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Abstract

BACKGROUND—Inflammation is pivotal in all phases of atherosclerosis. Among the numerous
inflammatory biomarkers, the largest amount of published data supports a role for C-reactive protein
(CRP) as a robust and independent risk marker in the prediction of primary and secondary adverse
cardiovascular events. In addition to being a risk marker, there is much evidence indicating that CRP
may indeed participate in atherogenesis.

CONTENT—In this review, we focus on the role of CRP in promoting atherothrombosis by
discussing its effects on endothelial cells, endothelial progenitor cells, monocyte-macrophages, and
smooth muscle cells.

CONCLUSIONS—CREP is clearly a risk marker for cardiovascular disease and is recommended for
use in primary prevention. In addition, CRP appears also to contribute to atherogenesis. However,
much further research is needed, especially in appropriate animal models, to confirm the possible
role of CRP in promoting atherothrombosis.

Inflammation and Atherosclerosis

A large amount of evidence supports a pivotal role for inflammation in all phases of
atherosclerosis, from initiation of the fatty streak to final culmination in acute coronary
syndromes (1,2). The earliest event in atherogenesis appears to be endothelial cell dysfunction
precipitated by various noxious insults including obesity, hypertension, diabetes, smoking, and
dyslipidemia. Endothelial cell dysfunction manifests primarily as deficiency of nitric oxide
(NO)2 and an increase in moieties such as endothelin 1 (ET-1), angiotensin Il (Ang 11),
plasminogen activator inhibitor 1 (PAI-1), cellular adhesion molecules, and cytokines/
chemokines. With onset of endothelial cell dysfunction, mononuclear cells such as monocytes
and T lymphocytes tether and roll along the endothelium, initially loosely; thereafter, they
adhere firmly to the endothelium and transmigrate into the subendothelial space. The rolling
and tethering of leukocytes on the endothelium is orchestrated by adhesion molecules such as
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selectins (E-selectin, P-selectin), cell adhesion molecules [intercellular adhesion molecule 1
(ICAM-1), vascular cell adhesion molecule 1 (VCAM-1)], and integrins. Chemotaxis and entry
of monocytes into the subendothelial space is promoted by monocyte chemoattractant protein
1 (MCP-1), interleukin (IL)-8, and fractal-kine. Thereafter, macrophage colony-stimulating
factor (M-CSF) promotes the differentiation of monocytes into macrophages. Macrophages
incorporate lipids from retained LDL that can undergo oxidative or enzymatic modification
(OXLDL or E-LDL) and are taken up via the scavenger receptor (SR) pathway [CD36, SR-A,
CD68, lectin-like oxidized low-density lipoprotein receptor 1 (LOX-1), SR-B1], becoming
foam cells, the hallmark of the early fatty streak lesion. After the fatty streak lesion, smooth
muscle cells migrate into the intima, proliferate, and form the fibrous cap. It is currently
believed that lipid-laden macrophages, during the process of cytokine stimulation, CD40
ligation, necrosis, and apoptosis, release matrix metalloproteinases (MMPs), which cause a
thinning of the endothelial layer. Because the lipid-laden macrophage is enriched in tissue
factor, this is released from the macrophage and activates factor VI, initiating the coagulation
cascade, resulting in thrombus formation and acute coronary syndromes (unstable angina and
myocardial infarction). Macrophages also interact with T cells and other cells via activation
of the CD40-CD40 ligand pathway, which contributes to a more atheromatous and less fibrous
lesion that is prone to plaque rupture. Various gene knockouts and transgenic experiments have
underscored the importance of the various cytokines, chemokines, and adhesion molecules in
atherogenesis, emphasizing the pivotal role of inflammation in atherosclerosis (1,2).

Numerous inflammatory biomarkers have been shown in various studies to predict
cardiovascular events. These include cell adhesion molecules, cytokines, chemokines, and
acute-phase reactants such as fibrinogen, serum amyloid A (SAA), and C-reactive protein
(CRP). In this review, we discuss the inflammatory marker CRP, since the largest amount of
published data supports a role for CRP as a robust and independent risk marker for
cardiovascular disease, as has been reviewed (3,4). In addition to being a risk marker, there is
much evidence suggesting that CRP may indeed be a culprit in atherogenesis, and this potential
role of CRP is the focus of this review.

C-Reactive Protein

C-reactive protein is the prototypic marker of inflammation in humans and a member of a
highly conserved family of proteins called the pentraxins. It comprises 5 noncovalently
associated protomers arranged symmetrically around a central pore and has a molecular weight
of 118 000 Da (5). It is a nonglycosylated protein in humans, and its gene has been mapped to
chromosome 1. To date, in phagocytes, it has been shown to bind Fcy receptor (FcyR) 1 and 11,
and its function appears to clear apoptotic and necrotic cells (opsonophagocytosis).

