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Abstract The role of CRP as a mediator in atherosclerosis
and inflammation is being investigated worldwide. In the
present study, the effect of CRP on matrix metalloprotein-
ases (MMP)-1, 2, 9, and their tissue inhibitor (TIMP-1) gene
expression in THP-1 monocytic cell line was investigated.
Specific mitogen activated protein (MAP) kinase (ERK,
p38, and JNK) inhibitors were used to elucidate the sig-
naling pathways involved. Effect of atorvastatin was
determined in the presence of CRP on the expression of
genes. Time and dose-dependent experiments were per-
formed in the presence of CRP. The results showed that the
treatment of THP-1 cells with 100 pg of CRP/ml/10° cells
for 24 h enhanced the expression of MMPs and TIMP-1
genes significantly. CRP upregulated the expression of
these genes via FcyRII and utilized ERK signaling pathway
to transduce signals. Atorvastatin was able to significantly
attenuate CRP-induced MMPs expression and augmented
TIMP-1 gene expression significantly. In conclusion, CRP
is not only a risk marker for vascular events, but also
directly involved in the mechanisms leading to remodeling
and destabilization of atherosclerotic plaque. Also, atorva-
statin serves as potential therapeutic modality to curb these
harmful events.
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Introduction

Inflammation plays a key role in the pathogenesis of
cardiovascular disease (CVD), acute atherothrombotic
events, and atherosclerosis and also regulates the produc-
tion of the acute phase proteins such as C-reactive protein
(CRP), fibrinogen, and serum amyloid A [1, 2]. CRP is not
only a biomarker for atherosclerotic events [3] but a potent
vasoactive mediator to promote atherogenesis. In mono-
cytes, CRP induces the production of inflammatory cyto-
kines, matrix degrading enzymes, and promotes monocyte
chemotaxis and tissue factor expression [4-8]. In endothe-
lial cells, CRP increases the expression of cell adhesion
molecules, chemokines, andendothelin-1 (ET-1), decreases
endothelial nitric oxide synthase (eNOS) expression and
activity, and augments monocyte-endothelial cell adhesion
[9-11]. In VSMCs, CRP promotes its migration and prolif-
eration and increases the production of reactive oxygen
species (ROS) [12]. Atherosclerotic plaques are character-
ized by a lipid core covered by a fibrous cap composed of
vascular smooth muscle cells (VSMCs) and extracellular
matrix These plaques have chronic inflammatory infiltrates
of macrophages and lymphocytes [2, 13, 14].

Many pathophysiological mechanisms contribute to the
rupture of plaque such as inflammation, prothrombotic and
thrombotic activity, shear stress, endothelial responsive-
ness to dilatation, collagen degradation, intraplaque angi-
ogenesis, and the morphological characteristics of the
plaque itself [14, 15]. The stability and the strength of the
atherosclerotic fibrous cap is the result of a dynamic pro-
cess between the production of collagen and its degradation
by specific proteases [16]. Connective tissue matrix pro-
teins are degraded by a range of proteases, the most widely
studied of which are the metalloproteinase family (MMPs)
[17, 18]. Although several cell lines in the plaque,
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including smooth muscle cells and basophils, produce
metalloproteinases, the major source is the activated mac-
rophage [19]. TIMPs are proteins which regulate the con-
nective tissue metabolism by forming a high affinity,
irreversible complexes with the active form of the MMPs,
rendering them inactive [20]. The presence of proinflam-
matory cytokines and other inflammatory mediators within
the micro-environment of an atherosclerotic plaque leads to
an imbalance between the MMPs and their tissue inhibitors
(TIMPs), which renders the plaque prone to rupture [20].
Interstitial collagenase (MMP-1), gelatinase A (MMP-2),
and gelatinase B (MMP-9) are the metalloproteinases
which are more markedly elevated in patients with coro-
nary syndromes both within the atherosclerotic plaque [21]
and into the peripheral circulation [22, 23].

Mitogen-activated protein kinases (MAPKs; ERK, p38,
and JNK) are likely to play crucial roles in the genetic
response of many components of the cardiovascular system
in the disease process. These kinases transduce signals in
response to cellular stress such as inflammatory cytokines,
ischemia, reversible ATP depletion, heat shock, endotoxin,
and genotoxic stress. MAPKSs are activated in monocytes-
macrophages in a variety of inflammatory settings [24-26].
Notably, ERK, p38, and JNK activation in these cells
results in the expression of many of the cytokines and
inflammatory molecules observed in atherosclerotic lesions
[27]. MAPK signalling has been shown to mediate pro-
inflammatory actions of CRP in multiple cell types during
vasculature inflammation [4-8].

