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Statins are best-selling medications in the management of high cholesterol and associated cardiovascular complications. They
inhibit 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)-reductase in order to prevent disproportionate cholesterol
synthesis. Statins slow the progression of atherosclerosis, prevent the secondary cardiovascular events and improve the
cardiovascular outcomes in patients with elevated cholesterol levels. The underlying mechanisms pertaining to the

cardioprotective role of statins are linked with numerous pleiotropic actions including inhibition of inflammatory events and
improvement of endothelial function, besides an effective cholesterol-lowering ability. Intriguingly, recent studies suggest
possible interplay between statins and nuclear transcription factors like PPARs, which should also be taken into consideration
while analysing the potential of statins in the management of cardiovascular complications. It could be suggested that statins
have two maijor roles: (i) a well-established cholesterol-lowering effect through inhibition of HMG-CoA-reductase; (ii) a newly
explored PPAR-activating property, which could mediate most of cardiovascular protective pleiotropic effects of statins
including anti-inflammatory, antioxidant and anti-fibrotic properties. The present review addressed the underlying principles

pertaining to the modulatory role of statins on PPARs.

Abbreviations

15d-PGJ2, 15-deoxy-delta(12,14)-prostaglandin J2; ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide;
HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A; LDL, low-density lipoprotein; MCP-1, monocyte chemotactic

protein-1

Introduction

Accumulating evidences prove dramatic reduction in the risk
of major cardiovascular events by statins, 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA)-reductase inhibi-
tors, which primarily lower the levels of low-density
lipoprotein (LDL) and total cholesterol. Lovastatin, pravasta-
tin and fluvastatin are first-generation statins, while atorvas-
tatin and simvastatin are second-generation statins and
rosuvastatin is a third-generation statin developed for the
management of dyslipidaemia (Kapur and Musunuru, 2008).

It has been revealed that statins can reduce blood pressure in
hypertensive patients (Golomb et al., 2008) with an incom-
pletely known mechanism. Pravastatin significantly reduced
cardiac angiotensin-II levels and subsequently normalized
peripheral cardiac sympathetic hyperactivity in spontane-
ously hypertensive rats (Herring et al., 2011), explaining the
possible mechanism involved in statin-mediated blood pres-
sure control. In addition, it has been suggested that atorvas-
tatin may regress the remodelling of pulmonary artery in
pulmonary hypertensive rats (Xie et al.,, 2010). Early treat-
ment with atorvastatin or simvastatin reduced mortality in
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patients of non-ischaemic dilated cardiomyopathy with
severe heart failure, independently of their lipid-lowering
effects (Li etal., 2010). Statins possess, besides cholesterol-
lowering action, numerous pleiotropic properties including
nitric oxide-mediated improvement in endothelial function,
antioxidant effects, anti-inflammatory properties and preven-
tion of atherosclerotic plaque formation (Treasure et al., 1995;
Masumoto et al., 2001; Kapur and Musunuru, 2008), all of
which collectively could be involved in statin-mediated
improvement of cardiovascular outcomes. PPARs are key tran-
scriptional regulators of carbohydrate and lipid metabolism
and energy production. PPARs have been suggested to play an
important role in the regulation of cardiovascular and renal
function (Balakumar et al., 2007a,b; 2009; Arora et al., 2010;
Balakumar and Jagadeesh, 2010; Kaur et al., 2010). Fenofi-
brate, an activator of PPAR«, is commonly employed to treat
hypertriglyceridaemia and mixed dyslipidaemia (Zambon
and Cusi, 2007). It has been suggested that fenofibrate pos-
sesses direct cardioprotective action through its anti-
inflammatory, antioxidant and anti-fibrotic properties on the
heart (Ogata et al., 2002; 2004; Diep et al., 2004; Chen et al.,
2007; Balakumar et al., 2011). On the other hand, pioglita-
zone, an activator of PPARy, is usually employed to treat
insulin resistance-associated incidence of diabetes mellitus,
and pioglitazone may have an ability to afford protection
from cardiovascular events in diabetic patients (Kaul et al.,
2010). Worthy of note that recent studies demonstrated a
novel pharmacological link between statins and PPARs sig-
nalling (Paumelle et al., 2006; Yano et al., 2007; Huang et al.,
2009; Shen et al., 2010). In this review, we enlightened that
the cardioprotective potentials of statins could also be medi-
ated through pleiotropic activation of PPARs.