2Nonstandard abbreviations: NO, nitric oxide; ET-1, endothelin 1; Ang |1, angiotensin I1; PAI-1, plasminogen activator inhibitor 1;
ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; MCP-1, monocyte chemoattractant protein 1;
IL, interleukin; M-CSF, macrophage colony-stimulating factor; OXLDL, oxidatively modified LDL; E-LDL, enzymatically modified
LDL; SR, scavenger receptor; LOX-1, lectin-like oxidized low-density lipoprotein receptor 1; MMP, matrix metalloproteinase; SAA,
serum amyloid A; CRP, C-reactive protein; FcyR, Fcy receptor; mCRP, monomeric CRP; HAEC, human aortic endothelial cell; eNOS,
endothelial nitric oxide synthase; GMP, guanosine monophosphate; MAPK, mitogen-activated protein kinase; CRPtg, CRP-transgenic;
HuSA, human serum albumin; BH4, tetrahydrobiopterin; EC, endothelial cell; PGF-14, prostaglandin F-1a; NF, nuclear factor; tPA,
tissue plasminogen activator; TNF-o, tumor necrosis factor-a; CXCR2, mouse homolog of IL-8 receptor; HCAEC, human coronary
artery endothelial cell; MEK, mitogen-activated protein kinase or extracellular signal-regulated kinase; ERK, extracellular signal-
regulated kinase; CD40L, CD40 ligand; EPC, endothelial progenitor cell; Tie-2, tunica internal endothelial cell, kinase-2; TF, tissue
factor; SMC, smooth muscle cell; PKC, protein kinase C; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; ABC, ATP-binding
membrane cassette transporter; MnTBAP, manganese (111) tetrakis (4-benzoic acid) porphyrin; TIMP-1, tissue inhibitor of
metalloproteinase 1; CCR2, CC-chemokine receptor 2; HMGB1, high mobility group box 1; AT1-R, angiotensin type I receptor; VSMC,
vascular smooth muscle cell; iNOS, inducible NO synthase; ROS, reactive oxygen species; WT, wild-type; TFPI, tissue factor pathway
inhibitor; rhCRP, recombinant human CRP; TLR4, Toll-like receptor 4; siRNA, small interfering RNA.
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It has been proposed that distinct forms of CRP are made during inflammation.
Conformationally rearranged CRP, which expresses many epitopes not seen in native CRP, is
referred to as modified or monomeric CRP (mCRP). mCRP antigens have been reported to be
detected in the wall of normal human blood vessels (6). Although several in vitro studies have
described the proatherogenic effects of mCRP (7,8), the presence of mCRP in serum and
atheroma has not been reported, and its existence is questionable since the calcium
concentration is >2 mmol/L in both serum and lesions (CRP remains in the pentameric form
in presence of calcium). Furthermore, 2 recent studies have shown that mCRP may indeed be
antiatherogenic (9,10). Treatment with native pentameric CRP for 8 weeks (2.5 mg/kg
subcutaneously, weekly) resulted in a 4-fold-higher mean aortic plaque area in 14-week-old
female ApoE~/~ mice compared with the saline controls. In contrast, mean plagque size was
decreased by approximately 50% in mCRP-treated ApoE '~ mice (2.5 mg/kg subcutaneously,
weekly). In a subsequent study, female ApoE~~ mice fed a Western-type diet (42% fat) were
treated with either human native CRP or mCRP (2.5 mg/kg subcutaneously, weekly) or saline
for 8 weeks. Endothelium-dependent relaxation was impaired in native CRP-treated but not in
mCRP-treated ApoE 7~ mice. These findings, coupled with the lack of evidence of mCRP in
atheroma or in the circulation, argue against a role for monomeric/modified CRP in
atherothrombosis.

CRP is predominantly synthesized in hepatocytes as an acute-phase reactant and is
transcriptionally driven by IL-6, with synergistic enhancement by IL-1. Some recent data
challenge the dogma that CRP is exclusively produced by the liver, however, and suggest that
it is produced in the atherosclerotic lesion (especially by smooth muscle cells and
macrophages), the kidney, neurons, and alveolar macrophages (11-14). mRNA and protein for
CRP is expressed in arterial plaque tissue, and both CRP mRNA and protein levels are 10-fold
higher in plague compared with the normal artery (13). Also, we have shown that human aortic
endothelial cells (HAECs) synthesize and secrete CRP (15). The most potent agonist for CRP
production from HAECs is the combination of IL-1 and IL-6. Thus, synthesis and secretion of
CRP by cells in the atherosclerotic lesion by paracrine/autocrine loops could result in local
concentrations of CRP far in excess of plasma concentrations and could contribute to
proinflammatory, proatherogenic effects. Ouchi et al. (16) have demonstrated CRP mRNA in
human adipose tissue. Our group has reported recently (17) that adiponectin, an adipocytokine,
significantly decreases CRP mRNA and protein levels, whereas leptin has been shown to
enhance CRP synthesis in endothelial cells incubated with IL-1 and IL-6 (18).