Recent in vitro and in vivo studies have shown that statins
have several pleiotropic effects that include decreasing the
production of reactive oxygen species (ROS), enhancing the
levels of endothelial cell nitric oxide synthases (eNOS),
inhibiting vascular smooth muscle cell (VSMCs) prolifera-
tion, and exhibit anti-thrombotic and anti-inflammatory
effects [28]. Stabilization of atherosclerotic plaques is a new
therapeutic goal that poses the challenge of identifying
critical mechanisms for intervention [14]. In vitro studies
have shown statins to modulate the CRP-induced expression

of various genes involved in inflammation and atheroscle-
rosis [8, 29, 30].

Therefore, in the present study, we have investigated the
effects of CRP in modulation of MMPs (MMP-1, 2, and 9) and
TIMP-1 in THP-1 monocytic cell line. MAP kinases were
exploited as possible signaling pathways involved in the
modulation of these genes by CRP. Further, atorvastatin was
used as a therapeutic modality to know whether, it influences
CRP-modulated effects on MMP-TIMP expression in vitro.

Materials and methods
Cell culture

The human leukemic monocytic cell line (THP-1) was
obtained from the National Center for Cell Sciences (NCCS),
Pune, India and was maintained in RPMI-1640 [8, 31]. Cell
viability and cell proliferation of THP-1 cells was deter-
mined by trypan blue exclusion and cell proliferation assays
(11647229001, Roche Diagnostics), respectively [8].

The commercial recombinant E coli-derived CRP prep-
aration used was supplied in 20 mmol/l Tris, 140 mmol/l
NaCl, 2 mmol/l CaCl,, pH 7.5, and 0.05% (wt/vol) sodium
azide (236608, Calbiochem) preparation was used. Sodium
azide and endotoxin was removed as described previously
[8]. CRP was dialyzed twice against Tris/NaCl/CaCl, buf-
fer at 4°C. Bacterial endotoxin levels were determined
using E-toxate kit (ET0100, Sigma). All reagents used in
the experiments had endotoxin levels <0.125 IU/ml. E-toxa
clean (E9029-500G, Sigma) along-with autoclaving (121°C
for 1 h) and dry heat (250°C for 3 h) was used to remove
endotoxin contamination from glassware and water.

RNA extraction and RT-PCR studies
Semi-quantitative RT-PCR was performed to determine

mRNA expression of MMP-1, 2, 9, and TIMP-1 in THP-1
cells using human specific primers (Table 1). Total cellular

Table 1 Characteristics of

. Genes
primers

Primer sequence

p-actin

MMP-1

MMP-2

MMP-9

TIMP-1

Forward : 5'-CAT GTA CGT TGC TAT CCA GGC-3’
Reverse: 5-CTC CTT AAT GTC ACG CAC GAT-3'

Forward: 5'-GAG CAA ACA CAT CTG AGG TAC AGG A-3'
Reverse: 5'-TTG TCC CGA TGA TCT CCC CTG ACA-3’
Forward: 5'-AGA TCT TCT TCT TCA AGG ACC GGT T-3’
Reverse: 5-GGC TGG TCA GTG GCT TGG GGT A-3'
Forward: 5'-GCG GAG ATT GGG AAC CAG CTG TA-3’
Reverse: 5-GAC GCG CCT GTG TAC ACC CAC A-3'
Forward: 5'-CAT CCT GTT GTT GCT GTG GCT GAT-3'
Reverse: 5'-GTC ATC TGG ATC TCA TAA GCG TGG-3'

@ Springer



Mol Cell Biochem (2010) 338:77-86

79

RNA was isolated and reverse transcribed to cDNA using
random hexamers. The levels of mRNA expression of each
gene were expressed as percentage value or in terms of
folds increase or decrease [8, 31].

Effect of CRP on expression of MMP 1, 2, 9,
and TIMP-1

THP-1 cells were incubated with different doses of CRP
(0-100 pg/ml) for different time intervals, i.e., 6, 24, and
48 h. After incubation, cells were harvested and processed
for determining mRNA expression of MMP 1, 2, 9, and
TIMP-1 genes.

