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Abstract
Endothelium-derived vasodilators, i.e., nitric oxide (NO), prostacyclin (PGI2) and prostaglandin
E2 (PGE2), play important roles in maintaining cardiovascular homeostasis. C-reactive protein
(CRP), a biomarker of inflammation and cardiovascular disease, has been shown to inhibit NO-
mediated vasodilation. The goal of this study was to determine whether CRP also affects endothelial
arachidonic acid (AA)-prostanoid pathways for vasomotor regulation. Porcine coronary arterioles
were isolated and pressurized for vasomotor study, as well as for molecular and biochemical analysis.
AA elicited endothelium-dependent vasodilation and PGI2 release. PGI2 synthase (PGI2-S) inhibitor
trans-2-phenyl cyclopropylamine blocked vasodilation to AA but not to serotonin (endothelium-
dependent NO-mediated vasodilator). Intraluminal administration of a pathophysiological level of
CRP (7 μg/mL, 60 minutes) attenuated vasodilations to serotonin and AA but not to nitroprusside,
exogenous PGI2, or hydrogen peroxide (endothelium-dependent PGE2 activator). CRP also reduced
basal NO production, caused tyrosine nitration of endothelial PGI2-S, and inhibited AA-stimulated
PGI2 release from arterioles. Peroxynitrite scavenger urate failed to restore serotonin dilation, but
preserved AA-stimulated PGI2 release/dilation and prevented PGI2-S nitration. NO synthase
inhibitor L-NAME and superoxide scavenger TEMPOL also protected AA-induced vasodilation.
Collectively, our results suggest that CRP stimulates superoxide production and the subsequent
formation of peroxynitrite from basal released NO compromises PGI2 synthesis, and thus
endothelium-dependent PGI2-mediated dilation, by inhibiting PGI2-S activity through tyrosine
nitration. By impairing PGI2-S function, and thus PGI2 release, CRP could promote endothelial
dysfunction and participate in the development of coronary artery disease.
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Introduction
Under physiological conditions, the endothelial cells play an important role in regulating
vascular tone and in maintaining an anti-thrombogenic layer through the release of substances
such as nitric oxide (NO) and prostacyclin (PGI2). In this process, NO is produced by
endothelial nitric oxide synthase (eNOS) during the enzymatic conversion of L-arginine to L-
citrulline [1], while PGI2 is formed from arachidonic acid (AA) through a series of enzymatic
conversions mediated by cyclooxygenase (COX) and PGI2 synthase (PGI2-S) [2]. Both NO
and prostacyclin can increase local tissue perfusion and maintain microvascular homeostasis
by eliciting vasodilation and inhibiting platelet and inflammatory cell adherence to the vessel
wall. In the coronary microvascular endothelium of the pig, PGI2 and another vasodilator
prostanoid, prostaglandin E2 (PGE2), have been found to be predominant products of COX
metabolism [3]. Reduced bioavailability of one or all of these protective endothelial factors
results in vascular dysfunction, a condition that has been documented in patients with
hypertension, diabetes, atherosclerosis, and angina [4,5]. Since inflammation is recognized as
a key event in the development of these cardiovascular complications [6–8], identification of
risk factors that cause vascular dysfunction associated with inflammation is of utmost
importance in understanding the complex mechanisms behind the initiation and progression
of vascular diseases.

Accumulating clinical evidence indicates that C-reactive protein (CRP), a biomarker of
inflammation and cardiovascular disease, is emerging as a novel risk factor. The atherogenic
potential of CRP, in the absence of traditional risk factors, was recently suggested from results
of the landmark JUPITER (Justification for the Use of Statins in Prevention: an Intervention
Trial Evaluating Rosuvastatin) study. This randomized trial of over 17,000 apparently healthy
individuals with elevated CRP (≥2 μg/mL) showed that statin therapy significantly reduced
the CRP levels along with the incidence of major cardiovascular events [9]. Although this study
does not provide a causal role for CRP, it is reasonable to postulate that CRP may be actively
involved in promoting adverse outcomes due to its proatherogenic effects on vascular cells
[10]. These properties, characterized under cell culture conditions, include reduction of
endothelial NO bioavailability [11–13], upregulation of endothelial adhesion molecules [14],
generation of superoxide in vascular cells [15,16], and stimulation of vascular smooth muscle
cell proliferation and migration [16]. Recent studies using intact vessel and whole animal
approaches from our [17,18] and other laboratories [19–21] support the context of negative
impact of CRP on eNOS/NO-mediated biological function, but its impact on COX-related
vascular regulation remains undefined. Since PGI2-S has been reported to be susceptible to
tyrosine nitration in inflammatory states such as atherosclerosis [22] and diabetes [23] and
since peroxynitrite can be formed by the NO-superoxide reaction, in the present study we tested
the hypothesis that proinflammatory CRP selectively inhibits endothelium-dependent PGI2-
induced dilation but not PGE2-induced dilation of coronary arterioles through peroxynitrite-
mediated tyrosine nitration of PGI2-S.