CRP and Atherogenesis
CRP AND ENDOTHELIAL CELLS

Several studies have shown an inverse relationship between CRP levels and endothelial
function (19-21). CRP induces increased expression of ICAM, VCAM, E-selectin, and the
chemokine MCP-1, resulting in increased adhesion of U937 cells (monocytic cell line) to
human umbilical vein endothelial cells (22,23). A critical enzyme in endothelial cells is
endothelial nitric oxide synthase (eNOS). In HAECs, we found that CRP resulted in significant
reductions in mRNA and protein for eNOS (24) and eNOS activity [i.e., conversion of L-
arginine to L-citrulline and cyclic guanosine monophosphate (GMP) release]. Recently, we
have delineated the mechanisms by which CRP causes decreased eNOS. CRP uncoupleseNOS,
resulting in increased superoxide production, decreased NO production, and altered eNOS
phosphorylation (25). These effects appear to be mediated via the Fcy receptors CD32 and
CD64. Treatment of porcine coronary arterioles with CRP significantly attenuated NO release
and vasodilatation and also increased NADPH oxidase activity and superoxide production in
the arterial endothelium (26). Recently, Nagaoka et al. (27) showed that CRP inhibits
endothelium-dependent NO-mediated dilation in retinal arterioles by producing superoxide
from NADPH oxidase; this appeared to be downstream of RhoA (Ras homolog family member

Clin Chem. Author manuscript; available in PMC 2009 March 30.
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A) and p38 mitogen-activated protein kinase (MAPK) activation. These data further support
a role for CRP in mediating endothelial dysfunction. Also, lectin-like OXLDL receptor-1
(LOX-1), a newly identified endothelial receptor for OXLDL, plays a pivotal role in OXLDL-
induced endothelial dysfunction. LOX-1 mRNA and protein are induced by CRP, resulting in
increased human monocyte adhesion to endothelial cells and Ox-LDL uptake by these cells
(28). By virtue of inhibiting eNOS expression and NO release, CRP blocks NO-dependent
processes. Furthermore, several groups have shown that CRP in vivo impairs endothelial
vasoreactivity (29-31). CRP-transgenic (CRPtg) mice have been shown to have endothelial
dysfunction (29). Aortic segments from turpentine-induced CRP-overexpressing CRPtg mice
demonstrated impaired endothelium-dependent vasodilation compared with vehicle-treated
CRPtg controls (P <0.05, n =6). NO release as well as phosphorylated eNOS protein expression
from isolated aortic segments of CRPtg mice overexpressing CRP were markedly reduced
compared to that from vehicle-treated controls. Schwartz et al. (30) have reported that CRP
downregulates eNOS and attenuates reendothelialization in vivo in mice. We have recently
shown that CRP-treated rats compared with human serum albumin (HuSA)-treated rats exhibit
impaired endothelium-dependent vasorelaxation; this was associated with increased aortic
superoxide, decreased aortic tetrahydrobiopterin (BH4), and uncoupling of eNOS as evidenced
by decreased eNOS dimer: monomer ratio (Fig. 1). Bisoendial et al. (31) also demonstrated
that CRP infusion in patients with hypercholesterolemia resulted in marked deterioration of
endothelial vasoreactivity.

Another important product of endothelial cells (ECs) is prostacyclin, a potent vasodilator,
inhibitor of platelet aggregation, and inhibitor of smooth muscle cell proliferation. In our
studies, we showed that CRP caused a decrease in the release of the stable metabolite of
prostacyclin, prostaglandin F-1a (PGF-1a), in both HAECs and human coronary artery ECs
(32) via increased nitration of the enzyme prostaglandin synthase.

PAI-1, a marker of impaired fibrinolysis and atherothrombosis, is increased in patients with
coronary artery disease. Increased PAI-1 gene expression is present in human atherosclerotic
arteries and correlates with the degree of atherosclerosis, and PAI-1 deficiency protects against
atherosclerotic progression in the mouse carotid artery. CRPtg mice develop coronary artery
thrombosis (33). We have shown that CRP induces PAI-1 mRNA, antigen, and activity in
HAECs (34). CRP-induced PAI-1 appears to occur via activation of Rho kinase and the nuclear
factor (NF)-xB pathway (35). CRP inhibits tissue plasminogen activator (tPA) activity via
generation of proinflammatory cytokines [IL-18 and tumor necrosis factor-o (TNF-a)] (36).
These studies provide additional evidence that CRP may be a procoagulant, which has
implications for atherothrombosis.

