). CRP treatment resulted in
a decrease in NO release from ECs; this effect was not

Fig. 1. (A) Effects of human recombinant CRP (25 µg/ml, 24 h) on ET-1 production in human saphenous vein ECs in the presence and absence of hyperglycemia
(D-glucose, 25 mM) and rosiglitazone (1 µM). CRP increased EC ET-1 release; this effect was potentiated by hyperglycemia. Rosiglitazone attenuated
CRP-induced ET-1 release in both the basal and hyperglycemic states. * P < 0.05, different from CRP, hyperglycemia and hyperglycemia + CRP. ** P < 0.05,
different from all groups. (B) Effects of CRP on basal NO release in the presence and absence of hyperglycemia and rosiglitazone. CRP caused a significant
reduction in NO release; this effect was not further potentiated by hyperglycemia. Rosiglitazone did not attenuate CRP-induced changes in NO production in
either the basal or hyperglycemic states. * P < 0.05, different from control, hyperglycemia and rosiglitazone groups.
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affected either by hyperglycemia or rosiglitazone. Fig. 2
depicts the effects of CRP and hyperglycemia on ICAM-1,
VCAM-1 and MCP-1 expression in ECs. CRP-mediated
increases in cell adhesion molecules, and chemoattractant
chemokine expression, were potentiated by hyperglycemia.
Notably, these effects were attenuated by rosiglitazone, un-
der both basal and hyperglycemic conditions (Fig. 2). Con-
trol experiments with 25 mM mannitol (instead of
D-glucose) were performed, which indicated that the effects

of hyperglycemia were not related to a hyperosmolar effect
(data not shown).

Although the mechanisms through which hyperglycemia
potentiate the proatherogenic effects of CRP remain to be
determined, these data may have important implications for
patients with diabetes. Hyperglycemia, in states of high CRP,
may serve to exaggerate the proatherogenic effects of CRP
on endothelial activation, and uncover a severe atheroscle-
rotic phenotype. Furthermore, the use of PPARc agonists,
now known to exert pleiotropic vascular protection [10], may
serve to attenuate the proatherogenic effects of CRP under
both basal and hyperglycemic conditions.
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Fig. 2. Effects of CRP (25 µg/ml, 24 h) on expression of intracellular cell
adhesion molecule (A), vascular cell adhesion molecule (B) and monocyte
chemoattractant chemokine (C) in human saphenous vein ECs in the pre-
sence and absence of hyperglycemia and rosiglitazone. Data are expressed
as the percent ratio of the mean fluorescence intensity to that of PECAM-1
from three different experiments. CRP upregulated the expression of
ICAM-1, VCAM-1 and MCP-1; these effects were potentiated during hyper-
glycemia. Rosiglitazone attenuated CRPs proatherogenic effects under both
basal and hyperglycemic conditions. * P < 0.05, different from CRP, hyper-
glycemia and hyperglycemia + CRP. ** P < 0.05, different from all groups.
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