Materials and Methods
Functional Assessment of Isolated Coronary Arterioles

The investigation conforms with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85–23, revised 1996).
All animal procedures were approved by the Scott & White Institutional Animal Care and Use
Committee. As described previously [24], pigs (8–12 weeks old of either sex; 7–10 kg) were
anesthetized with pentobarbital (15–20 mg/kg) and the heart was quickly excised. Individual
subepicardial arterioles (≈1 mm in length; 40–80 μm in internal diameter in situ) were dissected
out for in vitro study as described previously [24]. Vessels were cannulated and pressurized to
60 cm H2O luminal pressure. After developing basal tone, the relative contribution of NO and
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PGI2 to vasodilations to endothelium-dependent NOS-pathway agonist serotonin (0.1 nM to
0.1 μM) [25] and COX-pathway agonist arachidonic acid (AA, 10 μM) [26] were established
in the presence of NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME, 10 μM) and
PGI2-S inhibitor trans-2-phenyl cyclopropylamine (TPC, 100 μM) [27], respectively. The role
of endothelium in mediating AA-induced dilation was determined before and after endothelial
removal by luminal perfusion of non-ionic detergent CHAPS (0.4%) as described previously
[25,26]. To assess the effect of CRP on NO- and prostanoid-mediated vasodilations, vasodilator
responses to the aforementioned agonists and to NO donor sodium nitroprusside (0.1 nM to
100 μM), exogenous PGI2 (1 μM, Calbiochem), and endothelium-dependent PGE2 activator
hydrogen peroxide (30 μM) [3] were established before and after 60-minute intraluminal
incubation with CRP (7 μg/mL) [28]. The involvement of superoxide and peroxynitrite in
mediating the CRP effect on AA-induced vasodilation was determined after incubation with
CRP combined with superoxide scavenger 4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPOL, 1 mM) [29,30] or peroxynitrite scavenger urate (100 μM) [15,31]. The contribution
of NO to the effect of CRP on AA-induced dilation was examined with L-NAME (10 μM)
treatment. Lastly, the potential role of peroxynitrite in the CRP effect on NO-mediated dilation
was examined in a separate group by determining dilation to serotonin before and after co-
incubation with CRP and urate (100 μM). All drugs were obtained from Sigma unless otherwise
noted. The human recombinant CRP (Calbiochem) was initially dialyzed to remove sodium
azide, which is present as a preservative in commercial preparations of CRP. Endotoxin, which
can affect endothelial function [32], was also removed from the CRP by using Detoxi-Gel
Columns (Pierce) and was found to be at the level [<0.06 EU/mL or 6 pg/mL by Limulus assay
(Cambrex)] insufficient to affect vasomotor function [32].

NO Assay
Basal release of NO from isolated coronary arterioles (5–7 vessels/sample) was evaluated by
measuring nitrite levels, a major breakdown product of NO, using a chemiluminescence NO
analyzer (Sievers Instruments) as described previously [25,33]. Vessels were incubated with
physiological salt solution in the absence (vehicle) or presence of CRP (7 μg/mL) or CRP plus
TEMPOL (1 mM) for 60 minutes and then nitrite levels were measured in the solution. Protein
levels were quantified by bicinchoninic acid protein assay (Pierce) and were used to normalize
the nitrite production.

PGI2 Assay
Isolated coronary arterioles (3 vessels/tube) were incubated with vehicle, CRP (7 μg/mL), urate
(100 μM), or CRP plus urate (100 μM) for 60 minutes. Halfway through the 60-minute
incubation, AA (10 μM) was also added. Vehicle control studies (no AA or CRP) were run in
parallel with experimental groups to determine basal PGI2 release. At the end of treatment,
samples were collected for measurement of 6-keto-prostaglandin F1α (PGF1α), a stable
metabolite of PGI2, using an enzyme immunoassay kit (Cayman) as described previously [3].
Protein levels were quantified and used to normalize the PGF1α release.