In venous endothelium, CRP has been shown to promote the release of the potent endothelial-
derived contracting factor ET-1 (37). ET-1 is not only a potent vasoconstrictor, but it also
appears to be a mediator of CRP-induced upregulation of adhesion molecules and MCP-1 in
venous ECs.

An important chemokine is IL-8, a powerful trigger of adhesion of monocytes to endothelium.
The mouse homolog of IL-8 triggers arrest of monocytes in carotid arteries of ApoE~~ mice.
Knockout of the homolog of IL-8 receptor, CXCR2, decreases intimal accumulation of
macrophages and decreases progression of atherosclerotic lesions (38). CRP induces IL-8
expression in HAECs and human coronary artery endothelial cells (HCAECS) via activation
of NF-xB (39). This was confirmed by Wang et al. (40), who showed that IL-8 release was
induced by CRP via upregulation of MEK (mitogen-activated protein kinase or extracellular
signal-regulated kinase) and extracellular signal-regulated kinase (ERK) 1/2. Also, the CD40-
CDA40 ligand (CD40L) pathway plays an important role in plaque stability, and CRP has been
shown to upregulate surface expression of CD40 and CD40L (41).

Clin Chem. Author manuscript; available in PMC 2009 March 30.
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The Du Clos laboratory and others have shown that CRP binds mainly to FcyR2 (CD32) on
leukocytes (42). We showed for the first time that CRP binds to both CD32 and CD64 on
HAECs (43) but not CD16, and that CRP mediates its biological effects in EC via these 2
receptors. Studies have also shown that CRP binds to LOX-1 and may exert proatherogenic
effects by binding to the receptors for advanced glycation end products (28). In macrophages,
we have also shown that CRP-mediated OxLDL uptake can be inhibited by blocking both
CD32 and CD64, and also the scavenger receptors CD36 and SR-A (44).

CRP AND ENDOTHELIAL PROGENITOR CELLS

There is tremendous interest in a special subtype of progenitor cells isolated from peripheral
blood and bone marrow of adults, endothelial progenitor cells (EPCs), which have the capacity
to circulate, proliferate, and differentiate into mature endothelial cells (45,46). Importantly, the
measurement of circulating EPCs is a surrogate marker of endothelial dysfunction and future
cardiovascular events. Clinical studies suggest that traditional risk factors for coronary
atherosclerosis are associated with lower levels of circulating EPCs (45,46). Importantly, a
negative correlation between systemic CRP levels and circulating EPC number has been
reported (47) in patients with unstable angina. Also, low levels of EPCs are associated with
adverse cardiovascular events (48). Additionally, pioglitazone treatment in type 2 diabetic
patients revealed that the decrease in CRP level was the only parameter associated with increase
in EPC number in multivariate analyses (49). In vitro studies report that CRP at concentrations
>15 mg/L significantly reduced EPC number, inhibited the expression of the endothelial cell-
specific markers tunica internal endothelial cell, kinase-2 (Tie-2), EC lectin, and vascular
endothelial cadherin, significantly increased EPC apoptosis, and impaired EPC-induced
angiogenesis (50). A recent article suggests that in mature ECs, CRP appears to stimulate
angiogenesis and may be a mediator of neovessel formation in the intima of vulnerable plaques,
thus suggesting different biological effects on EPCs and mature ECs (51). EPC-induced
angiogenesis was dependent on the presence of NO, and CRP treatment caused a decrease in
eNOS mRNA expression by EPCs. Also, subsequently, CRP was demonstrated to increase
oxidative stress and induce apoptosis in these EPCs. Thus, CRP may negatively affect EPCs
by quenching antioxidant defenses and promoting telomerase inactivation.

Thus, a large body of evidence from in vitro studies points to a proatherogenic, prothrombotic
role for CRP in ECs. These effects of CRP may result in endothelial dysfunction and
impairment of EPC survival and differentiation. These studies, especially the effects on EPCs,
need to be confirmed in vivo.

