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bstract

C-reactive protein (CRP), the prototypic marker of inflammation, is a cardiovascular risk marker and recent in vitro studies suggest
hat it may promote atherogenesis. CRP promotes oxidative stress in vitro and induces tissue factor (TF) release. However, there is a
aucity of data examining the effects of CRP on oxidative stress and tissue factor procoagulant activity (PCA) in vivo. Thus, we tested
he effects of CRP administration on superoxide anion release and tissue factor activity and examined mechanistic pathways using a rat
terile air pouch model. Intraperitoneal administration of CRP (20 mg/kg body weight) compared to human serum albumin (HuSA) increased
uperoxide anion release and tissue factor activity from peritoneal macrophages in vivo (p < 0.01). This was confirmed using intrapouch
dministration of CRP (25 �g/mL) compared to HuSA. Pretreatment with reactive oxygen species (ROS) scavengers or protein kinase C
PKC) inhibitor significantly abrogated CRP-induced superoxide anion release and tissue factor activity. Pretreatment with extracellular signal-
egulated kinase (ERK) and Jun N-terminal kinase (JNK) inhibitors, but not p38 mitogen-activated protein kinase (p38MAPK) significantly
ecreased CRP-induced superoxide anion release from macrophages in vivo. CRP-induced tissue factor activity in vivo was abrogated by
retreatment with inhibitors to p38MAPK, JNK and NF�b (nuclear factor-�b), but not ERK. Antibodies to Fc gamma receptors, CD32
nd CD64 resulted in significant reduction in CRP-induced superoxide and tissue factor activity in vivo. Thus, CRP appears to induce
xidative stress in vivo by stimulating NADPH oxidase via PKC, ERK and JNK phosphorylation, and induces tissue factor PCA in vivo

ia upregulation of PKC, p38MAPK, JNK, ROS and NF�b. CRP-induced ROS appears to precede tissue factor release. These effects are
brogated by blocking Fc gamma receptors, CD32 and CD64. This in vivo demonstration provides further evidence for a role for CRP in
therothrombosis.

2008 Elsevier Ireland Ltd. All rights reserved.

e facto
eywords: Macrophages; Oxidative stress; Rat; Mechanistic insights; Tissu
. Introduction

Increasing evidence supports the involvement of inflam-
ation and oxidative stress in the pathogenesis of

∗ Corresponding author at: The Laboratory for Atherosclerosis and
etabolic Research, Department of Medical Pathology and Laboratory
edicine, UC Davis Medical Center, 4635 2nd Avenue, Room # 3000,
esearch Building 1, Sacramento, CA 95817, United States.
el.: +1 916 734 6592; fax: +916 734 6593.

E-mail address: ishwarlal.jialal@ucdmc.ucdavis.edu (I. Jialal).

a
t
s
a
s
a

d
m
i
s
c

021-9150/$ – see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.atherosclerosis.2008.05.060
r; Procoagulant

therosclerosis [1,2]. C-reactive protein (CRP), the proto-
ypic marker of inflammation, has been shown in numerous
tudies to predict cardiovascular events. In addition to being
risk marker, CRP by enhancing inflammation, oxidative

tress and procoagulant activity (PCA), appears to mediate
therothrombosis [3].

CRP induces oxidative stress in vitro, i.e., superoxide pro-
uction in various cells including endothelial cells, smooth

uscle cells and monocyte–macrophages, which are involved

n the process of atherosclerosis [4–8]. Furthermore, in
itu hybridization revealed the presence of CRP mRNA in
oronary vasculature and CRP was frequently colocalized
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ith p22phox, an essential component of NADPH oxidase,
hich is an important source of reactive oxygen species