Immunohistochemical Analysis
To determine cellular localization of CRP-induced tyrosine nitration of PGI2-S by
peroxynitrite, isolated and pressurized coronary arterioles were incubated intraluminally with
vehicle, CRP (7 μg/mL), or CRP plus urate (100 μM) for 60 minutes before embedding in OCT
compound. Frozen sections (10-μm-thick) were immunolabeled with anti-PGI2-S antibody
(1:100 dilution, Santa Cruz) or anti-nitrotyrosine antibody (1:100, Upstate). Afterwards, the
slides were incubated with FITC-labeled or Cy3-labeled secondary antibodies (Jackson
Laboratories) and then observed using fluorescence microscopy as described previously [25].
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Immunoprecipitation and Western Blot Analysis
To quantify the tyrosine nitration of PGI2-S, immunoprecipitation of nitrated proteins from
isolated coronary arterioles (4–5 vessels per sample) was performed following incubation with
vehicle, CRP (7 μg/mL) or peroxynitrite (10 μM, positive control) for 60 minutes. Equal
amounts of protein (10–20 μg) from each sample were incubated with anti-nitrotyrosine
antibody (1:100 dilution, Upstate Biotechnology). Immune complexes were precipitated with
20 μl Protein A/G PLUS-Agarose (Santa Cruz Biotechnology). For Western blot analysis, total
immune complexes or protein samples from total vessel lysate (5 μg) were separated by Tris-
Glycine SDS-PAGE (4–15%, Bio-Rad), transferred onto nitrocellulose membrane, and then
incubated with anti-PGI2-S antibody (1:500 dilution, Santa Cruz). Membranes containing the
total vessel lysate samples were stripped and re-probed with anti-GAPDH antibody (1:1000,
Santa Cruz) to confirm equal loading. After incubation with appropriate secondary antibody,
membranes were developed by enhanced chemiluminescence (Pierce). Densitometric analyses
of immunoblots were performed by ImageJ software. Results for nitrated PGI2-S were
normalized by arbitrarily setting the density of control vessels to 1.0 and total PGI2-S was
normalized to total GAPDH.

Data Analysis
Diameter changes to agonists were normalized to maximum diameter changes in response to
100 μM sodium nitroprusside and expressed as a percentage of maximal dilation [33].
Statistical comparisons were performed by Student’s t test or by analysis of variance followed
by Bonferroni multiple-range test, as appropriate. A value of P < 0.05 was considered
significant. Data are presented as mean ± SEM.

Results
Effect of CRP on PGI2-Mediated Vasodilation

The effect of CRP on PGI2-mediated vasomotor function was directly studied in the isolated
porcine coronary arterioles. All isolated arterioles developed a similar level of basal tone about
66 ± 1% of maximal diameter (91 ± 3 μm; range 68–113 μm) within 40 minutes. We have
previously demonstrated that serotonin-induced dilation was reduced by NOS inhibitor L-
NAME and by CRP [17]. However, it is not clear whether PGI2 is involved in vasodilation
elicited by serotonin and whether peroxynitrite contributes to the CRP-induced vascular
dysfunction. In the present study, treating the vessels with L-NAME, but not PGI2-S inhibitor
TPC, attenuated the vascular response to serotonin (Figure 1A). Consistent with previous
findings [17], CRP significantly inhibited serotonin-induced vasodilation without altering the
endothelium-independent vasodilation to sodium nitroprusside; but this inhibition was not
affected by peroxynitrite scavenger urate (Figure 1B). These results suggest that serotonin-
induced vasodilation is not mediated by PGI2 and that peroxynitrite does not contribute to the
impaired endothelium-dependent NO-mediated vasodilation. In contrast to serotonin, AA-
induced vasodilation was insensitive to L-NAME but was nearly abolished by endothelial
removal or by TPC (Figure 2A), indicating that the endothelial production of PGI2 via PGI2-
S mediated this response. In a similar manner as TPC treatment, CRP significantly attenuated
the AA-induced vasodilator response (Figure 2A). However, the inability of CRP to alter
dilation of coronary arterioles to exogenous PGI2 or endothelium-dependent PGE2 activator
hydrogen peroxide[3] (Figure 2B) suggests a specific inhibitory action of CRP on the
bioavailability of endothelial PGI2 in response to AA stimulation.