CRP AND MONOCYTE-MACROPHAGES

Cermak et al. (52) were one of the first groups to report on the effects of CRP on monocytes.
These investigators showed that CRP induced monocyte tissue factor (TF) secretion. In that
study, they showed that CRP induced TF antigen and procoagulant activity. However, no
studies were undertaken to elucidate the mechanism. Later studies have shown that peripheral
blood mononuclear cells also respond in a similar fashion to CRP (53). Cirillo et al. (54)
demonstrated that incubation of ECs and smooth muscle cells (SMCs) with CRP resulted in a
dose-dependent activation of cell proliferation, which was mediated by activation of the
ERKZ1/2 pathway. In addition, CRP also induced TF expression in both cell types in a dose-
dependent fashion, exerting its effect at the transcriptional level, as demonstrated by
semiquantitative and real-time PCR. Activation of the transcription factor NF-«xB by CRP was
demonstrated by electrophoretic mobility shift assay, and suppression of TF expression by the
NF-xB inhibitor pyrrolidine-dithio-carbamate ammonium was also demonstrated. Recently,
we demonstrated that intraperitoneal administration of CRP (20 mg/kg) compared with HUSA
increased superoxide anion release and TF activity from peritoneal macrophages in vivo (P <
0.01) (55). This was confirmed using intra-pouch administration of CRP (25 pg/mL) compared

Clin Chem. Author manuscript; available in PMC 2009 March 30.
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with HUSA. In rat pouch macrophages in vivo, we showed that CRP induced TF antigen and
activity was inhibited by inhibitors to NADPH oxidase. Furthermore, we demonstrated that
inhibition of NF-«B activity with caffeic acid phenethyl ester resulted in significant inhibition
of CRP-induced TF activity, and blockade of CD32 and CD64 reduced CRP-induced TF.

Several investigators have demonstrated that CRP induces oxidative stress in vitro. Prasad
(56) showed that in neutrophils, CRP significantly and dose-dependently induces superoxide
anion release in vitro; however, no mechanistic studies were undertaken. Exposure of rat
mesangial cells to CRP for 60 min led to a dose-dependent increase in superoxide anion release
that was nearly 3-fold greater than in control conditions (P < 0.0001) (57). Trachtman et al.
also showed that coincubation with diphenylene iodinium (10 gumol/L), an inhibitor of NADPH
oxidase, prevented the increase in superoxide production by rat mesangial cells induced by
CRP (100 ug/mL). Whereas they used high concentrations of CRP in their in vitro studies, we
demonstrated that lower concentrations of CRP (25 xg/mL) in vivo induce superoxide anion
release and that this is reversed by inhibition of protein kinase C (PKC) and NADPH oxidase
using apocynin. In that article, in rat pouch macrophages, we also demonstrated that the effects
of CRP on superoxide anion release were inhibited via inhibition of ERK and c-Jun N-terminal
kinase (JNK) but not p38 MAPK (55). These effects are abrogated by blocking Fcy receptors
CD32 and CD64. Another important in vivo demonstration we made recently is the induction
of myeloperoxidase activity in macrophages in vivo by human CRP administration (58).

CRP also induces proinflammatory cytokine release from human monocytes. Ballou and
Lozanski (59) conducted a study in which they incubated human monocytes with CRP at
different doses for 16 h and were able to demonstrate significantly increased levels of IL-15,
TNF-a, and IL-6 at concentrations of CRP >5 mg/L. This induction of cytokine release was
unaffected by polymixin B but was completely abrogated by boiling of CRP, confirming that
this effect of CRP was not due to lipopolysaccharide (LPS) contamination. Subsequently, we
have also shown that CRP inhibits antiinflammatory cytokine activity. Incubation of human
monocyte-derived macrophages with CRP significantly decreased LPS-induced second-wave
IL-10 mRNA and intracellular and secreted IL-10 protein and destabilized IL-10 mRNA
(60). Also, CRP alone increased secretion of IL-8, IL-6, and TNF from human monocyte-
derived macrophages. FcyRI antibodies significantly reversed CRP-mediated IL-10 inhibition.
CRP significantly decreased intracellular cAMP, phospho-cAMP response element binding
protein, and adeny| cyclase activity. CAMP agonists reversed CRP- mediated IL-10 inhibition.
Furthermore, administration of human CRP to rats significantly decreased IL-10 levels.

A single report has shown increased CD11b expression on monocytes incubated with CRP,
accompanied by increased adhesion of these monocytes to LPS-activated human umbilical
vein endothelial cells (61). We have shown that CRP increases monocyte-endothelial cell
adhesion under shear stress and static conditions via increased NF-xB and increased ICAM-1
and VCAM-1 expression. These effects were abrogated by blockade of CD32 and CD64
(62). We have also recently shown that CRP promotes M-CSF release from human
macrophages and induces macrophage proliferation; this effect appears to be mediated via NF-
kB activation and through the Fcy receptors CD32 and CD64 (63).