ROS) in vasculature [9]. Kobayashi et al. [9] showed that
he incubation of cultured coronary artery smooth mus-
le cells with CRP resulted in enhanced p22phox protein
xpression and in the generation of intracellular ROS. We
ave previously shown, in vitro in human aortic endothe-
ial cells (HAEC), that CRP stimulates superoxide anion
elease and results in increased nitration of prostaglandin
ynthase, resulting in decreased prostacyclin release [4]. We
ave recently demonstrated in vivo that CRP promotes oxi-
ized LDL (Ox-LDL) uptake and matrix metalloproteinase-9
MMP-9) release from rat macrophages [10]. Thus, in
his study, we wished to examine the effect of CRP in
ivo on superoxide anion release and examine plausible
echanisms.
Several studies indicate that CRP appears to promote

procoagulant diathesis as reviewed previously [3]. CRP
pregulates tissue factor (TF) activity in monocytes and
ultured vascular smooth muscle cells, CRP upregulates
AI-1 and decreases tPA, eNOS and prostacyclin in HAEC
3,5,11,12]. Furthermore, mice carrying the human CRP
HCRP) transgene exhibit accelerated thrombosis after vas-
ular injury [13]. However, mice do not appear to be an
ppropriate model to test CRP’s effects in vivo and the data
ppear to be equivocal [3].

As reviewed previously [3], the rat appears to be the
referred model to test CRP’s effects due to the follow-
ng reasons: in mice the main acute-phase reactant is serum
myloid P (SAP) component and serum amyloid A, not
RP. Human CRP is anti-inflammatory in mice and rat CRP

hares 79% identity with human CRP. Griselli et al. [14]
howed that parenteral injection of human CRP in exper-
mental acute myocardial infarction produced by coronary
rtery ligation reproducibly enhanced infarct size by ∼40%.
ill et al. [15] also showed that adult rats subjected to mid-
le cerebral artery occlusion and then treated with human
RP similarly developed significantly larger cerebral infarcts
ompared with control animals receiving human serum albu-
in (HuSA). Human CRP activates complement in rats.
uman CRP has been shown to be pro-inflammatory in

he rat and increases inducible nitric oxide synthase expres-
ion in cytokine-stimulated rat cardiac myocytes, as well as
nducible nitric oxide synthase in rat macrophages, and stimu-
ates nuclear factor-�b (NF�b) in rat vascular smooth muscle
ells [3,12,16,17]. Also, the Pepys group [18] has shown
hat a small molecule inhibitor (bis-phosphatidylcholine) to
RP prevents the increase in infarct size following coro-
ary ligation. We recently showed that CRP induced Ox-LDL
ptake and MMP-9 from rat macrophages in vivo using the
terile pouch model [10]. Thus, we chose this model to
est CRP’s effects on tissue factor procoagulant activity in

ivo.

In this report, we demonstrate for the first time that CRP
nduces superoxide anion release and tissue factor activity in
at macrophages in vivo.
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sis 203 (2009) 67–74

. Materials and methods

HCRP was purified from human ascitic/pleural fluids as
escribed by Du Clos et al. [19] and had endotoxin levels
12.5 pg/mL as described previously [5,10]. Recently, we
ave shown that our in-house purified, dialyzed CRP medi-
tes its inflammatory effects in TLR4 knocked down cells
roviding further cogent data that CRP-mediated effects are
ot due to endotoxin contamination [20].

Ficoll, SB203580 (a p38 mitogen-activated protein kinase
MAPK) inhibitor), PD 098059 (an extracellular signal-
egulated kinase (ERK) 1/2 ERK inhibitor), caffeic acid
henethyl ester (CAPE) (an NF�b inhibitor), SP600125 (a
un N-terminal kinase (JNK) inhibitor), apocynin, N-acetyl
ysteine (NAC), diphenylene iodonium (DPI) and HuSA
ere from Sigma Chemical Company.

.1. Animal treatment

Male hooded Wistar rats (weighing 125–150 g) were
btained from Charles River Lab. Animals were housed
n a controlled environment at an ambient temperature of
1 ± 2 ◦C on a 12 h light:dark cycle. Food and water were
rovided ad libitum. The rats were acclimatized to animal
ousing conditions for 1 week. The protocol was approved
y the Animal Committee of University of California at
avis. Two different routes of administration for HCRP or
uSA were used in vivo—(i) intraperitoneal model: CRP

dministered intraperitoneally and (ii) sterile pouch model:
RP administered in sterile air pouch. The pouch model was
sed mainly for mechanistic studies since the purification of
RP is time-consuming, laborious and very expensive and

he sterile pouch model requires smaller amounts of protein
10].