Impact of Peroxynitrite on PGI2-S-Mediated Vasodilation
Since PGI2-S is susceptible to peroxynitrite [34,35], we examined the influence of this reactive
oxygen species on AA-induced vasodilation. The peroxynitrite scavenger urate did not alter
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AA-induced vasodilation but nearly abolished the inhibitory effect of CRP (Figure 2A),
suggesting that the observed vascular dysfunction in response to AA is peroxynitrite-
dependent. Because scavenging of NO by superoxide could result in the formation of
peroxynitrite, we further examined whether superoxide and NO were contributing to the
impaired vasodilation to AA. The inhibitory effect of CRP on AA-induced dilation was not
observed in the presence of either superoxide scavenger TEMPOL or L-NAME (Figure 2A),
suggesting the involvement of superoxide and NO in this vascular dysfunction. Because L-
NAME did not affect vasodilation to AA but prevented the inhibitory effect of CRP, it is likely
that the peroxynitrite is derived from the basal released NO. This idea was supported by the
ability of CRP to reduce the resting level of NO (Control: 91 ± 21 nmol/g protein vs. CRP: 45
± 15 nmol/g protein; P = 0.02; Figure 3). The reduction in basal NO by CRP had a tendency
to reduce resting vascular tone, but not in a significant manner (Control: 68 ± 3 % of maximal
diameter vs. CRP: 66 ± 2 % of maximal diameter; n = 7 vessels). The reduction of basal level
of NO by CRP was not observed in the presence of TEMPOL (Figure 3).

Effect of CRP on AA-Induced PGI2 Production
To support the functional study, the production of PGI2 in response to AA was determined in
the coronary arterioles with and without CRP treatment. Figure 4 shows that AA (10 μM)
significantly increased the production of PGF1α, a stable metabolite of PGI2; but this increase
was attenuated in the vessels treated with CRP. In the presence of urate (100 μM), the inhibitory
effect of CRP on PGF1α release was abolished. However, urate alone had no influence on AA-
induced PGF1α production (Figure 4).

Effect of CRP on PGI2-S Expression and Tyrosine Nitration
The reduction of PGI2 can be a result of downregulation of PGI2-S protein and/or inactivation
of its activity by peroxynitrite via tyrosine nitration. Immunohistochemical analysis shows that
PGI2-S was expressed in the arteriolar wall, especially the endothelial cells, with a relatively
low level of nitrotyrosine (Figure 5). In vessels treated with CRP, there was no evident change
in the PGI2-S level. However, the nitrotyrosine staining was markedly increased in both the
endothelial and smooth muscle layers. Overlap of the images showed co-localization of
PGI2-S and nitrotyrosine staining in the vascular endothelium, suggesting tyrosine nitration of
the enzyme in the presence of CRP. The peroxynitrite scavenger urate did not alter the relative
intensity of PGI2-S staining but prevented the increase of nitrotyrosine by CRP in the arteriolar
wall (Figure 5). Consistent with the immunohistochemical results, quantitative protein analysis
showed that CRP, as well as exogenous peroxynitrite, did not alter the expression level of
PGI2-S (Figure 6A). However, both CRP and peroxynitrite significantly increased the amount
of tyrosine-nitrated PGI2-S (Figure 6B).

Discussion
The present study demonstrates that CRP, at a concentration (7 μg/mL) known to predict
cardiovascular risk [28], inhibits endogenous PGI2-mediated but not PGE2-mediated dilation
of coronary arterioles by stimulating formation of peroxynitrite, a reactive oxygen species that
is generated by the reaction of basal NO and CRP-induced superoxide. By activating signaling
mechanisms that lead to reactive oxygen species formation in endothelial cells, CRP appears
to exert detrimental effects on the bioavailability of two important endothelium-derived factors,
NO and PGI2, for vasodilation.