A potential interplay between statins
and PPARs: a profound look

A growing body of evidence suggests a potential interplay
between statins and PPARs. In fact, statins have a protective
role on cardiovascular abnormalities besides cholesterol-
lowering effect, and their cardioprotective potentials could be
partly related to a mechanism eventually linking PPARs
(Figure 1).

PPAR-dependent effects of statins on
lipoprotein metabolism

It is evidenced that statins can induce lipid metabolism by
also activating PPARa. and enhancing its expression. Roglans
et al. (2002) investigated the effect of atorvastatin on hepatic
lipid metabolism in the fructose-fed hypertriglyceridaemic
rat. Fructose feeding (10% fructose in drinking water for 2
weeks) reduced PPARa expression and subsequently induced
hepatic lipogenesis. However, interestingly, treatment with
atorvastatin increased PPARo expression and reduced liver
triglyceride levels (Roglans ef al., 2002). It is worth mention-
ing that senescent rats are resistant to fibrate-induced hypo-
lipidaemic action as they are associated with decreased
expression of PPARa (Sanguino et al., 2005). Intriguingly,
administration of atorvastatin in 18 month old senescent rats
increased hepatic PPARa mRNA (2.2-fold) and PPARo protein
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(1.6-fold) levels and enhanced PPARa-binding activity as well
(Sanguino et al., 2005). Thus, the induction of significant
changes in PPARo expression could be responsible for
atorvastatin-induced improvement of lipid metabolic pheno-
type in senescent rats. A study by Huang et al. (2009) showed
that the combination of atorvastatin and fenofibrate in
fructose-fed hypertriglyceridaemic rats afforded a greater
degree of reduction in triglyceride levels as a result of marked
up-regulation of hepatic PPARo expression (Huang et al.,
2009). This result has been substantiated by a recent report
that atorvastatin reduced triglyceride levels via activating
PPARo in hypertriglyceridaemic rats (Huang et al., 2010).
These studies certainly emphasized a statement of statin-
mediated up-regulation and activation of PPARa, which
could be a target mediator of effects produced by both statins
and fibrates (fenofibrate, gemfibrozil, etc.) on hepatic lipo-
protein metabolism. However, further studies are needed to
explore the signalling mechanism involved in statin-
mediated up-regulation and activation of PPARo..

PPAR-dependent anti-inflammatory effects

of statins

It has been evidenced from numerous studies that PPARs
could mediate the pleiotropic anti-inflammatory effects of
statins. Interestingly, Yano et al. (2007) demonstrated that the
anti-inflammatory and anti-atherogenic properties of statins
(fluvastatin, simvastatin, atorvastatin, pitavastatin, cerivasta-
tin) were associated with pleiotropic activations of PPARa and
PPARy. The authors of this study showed that statins induce
COX-2-dependent increase in 15-deoxy-delta (12,14)-
prostaglandin J2 (15d-PGJ2) through RhoA and p38 MAPK
signalling and thereby activating PPARy (Yano et al., 2007).
Likewise, Paumelle et al. (2006) demonstrated that the acute
anti-inflammatory property of statins involves PPARo. via
inhibition of the PKC signalling pathway (Paumelle et al.,
2000), as the PKC signalling is known to regulate a molecular
switch between transactivation and transrepression activity
of PPARa (Blanquart et al., 2004). It is worthwhile to note that
statins such as simvastatin, fluvastatin and cerivastatin sig-
nificantly reduced IL-1f and IL-6 mRNA expression and their
protein levels, markedly decreased mRNA levels of p22phox
and p47phox (subunits of NADPH oxidase) and also inhibited
COX-2 mRNA expression and their protein levels in primary
endothelial cells, which were considerably accompanied with
induction of PPARa. and PPARy mRNA expression and their
protein levels (Inoue et al., 2000). These distinctive anti-
inflammatory and antioxidant effects of statins, in addition
to their cholesterol-lowering effect, may be of potential thera-
peutic value in preventing the vascular complications
induced by hyperlipidaemia. Furthermore, Zelvyte et al.
(2002) showed that pravastatin increased PPARy levels and
abolished NF-xB activity in vitro. The addition of pravastatin
to monocytes prior to or after treatment with native or oxi-
dized LDL (nLDL or oxLDL) significantly inhibited the gen-
eration of fibrotic and inflammatory mediators such as
MMPs, monocyte chemotactic protein-1 (MCP-1) and TNF-a,
highlighting pravastatin-mediated involvement of PPARy in
the inhibition of inflammatory events (Zelvyte et al., 2002).
Similarly, Grip et al. (2002) demonstrated that atorvastatin
activated PPARy and followed by markedly inhibiting the
production of TNF-o, MCP-1 and gelatinase in a
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Depicted here are multi-pronged mechanisms involved in PPAR-dependent cardiovascular defensive role of statins. SOD, superoxide dismutase
HDL, high-density lipoprotein; ROS, reactive oxygen species; ICAM-1, inter-cellular adhesion molecule-1; VCAM-1, vascular cell adhesion
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concentration-dependent manner in primary human mono-
cytes (Grip etal., 2002). Taken together, these findings
strongly suggest that statins would have an ability to dimin-
ish inflammatory cascades via activation of PPARs, which
could, perhaps, explain the involvement of additional
molecular mechanism pertaining to the protective effects of
statins on cardiovascular system. This contention has been
explained in the following section with substantial evidences.