.2. Intraperitoneal model

HCRP/HuSA (20 mg/kg body weight for 3 days, n = 5
n each group) was injected in the peritoneal cavity of
he rats. The rats were sacrificed on the 4th day by over-
ose of pentobarbital and peritoneal macrophages were
solated as described previously [10] and used for further
nalysis.

.3. Sterile air pouch model

The sterile air pouches were formed on the dorsal sur-
ace of the rats as described previously [10,21]. The sterile
ir pouch model has been very recently published and val-
dated by our group to examine pro-inflammatory effects
f CRP in rat in vivo [10]. Briefly, under mild isofluorane
edation, the backs of Wistar rats were shaved and cleaned

ith alcohol swabs. At approximately 1.5 in. from mid neck
0 mL of sterile air attached to 23-G needle syringe was sub-
utaneously injected. HCRP/HuSA (25 �g/mL intrapouch)
as directly injected into the pouch cavities of lightly
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estrained (hand-held) conscious animals on the 3rd day
fter the formation of pouch. For the mechanistic studies,
he inhibitors/antibodies were injected into the pouch 2–4 h
efore injection of HCRP. The rats were euthanized on the
ollowing day by overdose of pentobarbital. The washouts
f the pouch were made by deflating the pouch, irrigating
ith normal saline and its aspiration. The cells were pel-

eted by centrifugation and supernatants were used as pouch
xudates.

.4. Superoxide anion release

Superoxide anion release from peritoneal and pouch
acrophages was assessed by acetylated ferricytochrome

reduction as described previously [4]. Also, superoxide

elease was assessed by dihydroethidium (DHE) fluores-
ence [4,5]. The results were standardized to milligram
rotein content.

a

m

ig. 1. (a) Effect of CRP on superoxide anion release in rat macrophages: HCRP
eritoneal cavity of the rats. The rats were sacrificed on the 4th day and peritoneal m
uorescence (Panel 1) and ferricytochrome C reduction (Panel 2) as depicted in Sec
he results are mean ± S.D. of five different experiments and are expressed as per

actor activity in rat macrophages: HCRP/HuSA (20 mg/kg bw for 3 days, n = 5 in
acrificed on the 4th day and peritoneal macrophages were isolated. Tissue factor ac
sis 203 (2009) 67–74 69

.5. Tissue factor activity

Peritoneal/pouch macrophages were stored in octylpyra-
oside to measure tissue factor activity by the method of
endurthi and Rao [22]. Lysates in RIPA buffer were placed

n a 96-well plate and 10 nM of FVIIa was added, after
min, factor X (175 nM) was added and incubated for 15 min
t 37 ◦C. To measure Xa generation, 25 �L of S-2765 was
dded to each well and absorbance measured for 2 min at
05 nm. TF activity was calculated using relipidated TF as
tandard in the assay and standardized to milligram protein
ontent.

.6. Mechanistic studies for CRP-induced superoxide

nion release and tissue factor activity

These experiments were performed using the pouch
odel. The rats were divided into different groups (n = 4 rats

/HuSA (20 mg/kg bw for 3 days, n = 5 in each group) was injected in the
acrophages were isolated. Superoxide anion release was assessed by DHE

tion 2. Panel 3 is a representative picture of macrophages loaded with DHE.
mg cell protein. *p < 0.01 compared to HuSA. (b) Effect of CRP on tissue
each group) was injected in the peritoneal cavity of the rats. The rats were
tivity was assessed as described in Section 2. *p < 0.05 compared to HuSA.
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er group): (1) HuSA; (2) HCRP; (3) SB203580 (1 mg/kg
w) + HCRP; (4) PD 098059 (0.5 mg/kg bw) + HCRP; (5)
P600125 (1 mg/kg bw) + HCRP; (6) CAPE (0.2 mg/kg
w) + HCRP; (7) apocynin (100 �g/mL) + HCRP; (8)
alphostin C (10 �M) + HCRP; (9) diphenylene iodonium
DPI, 10 �M) + HCRP and (10) NAC (10 �g/mL) + HCRP.
n the 3rd day after the formation of the pouches, various

nhibitors were injected in the pouches at specific concen-
rations as described in literature for in vivo use [10]. HuSA
r HCRP was injected 2 h after the injection of inhibitors
ollowed by euthanization of rats after 12–16 h. The pouch
xudates and cells were obtained for measurement of super-
xide release and tissue factor activity.