Involvement of receptors (FcyRs)

As per evidence in the literature, FcyRs, i.e., I, II, and III
are the major receptors for CRP in leukocytes. Various
studies have demonstrated the FcyRII (CD32) and RI
(CD64) as high and low affinity receptors of CRP.
Expression of FcyRIII (CD16) is absent in THP-1 cells
[5, 32]. In order to determine the role of these receptors in
the regulation of MMPs (1, 2, and 9) and TIMP-1 by CRP
in THP-1 cells, we performed blocking experiments. For
this, THP-1 cells (10° cells/ml) were incubated with 50 and
100 pg/ml of FeyRI (CD64) (Cat No AF1257, R&D Sys-
tems, USA) and FcyRIla (CD32) (Cat No MAB1330, R&D
Systems, USA) monoclonal antibodies separately 2 h prior
to the stimulation with CRP. Thereafter, mRNA expression
of MMP-1, 2, 9, and TIMP-1 was determined at 24 h.
Isotype antibody for the anti-CD32 (Cat No MABI1460,
R&D Systems, USA) was used as control.

Involvement of ERK, p38 and SAPK/INK signaling
pathways

For elucidating the signaling pathways involved in the
induction of these genes by CRP, we used specific inhibitors
for the ERK (PD98059, Sigma), p38 (SB203580, Sigma),
and SAPK/JNK (SP600125, Sigma) pathways in the pres-
ence or absence of CRP. For this, THP-1 cells (10° cells/ml)
were cultured in the presence of different concentration of
inhibitors (0-80 puM) 2 h prior to the stimulation with CRP.

Effect of atorvastatin on expression of MMPs (1, 2,
and 9) and TIMP-1 in the presence or absence of CRP

Time and dose-dependent experiments were performed with
different doses of atorvastatin (0—80 pM) in the presence or
absence of CRP for different time periods (6, 24 and 48 h).
Cells were harvested at different time intervals and mRNA
expression of MMP-1, 2, 9, and TIMP-1 genes was
determined.

Results

Effect of CRP on MMP 1, 2, 9, and TIMP-1 expression
in THP-1 cells

The mRNA expression of these genes did not change sig-
nificantly with different doses of CRP at 6 h (P > 0.05).
However, at 24 and 48 h a dose-dependent increase was
observed in the presence of CRP on MMP-1, 2, and 9 gene
expressions.

CRP in a dose of 25 pg/ml caused a 2-2.5 folds increase
in all the three MMPs mRNA expression (MMP-1, 2, & 9)
both at 24 and 48 h time (P < 0.05). No significant dif-
ference in mRNA levels in MMP-9 was observed with
50 pg/ml CRP dose, when compared with 25 pg/ml CRP
dose both at 24 and 48 h (P > 0.05), whereas, a gradual
and significant increase was observed for MMP-1 and
MMP-2 gene expression (P < 0.05). However, 100 pg/ml
dose of CRP caused maximum mRNA expression at 24 h.
No significant change was observed in the expression of
these genes in the presence of 5 pg/ml of CRP at any of the
time intervals studied (Fig. 1).

A biphasic effect of CRP was observed on TIMP-1 gene
expression both at 24 and 48 h. No significant change was
observed in the expression of TIMP-1 at a dose of 5 ng/ml
of CRP at 24 and 48 h, whereas, an increment in CRP dose
to 25 pg/ml caused approximately two folds increase in the
mRNA expression of TIMP-1 by THP-1 cells at both 24
and 48 h (P < 0.01). The enhanced expression of TIMP-1
was reduced equivalent to the basal expression when THP-
1 cells were incubated in the presence of a higher dose of
CRP, i.e., 50 pg/ml both at 24 and 48 h. Further, increment
in the CRP dose to 100 pg/ml caused a reversal of TIMP-1
gene expression as observed with 50 pg/ml dose and
resulted in an enhanced expression of TIMP-1 mRNA up to
threefold increase both at 24 and 48 h (P < 0.01). How-
ever, a comparison of the levels of mRNA expression of
TIMP-1 showed no statistically significant difference
between these two time intervals (P > 0.05; Fig. 1).

The results of these time- and dose-dependent experi-
ments revealed that CRP in a dose 100 pg/ml had maxi-
mum effect on the expression of all the genes under
consideration; therefore, in further experiments we used
CRP in a maximum dose of 100 pg/ml.