CRP and oxidized LDL uptake—There has been a report that CRP promotes uptake of
native LDL (64). However, this has been brought into question by the Witztum group, who
showed in an elegant study that CRP promotes the uptake of oxidized but not native LDL due
to certain unexposed phosphocholine epitopes on OXLDL (65). Recently, CRP has been shown
to significantly reduce cholesterol efflux from THP-1 (human myelogenous leukemia cell line)
and peripheral blood mononuclear cells to apoA-1 or HDL. CRP significantly decreased the
expression of ATP-binding membrane cassette transporter A1 (ABCAL) and ABCG1, whereas
it increased superoxide anion production. Furthermore, CRP substantially activated ERK1/2

Clin Chem. Author manuscript; available in PMC 2009 March 30.
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in THP-1-derived foamlike cells (66). Reducing superoxide anion by antioxidant seleno-L-
methionine or superoxide dismutase mimetic [manganese (l11) tetrakis (4-benzoic acid)
porphyrin (MnTBAP)] effectively abolished the CRP-induced decrease in cholesterol efflux
and the expression of ABCA1 and ABCGL. Inhibiting ERK1/2 activation by its specific
inhibitor PD98059 or by a dominant negative mutant of ERK2 could also block CRP action
on THP-1 cells. We have recently demonstrated that in vivo administration of CRP promotes
uptake of oxidized LDL and intracellular cholesterol ester accumulation in rat macrophages in
Vivo (44). The increased uptake of OxLDL by CRP was inhibited by pretreatment with
antibodiesto CD32, CD64, CD36, and fucoidin, suggesting uptake by both scavenger receptors
and Fcy receptor.

CRP and MMP—Williams et al., in an article that further supports the role of CRP in later
stages of atherosclerosis (67), demonstrated that CRP stimulated MMP-1 mRNA, protein, and
collagenase activity in human monocyte/macrophages. This activity appeared to be
orchestrated via FcyRII, and the signal pathway appeared to be via ERK. CRP had no effect
on tissue inhibitor of metalloproteinase 1 (TIMP-1). Furthermore, CRP treatment increased
MMP-9 activity in macrophages compared with HUSA, which was abrogated by inhibitors to
p38 MAPK, ERK, and NF-«xB but not JNK before human CRP treatment.

In human monocytes, CRP promotes MCP-1-mediated chemotaxis by upregulating CC-
chemokine receptor 2 (CCR2) expression (68). CCR2 is the most dominant chemotaxis
receptor in monocytes, and mediates chemotactic movement of monocytes in response to
MCP-1. CCR2 plays a pivotal role in atherosclerotic plague formation, and genetic disruption
of CCR2 in atherosclerosis-prone mice markedly decreased atherosclerosis. CRP-induced
upregulation of CCR2 expression involved binding of CRP to the FcyR, most notably FcyRI,
and phospholipase D1 activation.

High mobility group box-1 (HMGBL1), a primarily nuclear protein, is released into the
extracellular milieu by necrotic/damaged cells and is actively secreted by monocyte-
macrophages. CRP induces active release of HMGB1 from macrophages via an FcyR/p38
MAPK signaling pathway (69).

Thus, it is clear that CRP is proatherogenic in monocyte-macrophages since it increases tissue
factor expression, promotes monocyte chemotaxis and adhesion to ECs, reactive oxygen
species release, MMP-1, CCR2, cytokines, and M-CSF, and promotes OXLDL uptake, thus
leading to increased foam cell formation. Furthermore, CRP is present in foam cells in the
atherosclerotic lesion and activates complement (12).

CRP AND SMOOTH MUSCLE CELLS

The angiotensin type | receptor (AT1-R) is a key atherosclerotic switch facilitating Ang 11—
induced ROS production and vascular smooth muscle cell (VSMC) migration, proliferation,
and remodeling. Given thecentral importance of AT-R in the development and clinical course
of atherosclerosis (70), the demonstration by the Verma laboratory that CRP upregulates
AT1-R mRNA and protein in VSMCs and increases the number of AT1-R binding sites in
VSMCs could have major implications with regard to atherogenesis (71). CRP also augmented
Ang ll-induced VSMC migration and proliferation, further supporting a functional relationship
between CRP and Ang Il in mediating VSMC pathology. In an in vivo model of carotid balloon
angioplasty, CRP exposure facilitated AT1-R expression, with resulting increases in neointimal
formation, VSMC migration, and proliferation and promoted production of collagen and
elastin, key matrix proteins in the vessel wall. These effects were attenuated by angiotensin
receptor blockade. Therefore, CRP exerts direct proatherosclerotic effects at the level of
VSMCs. Also, in VSMCs, CRP has been shown to upregulate inducible NO synthase (iNOS)
and certain cell signal transduction pathways including MAPK pathway and NF-«xB (72).