.7. Involvement of the receptor type in CRP-mediated
uperoxide anion release and tissue factor activity

The pouch model was used to explore the specific receptor
ype involved. Blocking antibodies (10 �g/mL intrapouch) to
D32, CD64, CD16 or irrelevant IgG either alone or their
ombinations (CD32 + CD64) were injected in the rats (3 per

roup) pouches 2 h prior to HCRP injection. Rats were eutha-
ized 12–16 h later as described [10] and pouch macrophages
nd exudates were collected for measurement of superoxide
elease and tissue factor activity.

f
e

ig. 2. (a) Effect of inhibitors to PKC (10 �M calphostin C), NADPH oxidase (100 �

KC (10 �M calphostin C), ROS scavengers (NAC, 10 �g/mL; DPI, 10 �M; apocy
ere injected into sterile air pouches of Wistar rats (n = 3 in each group) at least 2 h

issue factor were assessed as described in Section 2. The results are mean ± S.D. *
sis 203 (2009) 67–74

.8. Statistical analysis

All experiments were performed at least three times in
uplicate. The comparisons between group means were ana-
yzed using ANOVA. The experimental results are presented
s the mean ± S.D. Paired t-tests were used to compute dif-
erences in the variables, and the level of significance was set
t p < 0.05.

. Results

Intraperitoneal administration of human CRP (20 mg/kg)
ompared to HuSA stimulated superoxide anion release
Fig. 1a) and tissue factor activity from peritoneal
acrophages in vivo (p < 0.01) (Fig. 1b). This was also con-
rmed using intrapouch administration of CRP (25 �g/mL)
ompared to HuSA (Fig. 2a and b).

.1. Mechanistic insights for CRP-mediated superoxide
elease and tissue factor in vivo
Since protein kinase C (PKC) drives superoxide release
rom monocytes via activation of NADPH oxidase [23], we
xamined the effect of PKC and NADPH oxidase inhibitors

g/mL apocynin), on superoxide anion release and (b) effect of inhibitors to
nin, 100 �g/mL), on tissue factor activity in pouch macrophages. Inhibitors
prior to administration of HCRP (25 �g/mL) or HuSA and superoxide and
p < 0.05 compared to HuSA and #p < 0.05 compared to HCRP.
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ig. 3. Effect of inhibitors to MAPK and NF�b on (a) superoxide anion rel
RK, JNK or NF�b were injected into sterile air pouches of Wistar rats (n =
nd superoxide and tissue factor were assessed as described in Section 2. Th

n CRP-induced superoxide anion release as well as tissue
actor activity in vivo.

Pretreatment with the PKC inhibitor, calphostin C, and
he NADPH oxidase inhibitor, apocynin, significantly abro-
ated CRP-induced superoxide anion release (Fig. 2a). To
xamine if ROS and PKC upregulation affect CRP-induced
issue factor activity in vivo, we examined three ROS scav-
ngers, NAC, DPI, apocynin (NADPH oxidase inhibitor) and
alphostin C (PKC inhibitor). Inhibitors of PKC and ROS
ignificantly abrogated CRP-induced tissue factor activity in
ivo (Fig. 2b).

Furthermore, we have shown previously that CRP-induced
MP-9 in rat macrophages in vivo is abrogated by MAPK

nhibitors [10]. In this study, pretreatment with ERK and JNK
nhibitors and NF�b inhibitor, but not p38MAPK signifi-
antly decreased CRP-induced superoxide anion release from
ouch macrophages in vivo (Fig. 3a). With regards to CRP-
nduced tissue factor activity in vivo, this was abrogated by
retreatment with inhibitors to p38MAPK, JNK and NF�b,
ut not by the ERK inhibitor (Fig. 3b).