FcyRII involved in CRP up-regulated expression
of MMP 1, 2, 9, and TIMP-1

Results of the blocking experiments are shown in Table 2.
The data obtained from these experiments clearly demon-
strated that anti-CD32 antibody blocked CRP-stimulated
expression of test genes at both doses, i.e., 50 and 100 pg/ml
of antibodies and the effect was dose-dependent. However,
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Fig. 1 Time and dose-dependent effects of C-reactive protein on
expression of MMP-1, MMP-2, MMP-9, and TIMP-1 genes by THP-1
monocytic cell line by semi-quantitative RT-PCR. a = vs basal

Table 2 Percentage inhibition of CRP-induced gene expression by
THP-1 cells in the presence of anti-CD64 and anti-CD32 antibody

Antibodies MMP-1 MMP-2 MMP-9 TIMP-1
(%) (%) (%) (%)

Anti CD64 (50 pg/ml) 13 18 14 16

Anti CD64 (100 pg/ml) 24 26 19 23

Anti CD32 (50 pg/ml) 44 39 40 39

Anti CD32 (100 pg/ml) 59 60 56 58

Isotype control for 2 3 3 <0

anti CD32 (50 pg/ml)
Isotype control for <0 <0 1 1

anti CD32 (100 pg/ml)

THP-1 cells were incubated with 50 and 100 pg/ml of FcyRI (CD64),
FcyRII (CD32), and CD32 isotype antibodies separately, 2 h prior to
stimulation with the CRP (100 pg/ml) and mRNA expression of
RAGE and EN-RAGE genes were determined at 24 h

anti-CD64 antibody was found to be less effective in

blocking CRP-stimulated gene expression. Thus, our results
demonstrate that FcyRII (CD32) receptor is the main
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receptor through which CRP induces expression of MMPs
(1, 2, and 9) and TIMP-1 genes in THP-1 cells.

Involvement of signaling pathways in CRP-induced
expression of MMP 1, 2, 9, and TIMP-1

Figure 2 shows the results of the experiments elucidating
the involvement of signalling pathways for CRP induced
expression of MMPs and TIMP-1. Gene expression of
MMPs was inhibited in the presence of PD98059 (i.e.,
inhibitor of ERK signalling pathways). Similar to obser-
vations for different MMPs, ie., 1, 2, & 9, TIMP-1
expression was also inhibited significantly in the presence
of ERK inhibitor only but the inhibition was observed at a
relatively higher dose, i.e., 40 uM (P < 0.05). However,
the expression was found to be unaltered in the presence of
the other two inhibitors, i.e., SB 253850 and SP 600125
which were specific for p38 and JNK pathways, respec-
tively, even at maximum dose of 80 uM used in the present
study (Fig. 2). These results suggested that the CRP-
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pathways, i.e., PD 98059 [ERK (E)], SB 203580 [p38 (P)], SP 600125
[SAPK (S)] on CRP up-regulated gene expression of MMP-1, MMP-

induced expression of MMPs and their endogenous inhib-
itor TIMP-1 is dependent on ERK signalling pathway in
THP-1 cells. Since, MAPK inhibitors were dissolved in
dimethyl sulphoxide (DMSO), an equivalent amount of
vehicle (0.05% DMSO) was also added to the control cells.
However, we observed no significant differences in the
expression of these genes either in the absence or presence
of the vehicle (data not shown).

Effect of atorvastatin on CRP-induced gene expression
of MMP 1, 2, 9, and TIMP-1

Treatment of THP-1 cells with atorvastatin attenuated the
CRP-induced expression of MMPs in a time and dose-
dependent manner, although, 5 tM dose of atorvastatin
was unable to attenuate MMPs gene expression. No sig-
nificant alteration in the expression of CRP-induced MMPs
gene was observed with any dose of atorvastatin till 6 h
(P > 0.05). Maximum decrease in the expression of MMPs
gene was observed with 20 uM dose of atorvastatin at
48 h. Moreover, the difference in the attenuation of MMPs
expression in the presence of 10 or 20 UM doses of ator-
vastatin at 24 and 48 h was statistically significant
(P < 0.05) in case of MMP-1 and MMP-2 genes. However,
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2, MMP-9, and TIMP-1 by THP-1 monocytic cell line as determined by
semi-quantitative RT-PCR. a = vs basal; * P < 0.05; *** P < 0.001

we observed a more or less parallel trend in the attenuation
pattern of CRP-induced MMPs gene expression by ator-
vastatin at these two time intervals (Fig. 3).