PPAR-dependent cardioprotective effects

of statins

Needless to mention that statins have a therapeutic potential
to prevent cardiac abnormalities, it remains, however, uncer-
tain to describe the precise mechanism/s associated with the
defensive potential of statins against cardiac complications.
Nevertheless, one reasonable explanation resides in the fact
that the interplay between statins and PPARs, in addition to
their cholesterol-lowering effect, may be a key mechanism of

cardioprotective effects exerted by statins. To support this
notion, Sheng et al. (2005) investigated the effect of atorvas-
tatin on angiotensin-II-induced hypertrophy of cardiac myo-
cytes in relation to changes in PPARo. and PPARy mRNA
expression. Treatment with atorvastatin up-regulated the
expression of PPARo. and PPARy and consequently inhibited
the hypertrophy of cardiac myocytes in vitro by decreasing
the mRNA expression of markers of cardiac hypertrophy such
as atrial natriuretic peptide (ANP), brain natriuretic peptide
(BNP), MMP9, MMP2 and IL-1fB (Sheng et al., 2005). Subse-
quently, an in vivo anti-hypertrophic potential of atorvastatin
was reported. Administration of atorvastatin in pressure-
overloaded rats markedly prevented the development of
cardiac hypertrophy (assessed in terms of increase in the ratio
of heart weight to body weight, left ventricular wall thickness
and myocyte diameter) by attenuating the down-regulation
of PPARy mRNA and inhibiting the mRNA expression of BNP,
IL-18 and MMP9 (Ye etal., 2006). Moreover, it has been
shown that apolipoprotein E-deficient (ApoE~") mice fed with
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‘Western-style diet’ developed cardiac hypertrophy and fibro-
sis by an increase in age. However, simvastatin treatment
inhibited the development of cardiac hypertrophy and fibro-
sis in ApoE”~ mice by significantly increasing both PPARo and
PPARy expression (Qin et al., 2010). As a whole, statins have a
potential in the prevention of cardiac abnormalities includ-
ing cardiac hypertrophy through a pleiotropic activation of
PPARo and PPARy in the heart and subsequent inhibition of
myocardial inflammation and cardiac fibrosis. In a recent
study by Shen et al. (2010), it has been more evidenced that
simvastatin pretreatment, in a rat model of cardiopulmonary
bypass, significantly decreased myocardial expression of
inflammatory cytokines like TNF-o, IL-6 and MCP-1. Such
myocardial anti-inflammatory effect of simvastatin was sug-
gested to be partly related to an activation of PPARy and
inhibition of NF-«xB signalling (Shen ef al., 2010). This study
further confirms the fact that the preventive effect of statins
on myocardial inflammation could be mediated by PPAR-
linked mechanism.

Statins have also been identified to afford cardioprotec-
tion against ischaemia-reperfusion-induced myocardial
injury. Ravingerova et al. (2009) suggested that statins have a
capability to induce myocardial tolerance in response to
ischaemic insult. In this study, the Langendorff-perfused
heart isolated from the simvastatin-pretreated normocholes-
terolaemic rat was subjected to a 30 min global ischaemia and
120 min reperfusion. The baseline PPARoe. mRNA and protein
levels were noted to be increased in the simvastatin-
pretreated rat heart, which exhibited smaller infarct size,
improved post-ischaemic contractile recovery and lower
severity of arrhythmias during ischaemia and early reperfu-
sion, as compared with the ischaemia-reperfused untreated
control rat heart. The authors of this study suggested that
simvastatin-induced up-regulation of PPARo. may have
played a pivotal role in preventing ischaemia-reperfusion-
induced experimental myocardial injury (Ravingerova et al.,
2009). Taken in concert, these studies undoubtedly highlight
the existence of interplay between statins and PPARs in
improving myocardial outcomes and preventing cardiac
structural and functional abnormalities.