Previously, CRP has been shown to mediate its biological
ffects in endothelial cells and monocyte–macrophages via

D32 and CD64 [3–5,10–12,24–28]. Thus, we examined the
ffects of antibodies to CD16, CD32 and CD64 on CRP-
nduced superoxide anion release and tissue factor activity.

e demonstrate that antibodies to Fc gamma receptors, CD32

i

g
r

d (b) tissue factor activity in pouch macrophages. Inhibitors to p38MAPK,
h group) at least 2 h prior to administration of HCRP (25 �g/mL) or HuSA
ts are mean ± S.D. #p < 0.05 compared to CRP.

nd CD64, but not CD16 resulted in significant reduction in
RP-induced superoxide and tissue factor activity in vivo

Fig. 4a and b).

. Discussion

In this paper, we demonstrate that CRP appears to induce
xidative stress in vivo via upregulation of PKC, NADPH oxi-
ase, ERK and JNK phosphorylation, while CRP also induces
issue factor procoagulant activity in vivo via upregulation of
KC, NADPH oxidase, ROS, p38MAPK, JNK and NF�b.
hese effects are abrogated by blocking Fc gamma receptors,
D32 and CD64.

In the present study, CRP induced the release of super-
xide anion and tissue factor from pouch macrophages at a
oncentration of 25 �g/mL. Importantly, Ridker et al. [29]
ave shown that CRP levels >20 �g/mL predict future car-
iovascular events. Also, several investigators have reported
hat CRP concentrations in the setting of acute coronary syn-
romes range up to 50 �g/mL [30,31]. Thus, the levels of
RP shown to induce superoxide/tissue factor release in vivo
n this study can clearly be attained in patients.
With regards to superoxide anion release, several investi-

ators have demonstrated that CRP induces superoxide anion
elease from cells in vitro. Prasad [32] have shown that in
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Fig. 4. Effect of pretreatment with antibodies (10 �g/mL each separately) to Fc gamma receptors; CD32, CD64, CD16 on (a) superoxide anion release and (b)
t dies to
( ) or Hu
2
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issue factor activity in pouch macrophages as described in Section 2. Antibo
n = 3 in each group) at least 2 h prior to administration of HCRP (25 �g/mL
. The results are mean ± S.D. #p < 0.05 compared to CRP.

eutrophils, CRP significantly and dose-dependently induces
uperoxide anion release in vitro, however, no mechanistic
tudies were undertaken. Exposure of rat mesangial cells to
RP for 60 min led to a dose-dependent increase in superox-

de anion release that was nearly threefold greater than that
n the control conditions (p < 0.0001) [33]. They also showed
hat co-incubation with DPI (10 �M) prevented the increase
n superoxide production by rat mesangial cells induced by
RP (100 �g/mL). While they used high concentrations of
RP in their in vitro studies, we show that at lower concen-

rations of CRP (25 �g/mL) in vivo, CRP induces superoxide
nion release and that this is attenuated by inhibition of PKC
nd apocynin, a specific inhibitor of NADPH oxidase. Pre-
iously, we showed that CRP promotes superoxide anion
elease from HAEC and induces eNOS uncoupling and this
s inhibited by siRNA to p22phox and p47phox [5]. Also,
obayashi et al. [9] have shown that CRP in lesions colocal-

zes with p22phox, another component of NADPH oxidase,
nd this is in support of our findings. Furthermore, Qami-
ani et al. [7] showed that in porcine coronary arterioles
reated with CRP (7 �g/mL; 1 h), using DHE staining that

RP produced SB203850- and TEMPOL-sensitive superox-

de production in the arteriolar endothelium. CRP treatment
f coronary arterioles significantly increased NAD(P)H oxi-
ase activity and this was mediated via p38MAPK activation.

s
o
c
i

CD16, CD32 and CD64 were injected into sterile air pouches of Wistar rats
SA and superoxide and tissue factor were assessed as described in Section

n this report, in rat pouch macrophages, we demonstrate
hat CRP’s in vivo effects on superoxide anion release were
nhibited via inhibition of ERK, but not p38MAPK.