We observed, a significant increment in the CRP-
induced expression of TIMP-1 in the presence of 20 uM of
atorvastatin at 24 h (P < 0.05), however, there was no
significant change at 48 h with the same dose (P > 0.05).
Moreover, no significant alteration in the CRP-induced
expression of TIMP-1 gene in the presence of other doses
of atorvastatin at different time intervals (P > 0.05; Fig. 3)
was observed. As atorvastatin is a lipophilic drug it was
dissolved in DMSO as a vehicle and, therefore, an equiv-
alent amount of vehicle was also added to the control
samples (data not shown).

Discussion

The results of our in vitro studies revealed that CRP at a
dose of 100 pg/ml was able to induce mRNA expression of
MMPs (MMP-1, 2, & 9) up to 3-7 folds, thus, elucidating a
potential mechanism by which CRP influences plaque
vulnerability. Our data is also supported by an experi-
mental study of Abe et al. [6] who reported that CRP
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Fig. 3 Time and dose-dependent effect of atorvastatin (020 pM) on
CRP up-regulated gene expression of MMP-1, MMP-2, MMP-9,
and TIMP-1 by THP-1 monocytic cell line as determined by

induces MMP-9 gene expression and activity by increasing
extracellular matrix metalloproteinase inducer (EMM-
PRIN) expression in rat macrophages. Studies in U937
histiocytes and in human aortic VSMCs have also dem-
onstrated that CRP induces MMP-1 and MMP-2 gene
expression by these cells, respectively [3, 33]. Recently, a
study in healthy human volunteers [7] reported that CRP
induces MMP-9 gene expression by peripheral blood
mononuclear cells (PBMCs) obtained from these subjects
and further that the observed induction in MMP-9 gene
expression was through TNF-a and IL-1f production in
vitro. All the evidences lined above clearly demonstrate
that CRP possesses inherent capacity to induce the
expression of MMPs and thus support our findings. Major
et al. [34] reported that, whereas MMP-1 expression was
coincident with VSMCs staining in the media and intima,
MMP-9 expression coincided with CD68-positive macro-
phage staining. Together, all these findings support our
view that CRP could be the main player in inducing the
expression of these proteinases in human atherosclerotic
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plaques and thereby, accelerate rupture of weakened pla-
ques. Collectively, our findings of augmented MMPs
expression in vitro by CRP combined with the data
obtained from the previous studies in the literature, profess
the undisputable role of CRP and MMPs in pathophysiol-
ogy of atherosclerosis.

As far as TIMP-1 levels are concerned, we observed a
biphasic effect of CRP on TIMP-1 gene expression at both
24 and 48 h in THP-1 mononuclear cells and the effect was
dose-dependent. Despite a biphasic effect, we observed
maximum expression of TIMP-1 gene with 100 pg/ml dose
of CRP at 24 h, which were similar to the effects of CRP
observed on MMPs gene expression. Though, the reason
for the biphasic expression of the TIMP-1 gene is not clear,
the increased expression of TIMP-1 could be viewed as a
spontaneous compensatory or adaptive response, which
may exist to compensate or counteract the deleterious
effects of CRP-induced MMP expression to some extent.

In rat peritoneal macrophages, Abe et al. [6] reported a
time and dose-dependent increase in the TIMP-1 levels up
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to 48 h which was maximum at 50 pg/ml CRP concen-
tration. Rajagopalan et al. [35] documented an increased
expression of MMPs and TIMPs in human atherosclerotic
plaques and suggested that this increase could be due to the
involvement of other biological mediators such as cyto-
kines, ROS and cholesterol. In contrast, Williams et al. [5]
and Doronzo et al. [33] observed no effect of CRP treat-
ment on TIMP-1 expression in U937 histiocytes and human
aortic VSMCs, respectively. The exact mechanism behind
these variable observations on CRP-induced TIMP-1
expression remains to be elusive.