Clin Chem. Author manuscript; available in PMC 2009 March 30.
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Although accumulation of VSMCs in the intima is a key event in the development of arterial
lesions, apoptosis of VSMCs also plays an important role in progression of atherosclerotic
lesions and contributes to increased plaque vulnerability. CRP promotes apoptosis of VSMCs
and thus may contribute to plaque instability (73). Given existing data that CRP promotes
VSMC proliferation in vitro and induces apoptosis in vitro, the role of CRP in VSMCs and
primary atherosclerosis remains to be delineated.

Kobayashi et al. (13) showed that the incubation of cultured coronary artery smooth muscle
cells with CRP resulted in enhanced p22phox protein expression and the generation of
intracellular reactive oxygen species (ROS). In cultured VSMCs obtained from human
coronary arteries, Ryu et al. (74) showed CRP-induced ROS generation by VSMCs, which
requires functional activation of FcyRllaand NADPH oxidase 4, orchestrates proinflammatory
activities of VSMCs, and may eventually promote atherogenesis and plaque rupture. Also, Ang
Il has been shown to upregulate CRP synthesis in VSMCs via upregulation of AT{-Rs and
ERK (75).

Recently, Wu et al. (76) reported that TF mRNA, protein, and activity levels were significantly
higher in VSMCs isolated from CRPtg mice than from wild-type (WT) mice. Tissue factor
pathway inhibitor (TFPI) expression was significantly downregulated in CRPtg vs WT
VSMCs. Transfection of human VSMCs with CRP expression plasmid significantly increased
TF expression and decreased TFPI expression. Gene silencing of FcyRIlla blocked the effect
of CRP on VSMC TF expression. CRP activated p44/42 MAPK, and the effect of CRP on TF
expression was blocked by pharmacological inhibitor of p44/42 MAPK. ROS scavengers
blocked CRP-induced upregulation of VSMC TF expression. In vivo analyses revealed
significant increases in TF expression and decreases in TFPI expression in carotid arteries of
CRPtg mice vs WT mice. Thus, CRP increases TF and decreases TFPI expression by VSMCs
in vitro and in vivo. Induction of TF expression by CRP is mediated by FcyRIlla, p44/42
MAPK, and ROS generation.

IN VIVO EVIDENCE THAT CRP PROMOTES ATHEROTHROMBOSIS

In the CRPtg mice, Danenberg et al. (33) showed that compared with WT mice, in which CRP
levels are undetectable, in CRPtg mice, CRP increased to 18.6 mg/L. Following transluminal
wire injury to the femoral artery, there was complete thrombotic occlusion in the femoral artery
in 75% of the human CRPtg mice compared with 17% of the WT mice at 28 days (P < 0.05).
Furthermore, arterial photochemical injury to the carotids shortened clot formation time in the
human CRPtg mice compared with WT. Whereas the human CRP transgene resulted in
increased atherosclerotic lesions on an apolipoprotein E-knockout background, it should be
pointed out that the effect was seen only in male mice and was modest, raising questions
regarding the validity of the mouse model. The model of transgenic CRP-overexpressing mice
to study atherogenesis is also fraught with problems and has resulted in conflicting
observations, as reviewed previously (4). Although Paul et al. (77) demonstrated increased
atherosclerosis in CRPtg apolipoprotein E—deficient mice, Hirschfield et al. (78) were unable
to uncover a similar phenotype. The rat model is preferred over the mouse model based on the
following reasons: in mice the main acute-phase reactant is serum amyloid P component and
not CRP, human CRP is antiinflammatory in mice, rat CRP shares 79% identity with human
CRP, and injection of human CRP into rats increased infarct size by 40%. Human CRP activates
complement in rats. Human CRP has been shown to be proinflammatory in the rat and increases
iNOS expression in cytokine-stimulated rat cardiac myocytes as well as iNOS in rat
macrophages and stimulates NF-xB in rat vascular smooth muscle cells. These attributes make
the rat, and not the mouse, a suitable model with which to test the proinflammatory effect of
human CRP in vivo. Griselli et al. (79) showed that parenteral injection of human CRP in
experimental acute myocardial infarction produced by coronary artery ligation reproducibly
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enhanced infarct size by approximately 40%. Gill et al. (80) also showed that adult rats
subjected to middle cerebral artery occlusion and then treated with human CRP similarly
developed significantly larger cerebral infarcts compared with control subjects receiving
human serum albumin.

Furthermore, in 7 male volunteers, Bisoendial et al. (31) showed that an infusion of 1.25 mg/
kg recombinant human CRP (rhCRP) on 2 occasions resulted in an increase in plasma CRP
(from 1.9 to 23.9 mg/L), and subsequently both biomarkers of inflammation and coagulation
were activated, as evidenced by increased serum IL-6, IL-8, SAA, prothrombin 1 and 2, and
D-dimer.

We have provided several lines of evidence with our in vivo studies of human CRP in the rat
model and have demonstrated that CRP induces superoxide anion release and tissue factor
activity in vivo and promotes OxLDL uptake, MMP release, and myeloperoxidase from
macrophages.