CRP and Coronary Circulation
Several research groups have extensively studied the proinflammatory and
proatherothrombotic vascular properties of CRP in the past five years. A comprehensive review
of these properties by Jialal et al points out that CRP’s cellular targets include endothelial cells,
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vascular smooth muscle cells, and monocytes/macrophages [10]. This overwhelming evidence
from in vitro studies in both human and animal tissue assigns a pathogenic role to CRP, rather
than just its widely accepted property as a marker of inflammation and cardiovascular risk.
The strong correlation between high CRP levels (3 to 10 μg/mL) and diminished vascular
reactivity in both peripheral and coronary circulations of human patients also supports the idea
of CRP as a mediator of vascular dysfunction [36–39]. In the coronary circulation of patients
with normal and diseased vessels, local CRP production directly correlated with the increase
in microvascular resistance [40], a finding that agrees with the results presented in the present
study.

CRP and Prostanoid-Mediated Vasodilation
We, and other laboratories, have previously demonstrated that CRP, either human recombinant
[17] or purified, native form from human serum [41] or ascitic/pleural fluid [42], elicits
endothelial dysfunction, including scavenging of the vasodilator NO through increased
superoxide production [17,42]. The chemical reaction between superoxide and NO leads to the
formation of peroxynitrite, another reactive oxygen species [23]. Peroxynitrite is a highly
reactive molecule that can oxidize or nitrate many subcellular targets, resulting in significant
alteration of cellular homeostasis [43,44]. One potential outcome of intracellular peroxynitrite
formation is nitration of PGI2-S, the process that has been suggested to inactivate its enzymatic
activity and consequently attenuates PGI2 synthesis [34,35]. A recent study by Venugopal et
al demonstrated that CRP inhibits PGI2 release in cultured human aortic endothelial cells
[15]. However, it is unclear whether this inhibitory pathway exists in the intact vascular tissue
exerting functional consequences. In the present study, we examined the effect of CRP on
vasodilation to endogenously released PGI2 or PGE2 during AA or hydrogen peroxide
stimulation, respectively. In the endothelium, AA is metabolized by COX to prostaglandin
H2 (PGH2), which can then be broken down by several prostanoid enzymes, including
conversion to PGI2 by PGI2-S [2]. Our previous and present results support this signaling
cascade in the coronary microcirculation since COX inhibitor indomethacin [26], endothelial
removal (Figure 2) and PGI2-S inhibitor TPC (Figure 2) blocked the coronary arteriolar dilation
to AA. On the other hand, hydrogen peroxide elicits indomethacin-sensitive dilation of
coronary arterioles via selective activation of endothelial PGE2 production [3]. In a similar
result as pharmacologic blockade of PGI2-S (by TPC), incubation of coronary arterioles with
CRP caused a reduction in the vasodilation to AA without altering the response to hydrogen
peroxide. Collectively, these results suggest that CRP selectively impairs PGI2 but not PGE2
production downstream from COX activation.

Peroxynitrite and CRP-induced Dysfunction
It is likely that a reduction in the endothelial production of PGI2 contributed to the vascular
impairment since coronary arteriolar dilation to exogenous PGI2 was unaffected by CRP.
Indeed, CRP diminished the AA-stimulated release of PGI2 from coronary arterioles in a
manner sensitive to the peroxynitrite scavenger urate, suggesting a prominent role of
peroxynitrite in the vascular dysfunction. It appears that peroxynitrite exerts its inhibitory
action by increasing tyrosine nitration of PGI2-S in the endothelium, since
immunohistochemical results showed the increased nitrotyrosine, a molecular footprint for
peroxynitrite formation [43], overlapped with focal expression of PGI2-S in the endothelial
cells in a urate-sensitive manner. Moreover, immunoprecipitation of nitrotyrosine-containing
proteins revealed increased levels of nitrated PGI2-S in coronary arterioles treated with either
CRP or peroxynitrite, whereas the PGI2-S expression remained unchanged. CRP-induced
peroxynitrite did not interrupt COX function because COX/PGE2 -mediated vasodilation to
hydrogen peroxide remained intact. Our result is consistent with previous evidence showing
the peroxynitrite selectively inhibits PGH2 conversion to PGI2 without altering PGH2
conversion to PGE2 in bovine coronary arteries [45]. Collectively, these results suggest a
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reduction of PGI2-S activity by tyrosine nitration contributes to the observed reduction in
PGI2 synthesis.