Although, CRP caused a parallel increase in TIMP-1
expression, concomitantly with MMPs, the adequate bal-
ance between MMPs and TIMP-1 may play an important
role in the synthesis and degradation of extracellular
matrix. Based on the increased ratio of MMPs to TIMP-1 in
the present study, CRP appears to induce macrophage
activation which may then weaken the extracellular matrix
by proteolysis. On the basis of our results and scientific
evidence existing in the literature, our data potentiates the
evidence that, CRP is not simply associated with athero-
sclerotic events but is directly involved in the inflammatory
pathogenesis of vascular alterations responsible for vas-
cular remodeling and plaque destabilization.

In patients with chronic coronary artery disease, the
plasma CRP concentration increases only mildly and the
levels are <10 pg/ml in most of the cases [3]. However, in
our in vitro studies, CRP at lower dose, i.e., 5 pg/ml was
not able to elicit any significant effect on gene expression
by THP-1 cells. Only higher doses of CRP, i.e., 25-100 pg/
ml were able to upregulate expression of genes with ath-
erosclerotic potential. The range of CRP which was used in
the present study was higher than that observed in chronic
inflammation. The higher dose of CRP as used in our study
in vitro can be justified on the basis of observations of
another study by Yasojima et al. [36], who reported that
CRP mRNA levels in atherosclerotic plaques were 10.2-
and 7.2-folds higher than those in normal artery and liver,
respectively. They further demonstrated that CRP mRNA
was expressed by SMCs and macrophages in the thickened
intima of plaques. Therefore, it is very likely that higher
local CRP levels in atherosclerotic lesions are needed to
stimulate the expression of these genes by macrophages.

On the basis of our results, we hypothesize that CRP
appears to be a mediator for macrophage activation and
thereby, may act as a stimulus for plaque destabilization.
Our data is further supported by few other pathological
studies in the literature. Torzewski et al. [37] demonstrated
the presence of CRP in the human atherosclerotic lesions
and a diffuse CRP staining in the fibromuscular layer of the
intima and also demonstrated a positive CRP staining in the
majority of macrophage foam cells. Burke et al. [38]
showed a diffuse CRP staining in the lipid core area and

localized CRP staining in the cytoplasm of macrophages
and also, demonstrated a positive correlation between
levels of CRP and the number of thin cap atheroma, sug-
gesting the important role CRP may play to promote plaque
vulnerability.

The results of blocking experiments with antibodies to
these receptors in our study, clearly demonstrate the active
participation of FcyRII in the induction of MMP-1, 2, & 9
and their endogenous inhibitor by CRP in THP-1 cells. Our
study is also in accordance with the earlier observations,
where CRP has been shown to mediate its biological
effects in endothelial cells and monocyte—macrophages via
FcyRII and FcyRI [5, 7, 8].

The immunocytochemical detection of FcyRs in human
atherosclerotic lesions highlights their importance [39].
Ryu et al. [40] demonstrated that FcyRII exclusively
mediated CRP-induced intracellular ROS generation by
human vascular smooth muscle cells. Recently, Devaraj
et al. [41] documented that CRP-induces superoxide
release in endothelial cells and promotes eNOS uncoupling
and that these effects are reversed by inhibition of CD32
and CD64 receptor. In addition, in human monocytes, CRP
has been shown to induce CCR2 expression via CD64 [32].
In a recent report, Wu et al. [42] reported that CRP-
mediates tissue factor release via CD16 in vascular smooth
muscle cells in vitro. Therefore, blocking or silencing of
these receptors raises a possibility that these could to be
exploited as therapeutic targets in inhibiting the deleterious
effects of CRP on crucial genes involved in atherogenesis.

Our data clearly demonstrates that CRP up-regulates the
expression of MMPs by active involvement of the ERK
signalling pathways. No significant involvement of other
signalling pathways (i.e. JNK and p38) was observed as far
as CRP-induced expression of MMPs gene is concerned.
Our results are substantiated by the findings of Williams
et al. [5], who demonstrated that ERK1/2 signalling path-
way is involved in CRP-induced expression of MMP-1 in
U937 histiocytes. Role of ERK in up-regulation of MMPs
(MMP-2 and MMP-9) has also been highlighted in another
study by Doronzo et al. [33] in human VSMCs. Lin et al.
[43] in their study reported that incubation of human vas-
cular endothelial cells with CRP increases the gelatinolytic
activity of MMP-2 and MMP-9 in a dose-dependent
manner. These authors also demonstrated that treatment
with anti-CD40 reversed the observed up-regulation in
MMP activity, indicating that CRP exerts its direct pro-
inflammatory effects via CD40-CD40L signaling pathway.