Recently, Pepys et al. (81) reported the design, synthesis, and efficacy of 1,6-bis
(phosphocholine)-hexane as a specific small-molecule inhibitor of CRP. Five molecules of this
palindromic compound are bound by 2 pentameric CRP molecules, cross-linking and occluding
the ligand-binding B-face of CRP and blocking its functions. Administration of 1,6-bis
(phosphocholine)-hexane to rats undergoing acute myocardial infarction significantly
abrogated the increase in infarct size and cardiac dysfunction produced by injection of human
CRP.

The field of CRP has been plagued by reports of artifacts such as contamination of CRP with
endotoxin and azide. It is very important to emphasize that some of the studies with CRP have
used recombinant CRP, and there is the possibility that endotoxin and azide may have explained
the effects seen with CRP in some of the studies. However, studies from the Jialal laboratory
(15,17,24,32,34,36,39,56,58,60,62,63) and the Stroes laboratory (31) have used CRP purified
from human ascites fluid, purified of endotoxin and dialyzed free of azide. Several other lines
of evidence also suggest that the observed effects are due to CRP and not to artifacts: (1) for
the in vitro experiments, boiled and trypsinized CRP have been used as controls; (2) addition
of polymixin B fails to abrogate the effects of CRP; (3) whereas LPS activates eNOS, CRP
decreases eNOS activity; (4) the most convincing argument for the proatherogenic effects of
CRP per se comes from studies in which Toll-like receptor 4 (TLR4) small interfering RNA
(siRNA) (which is responsible for the proinflammatory actions of LPS) was knocked out, and
CRP still exerted its proatherogenic effects in these cells (Fig. 2); (5) the biological effects of
CRP appear to be mediated via the Fcy receptors CD32 and CD64. These data strongly support
that the effects observed are due to CRP per se and not other artifacts.

Conclusion

In summary, CRP is clearly a risk marker for cardiovascular disease and is recommended for
use in primary prevention. In addition, CRP appears also to contribute to atherogenesis as
shown in Table 1. Recent results from Justification for the Use of Statins in Primary Prevention:
An Intervention Trial Evaluating Rosuvastatin (JUPITER), especially in those subjects with
hsCRP > mg/L but no other risk factors (n = 6000), showed a significant reduction in
cardiovascular events with rosuvastatin. This study provides further support in human subjects
that CRP appears to be an active participant in atherothrombosis and that specifically targeting
CRP in the future may also prove beneficial.
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Fig. 1. CRP promotes endothelial dysfunction in rats in vivo by uncoupling of eNOS
Rats were injected with human CRP (n = 7) or HuSA as control (n = 5) intraperitoneally (10

mg/kg) for 3 consecutive days. Endothelium-dependent vasodilation was significantly

impaired in mesenteric arterioles of CRP-injected compared with HuSA-injected rats. Aortic
levels of BH4 were significantly decreased, indicating uncoupling of the enzyme. *P < 0.05

vs HUSA. (Unpublished data, December 2008, I. Jialal.)
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Fig. 2. TLR4 knockdown fails to abrogate proatherogenic effects of CRP from endothelial cells
HAECs (n = 5) were transfected with scrambled siRNA (Sc siRNA) or TLR-4 siRNA and then
incubated with either CRP (25 ug/mL) or LPS (1 ug/mL), and release of IL-1p, IL-8, PAI-1,
and eNOS activity (arginine to citrulline release, pmol/min/mg protein) were assessed. As
shown in the figure, TLR4 knockdown failed to abrogate effects of CRP and only decreased
effects seen with LPS (TLR4 ligand). *P < 0.05 vs control; TP < 0.05 vs CRP. Adapted from

Dasu et al. (82).
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Endothelial cells

Increased VCAM, ICAM-1, E-selectin, MCP-1,
monocyte adhesion

Increased PAI-1, IL-8, CD40/CD40L, MMP-1, ET-1,
M-CSF

Decreased tPA

Decreased prostacyclin

Increased superoxide, INOS

Decreased eNOS (uncoupling)
Promoted endothelial dysfunction in vivo

Impaired EPC number and function in vitro

Monocyte-macrophages

Increased tissue factor

Increased superoxide and myeloperoxidase
Increased proinflammatory cytokines and
decreased 1L-10

Increased CD11b, CCR2

Promoted OxLDL uptake and decreases
cholesterol efflux

Increased MMPs, HMGB1

Increased M-CSF and proliferation

Smooth muscle cells

Increased AT-1 and VSMC
migration and proliferation

Increased neointimal formation
in vivo

Increased iINOS

Increased ROS

Increased tissue factor
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