With regards to tissue factor release, one of the first groups
hat demonstrated that human CRP-induced tissue factor
elease in vitro was Cermak et al. [34]. Cermak showed that
RP (10–100 �g/mL) induced a 75-fold increase in TF PCA
f human peripheral blood mononuclear cells, with a parallel
ncrease in TF antigen levels. Later studies have shown that
eripheral blood mononuclear cells also respond in a sim-
lar fashion to CRP [35]. Previously, CRP has been shown
o induce procoagulant activity as observed by increased
ndothelial PAI-1 and decreased tPA [3]. Cirillo et al. [36]
emonstrated that incubation of endothelial cells and smooth
uscle cells with CRP resulted in a dose-dependent activa-

ion of cell proliferation, which was mediated by activation
f the ERK 1/2 pathway. In addition, CRP also induced TF
xpression in both cell types in a dose-dependent fashion,
xerting its effect at the transcriptional level, as demon-
trated by semiquantitative and by real-time PCR. Activation
f the transcription factor, NF�b, by CRP was demon-

trated by EMSA and they also demonstrated suppression
f TF expression by the NF�b inhibitor, pyrrolidine-dithio-
arbamate ammonium [12,36]. In rat pouch macrophages,
n vivo, we show for the first time that CRP-induced TF is



rosclero

i
i
C
t
s
i
F
s
T
C
o
i
p
c
i
t
i

t
[
p
s
i
c
a
p
l
t
e
t
c
i
m
i
a
I
b
C
l
t
t
w
i

v
f
a
r
C

A

G
J

R

[

[

[

[

[

[

[

[

[

[

[

S. Devaraj et al. / Athe

nhibited by inhibitors to p38MAPK and JNK, but not ERK
nhibitor. Furthermore, we have previously shown in vivo that
RP augments NF�b activity in rat pouch macrophages. In

his paper, in support of the work of Cirillo et al. [36], we
how that inhibition of NF�b activity with CAPE, resulted
n significant inhibition of CRP-induced TF activity in vivo.
urthermore, using three scavengers of ROS, we demon-
trate a link between CRP-induced superoxide release and
F activity, since all three inhibitors significantly abrogate
RP-induced TF activity. Mechanisms by which increased
xidative stress results in increased CRP-induced TF activ-
ty in vivo will be explored in future studies. Also, we have
reviously shown that CRP upregulates pro-inflammatory
ytokines in vivo [10]. In future studies, we will exam-
ne the autocrine/paracrine contribution of these cytokines
o CRP-induced superoxide and tissue factor activity
n vivo.

Immunocytochemical detection of Fc gamma (Fc�) recep-
ors in human atherosclerotic lesions has been demonstrated
37]. The activation of Fc�Rs generates oxygen radicals by
hagocytes and immune cells. Ryu et al. [6] have demon-
trated that Fc�RIIa exclusively mediates CRP-induced
ntracellular ROS generation by human vascular smooth mus-
le cells [6]. Also, they showed that CRP-induced Fc�RIIa
ctivation modulates activation of AP-1 and NF�b and
22phox and inhibition of p22phox abrogates ROS in vascu-
ar smooth muscle cells in vitro. We have previously shown
hat blocking of CD32/CD64 in endothelial cells abrogate
ffects of CRP [5,10,11,24,28]. Also, recently we showed
hat CRP induces superoxide anion release in endothelial
ells and promotes eNOS uncoupling, this is reversed by
nhibition of CD32 and CD64 [5]. In addition, in human

onocytes and U937 histiocytes, CRP has been shown to
nduce CCR2 expression via CD64 [26] and matrix met-
lloproteinase (MMP)-1 expression via CD32, respectively.
n neutrophils, CRP-mediated effects have been reported to
e via CD16. Furthermore, the Fay group recently reported
RP-mediated TF release appears to be via CD16 in vascu-

ar smooth muscle cells in vitro [12]. In this paper, we report
hat CRP-mediated superoxide anion release and tissue fac-
or activity are abrogated by inhibition of CD32 and CD64,
ith no effect of CD16 inhibition in rat pouch macrophages

n vivo.
To conclude, in the present study we make the novel obser-

ation that CRP induces superoxide anion release and tissue
actor activity in vivo using the rat sterile air pouch model
nd that superoxide release appears to precede tissue factor
elease. These data provide further evidence for the role of
RP in promoting atherothrombosis.
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