Our results also show that the CRP-induced expression of
endogenous inhibitor of matrix metalloproteinases-1
(TIMP-1) is regulated via ERK signalling pathway alone,
similar to the observations noticed for MMPs expression. To
the best of our knowledge, our study is the first report which
demonstrates that ERK signalling pathway is involved in
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CRP-induced expression of TIMP-1 and that, the other two
MAPKs (p38 and JNK) signalling pathways are not
involved. Therefore, it becomes noteworthy here that MMP-
TIMP axis is modulated by a common signalling pathway,
i.e., ERK. Hence, inhibition of this signalling pathway could
be of interest in designing the therapy to combat the adverse
effects of CRP in lesion progression and plaque rupture. The
observations obtained from the present study so far, pinpoint
that MMP-TIMP axis co-operates with pro-inflammatory
cytokines in an autocrine, paracrine, and endocrine manner
at the site of atherosclerotic lesion and contributes to the
pathophysiology of the disease.

Next, we tested whether atorvastatin by virtue of its anti-
inflammatory potential could reverse the deleterious effects
of CRP on these genes in THP-1 cells in a dose- and time-
dependent manner. The results obtained so far demonstrate
that, atorvastatin treatment significantly attenuated CRP-
induced expression of MMP-1, 2 & 9 in THP-1 cells,
whereas it enhanced the expression of TIMP-1 gene. Thus,
the favorable pleiotropic effects of statins may not only
involve more than just a reduction in circulating CRP
levels, but may also negate the deleterious effects of CRP
at the cellular level. Thus, statins may serve a dual purpose;
first, they may provide a systemic anti-inflammatory effect,
and second, they may directly act at the tissue level
inhibiting the CRP-mediated molecular pathways respon-
sible for atherogenesis.

As far as the literature is concerned, evidence related to
the effects of atorvastatin on modulation of genes consid-
ered in the present study is lacking. In a similar dose as
used in the present study, atorvastatin was shown to inhibit
the expression of resistin [44], lipoprotein lipase, and
endothelial lipase activity [45] in THP-1 cells. Apart from
atorvastatin, in other in vitro studies, statins like simva-
statin, pitavastatin, and fluvastatin have also been reported
to downregulate the CRP-induced expression of candidate
genes involved in inflammation and atherosclerosis like IL-
8 and resistin [29, 30]. Our present and previous data
regarding the effect of atorvastatin on inflammatory genes
like MMPs, RAGE, EN-RAGE [8], and TIMP-1, further,
highlights and reconfirms the important anti-inflammatory
properties of atorvastatin which may be mediated by non-
steroidal products of the mevalonate pathway.

In a recent study, Abe et al. [6] documented the inhib-
itory effects of fluvastatin on CRP-induced gene expression
and activity of MMP-9 via inhibiting EMMPRIN (extra-
cellular matrix metalloproteinase inducer). Nevertheless,
Kibayashi et al. [30] showed that pitavastatin inhibited
CRP-induced IL-8 production both at protein and mRNA
levels in human aortic endothelial cells involving the
inhibition of the three signalling pathways, i.e., ERK, p38,
and JNK MAPKSs. Statins like pravastatin, lovastatin,
atorvastatin, and fluvastatin have been shown to inhibit the

@ Springer

MAPK pathways in aortic endothelial cells (AoEC) [46],
aortic SMCs [47], and cardiac myocytes [48]. As demon-
strated previously in our study, CRP has been shown to
mediate its effects through MAPKs signalling pathway.
Though, we did not determined the direct effect of ator-
vastatin on MAPKSs, but, from the previous studied men-
tioned above, one can speculate that atorvastatin exerted its
beneficial effects on these genes by inhibiting MAPKs
signalling pathway, thereby, negating CRP-induced effects.

On the basis of our results of the in vitro experiments,
we infer that CRP itself participates in up-regulation of the
genes with atherosclerotic potential and therefore, may
have a profound role in maintenance of the inflammatory
tone/status within the plaques and in destabilization of the
atherosclerotic plaques. As MAPKs were observed to be
the signaling pathways involved in modulation of these
genes by CRP, therefore, targeted inhibition of these
pathways could serve as therapeutic strategy. Atorvastatin
as a therapeutic modality holds the promise to reduce the
CRP-induced gene expression involved in inflammation
and vascular remodeling.
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