Since AA-induced dilation is independent of NO (Figure 2), the formation of peroxynitrite is
likely associated with the NO generated at resting conditions. It appears that the interaction of
basal NO with superoxide is sufficient to produce effective levels of peroxynitrite to elicit
PGI2 deficiency because urate and L-NAME, as well as superoxide scavenger TEMPOL,
prevented the inhibitory action of CRP on AA-induced vasodilation. In conjunction with
previous reports [17], the present findings suggest that the impaired NO-mediated vasodilation
by CRP is primarily due to the reduction of endothelial NO bioavailability by the scavenging
effect of superoxide rather than the secondary increase in peroxynitrite since urate treatment
was ineffective in preserving the vasodilator response to serotonin (Figure 1). Interestingly,
superoxide production via p38-mediated NAD(P)H oxidase activation appears to be
responsible for the reduced NO bioavailability in the intact coronary arterioles subjected to
CRP insult [17]. In contrast, alteration in eNOS phosphorylation contributes to CRP-induced
endothelial dysfunction in cultured endothelial cells [11]. Although the explanation for this
discrepancy is currently unavailable, the difference in experimental settings might be a major
factor. It is worth noting that our present study was performed in the absence of luminal flow.
Since endothelial cells respond to flow by increasing NO release [24,26], it is expected that
the NO component via eNOS contributing to PGI2 deficiency would be more pronounced in
vivo (i.e., with luminal flow). Moreover, in view of the close intracellular proximity of PGI2-
S [46], eNOS [47] and NAD(P)H oxidase [48] in the plasmalemmal caveolae of endothelial
cells, the profound increase in peroxynitrite by CRP could possibly eradicate the synthesis of
PGI2, in combination with the reduction of NO bioavailability, to promote platelet aggregation
and atherogenesis. Interestingly, the present results are consistent with the reported major
contribution of basal levels of NO to peroxynitrite production in human arteries with
cardiovascular disease [49].

Study Limitations
A limitation of the present study is that we only evaluated subepicardial arterioles. Notably,
previous evidence from our group and other laboratories has demonstrated heterogeneity in
vascular reactivity between subepicardial and subendocardial arterioles [50–54]. Since the
subendocardium is more vulnerable to ischemia, future investigation of CRP and vasodilator
function of subendocardial arterioles is warranted. We also studied isolated arterioles exposed
to constant transmural pressure under nonpulsatile conditions without flow. Since the
transmural pressure of coronary arterioles in vivo is pulsatile, which has been shown to
influence vasomotor activity in vivo [54,55] and in vitro [55], the extent of the CRP effect on
vascular function under this condition may be different. In addition, we assessed the prostanoid
vasodilator function following CRP exposure, but it remains unknown whether CRP affects
prostanoid vasoconstrictor pathways such as thromboxane A2, PGH2 and prostaglandin F2α
despite the fact that the resting coronary vasomotor tone was not altered by CRP. It should also
be noted that current studies were performed using juvenile pigs, so we are uncertain whether
similar results can be obtained in adult animals, although we have previously demonstrated
comparable vasomotor regulation and responses in juvenile and adult healthy pigs [25,52].

Conclusions
We have shown for the first time that CRP inhibits endothelium-dependent PGI2-mediated but
not PGE2-mediated dilation of porcine coronary arterioles by increasing the generation of
vascular peroxynitrite. The formation of peroxynitrite from basal released NO and CRP-
induced superoxide appears to inactivate endothelial PGI2-S via tyrosine nitration. We have
also demonstrated that the inhibitory effect of CRP on endothelium-dependent NO-mediated
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vasodilation is not altered by peroxynitrite but rather by superoxide. Taken together, our
findings support a pathogenic role of CRP in vascular dysfunction related to endothelial NO
and PGI2 deficiency. Although this deficit can alter vascular tone and possibly limit coronary
collateral growth [56,57], it is reasonable to speculate that patients with coronary artery disease
may compensate to provide sufficient blood flow by maintaining vasodilator capacity via
endothelium-derived hyperpolarizing factor [17] and/or undergoing outward remodeling of
resistance vessels [58]. Further investigation on the integrative impact of CRP on coronary
flow regulation in vivo is warranted. In light of the recent clinical benefit of lowering CRP in
the JUPITER study [9] and the unfavorable qualities of CRP in both vasomotor regulation and
vascular homeostasis, a better understanding of the direct influence of CRP on microvascular
function could assist in targeting treatment for vascular disease in association with elevated
CRP.
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Figure 1.
Vasomotor responses to serotonin and sodium nitroprusside. (A) Dilation of coronary arterioles
to serotonin was examined before (Control, n = 16) and after treating with PGI2-S inhibitor
TPC (100 μM, n = 4), NOS inhibitor L-NAME (10 μM, n = 3), or CRP (7 μg/mL) in the absence
(n = 5) and presence of peroxynitrite scavenger urate (100 μM, n = 4). *P < 0.05 vs. Control.
(B) Coronary arteriolar dilation to sodium nitroprusside was examined before (Control) and
after incubation with CRP (7 μg/mL, n = 3). n = number of vessels (one per animal).
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Figure 2.
CRP inhibits PGI2-S-mediated vasodilation. (A) Dilation of coronary arterioles to arachidonic
acid (10 μM) was examined before (Control, n = 37) and after various treatments: endothelial
denudation (n = 4), NOS inhibitor L-NAME (10 μM, n = 4), PGI2-S-inhibitor TPC (100 μM,
n = 5), or peroxynitrite scavenger urate (100 μM, n = 4). The arachidonic-induced dilation was
also examined after treating the vessels with CRP alone (7 μg/mL, n = 7) or in combination
with urate (100 μM, n = 5), superoxide scavenger TEMPOL (1 mM, n = 4), or L-NAME (10
μM, n = 4). (B) Coronary arteriolar dilation to exogenous PGI2 (1 μM, n = 5) or endothelium-
dependent PGE2 activator hydrogen peroxide (H2O2, 30 μM, n = 7) was examined before
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(Control) and after CRP treatment (7 μg/mL). n = number of vessels (one per animal). *P <
0.05 vs. Control.
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Figure 3.
CRP inhibits basal release of NO. Chemiluminescence measurement of nitrite production (i.e.,
index of NO release) was performed in the isolated coronary arterioles treated with vehicle
(Control, n=4), CRP (7 μg/mL, n=4), or the combination of CRP and TEMPOL (1 mM, n =
3). n = number of experiments. *P < 0.05 vs. Control.
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Figure 4.
CRP inhibits arachidonic acid (AA)-stimulated production of PGI2. Immunoassay
measurement of PGF1α release (i.e., index of PGI2 production) was performed in isolated
coronary arterioles treated with vehicle (Control, n = 5), AA (10 μM, n = 5), AA plus CRP (7
μg/mL, n = 5), AA plus CRP and urate (100 μM, n = 5), or AA plus urate alone (n = 3). n =
number of experiments. *P < 0.05 vs. Control or AA + CRP.
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Figure 5.
Immunohistochemical detection of peroxynitrite and nitrated prostacyclin synthase (PGI2-S)
in coronary arterioles. Isolated and pressurized porcine coronary arterioles were incubated with
vehicle (Control), CRP (7 μg/mL), or CRP plus urate (100 μM) for 60 minutes, followed by
addition of anti-PGI2-S (green) or anti-nitrotyrosine (red) antibody. The merged images show
the overlap staining (yellow) of PGI2-S and nitrotyrosine corresponding to nitrated PGI2-S.
Data shown are representative of three separate experiments. White arrowheads denote
endothelial cells. Bar = 50 μm.
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Figure 6.
Expression of prostacyclin synthase (PGI2-S) and nitrated PGI2-S in isolated coronary
arterioles. (A) The left panel shows immunoblots of PGI2-S and GAPDH in vessels treated
with vehicle (Control), CRP (7 μg/mL), or peroxynitrite (ONOO−, 10 μM, positive control)
for 60 minutes. The right panel shows the total PGI2-S protein normalized with corresponding
GAPDH protein. CRP or peroxynitrite treatments did not change the total PGI2-S expression
in coronary arterioles. Data represent three independent experiments. (B) The left panel shows
immunoblots of nitrated PGI2-S in nitrotyrosine immunoprecipitates from vessels treated with
vehicle (Control), CRP (7 μg/mL), or peroxynitrite (ONOO−, 10 μM) for 60 minutes. The right
panel shows the relative amount of nitrated PGI2-S. The amount of nitrated PGI2-S was
significantly increased in CRP- and peroxynitrite-treated coronary arterioles. Data represent
three independent experiments. *P < 0.05 vs. Control.
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