PPAR-dependent vascular effects of statins

Studies have revealed the potential of statins in the manage-
ment of persistently elevated blood pressure through a
mechanism that implicates PPARs activation. Treatment with
rosuvastatin in the obese dyslipidaemic mouse fully corrected
blood pressure and its variability in conjunction with the
up-regulation of PPARy in the aortic arch. Likewise, rosuvas-
tatin increased the expression of PPARy in isolated endothe-
lial cells (Desjardins et al., 2008). Interestingly, rosuvastatin
normalized blood pressure homeostasis in the obese dyslipi-
daemic mouse independently of changes in body weight and
plasma cholesterol (Desjardins etal., 2008). In addition,
statins may have pleiotropic anti-platelet action mediated by
PPARs. In a small-scale human study, fluvastatin was shown
to activate PPARao. and PPARy in platelets and consequently
reduce platelet aggregation in response to arachidonic acid ex
vivo (Ali et al., 2009). Therefore, up-regulation and activation
of PPARs may perhaps be a distinctive mechanism involved
in the vascular defensive effects of statins. Additional studies,
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however, are needed to illuminate the molecular mechanism
involved in this contention.

PPAR-dependent renoprotective effects

of statins

Statins possess renoprotective effects, which are fractionally
mediated by PPARs. Pravastatin has an ability to prevent
carboplatin-induced renal dysfunction via a PPAR-dependent
mechanism. It has been shown that pravastatin pretreatment
in carboplatin-administered mice considerably prevented the
induction of renal dysfunction and apoptosis, and improved
renal morphology and survival by inducing the expression of
PPARa (Chen et al., 2010). In addition, atorvastatin afforded
renoprotective effect in rats that underwent unilateral ure-
teral obstruction by alleviating renal interstitial fibrosis via an
activation of PPARy (Liu et al., 2007). The PPAR-dependent
renoprotective effect of statins was further evidenced by the
fact that PPARa mediates the anti-inflammatory effect of sim-
vastatin in an experimental model of zymosan-induced renal
failure (Rinaldi et al., 2011). These studies pointed out the
possibilities of PPAR-dependent renoprotective effects of
statins.

Molecular mechanisms involved in
statin-mediated activation of PPARs

The precise molecular mechanism involved in statin-
mediated PPARs activation is not completely understood.
Yano etal. (2007), however, demonstrated possible
mechanism/s pertaining to PPAR activation by statins in mac-
rophages. In detail, statins activated PPARy by suppressing
farnesylpyrophosphate and geranylgeranylpyrophosphate,
and subsequently inhibiting small GTP-binding proteins like
Rho. Statins induced p38 MAPK-dependent COX-2 expres-
sion by inhibiting the RhoA signalling pathway. In addition,
statin-induced COX-2 expression was also mediated by
ERK1/2 activation through a RhoA signalling pathway. These
signalling cascades, as a result, certainly increased 15d-PGJ2
levels, which is one of the natural PPARy ligand activating
PPARy. Additionally, statins activated PPARa via a COX-2-
dependent pathway (Yano etal., 2007). Taken together,
statins could activate PPARs through ERK1/2 and p38 MAPK-
dependent COX-2 expression.

Therapeutic outcomes with
combination of statins and PPAR
ligands: current perspectives and
future directions

Patients of uncontrolled dyslipidaemia are at increased risk
for coronary heart disease, and the incidence of which is even
higher with diabetes mellitus. Statins primarily lower LDL
and total cholesterol, while fibrates (PPARa ligands) appear to
have exclusive property of reducing triglycerides, whereas
glitazones (PPARy ligands) have unique property of inducing
insulin sensitization followed by glucose metabolism. Thus,



the combination of statins with PPAR ligands was proposed to
be a most appropriate therapeutic option in the management
of metabolic abnormalities associated with diabetic and non-
diabetic dyslipidaemic cardiovascular inflammatory disor-
ders. This contention was partially supported by an
experimental study in which the combination of pravastatin
and pioglitazone had a prospective anti-fibrotic effect in
angiotensin-II-administered mouse cardiac fibroblasts, and
this combination markedly inhibited angiotensin-II-induced
oxidative stress, MAPK activation and procollagen-1 expres-
sion (Chen and Mehta, 2006). The following subsection
details the clinical outcomes of combination of statins with
PPAR ligands.

A multi-centre, randomized, double-blind, active-
controlled 18 week study suggested that simvastatin and
fenofibrate combination therapy, in patients with combined
hyperlipidaemia, resulted in an additional improvement of
all lipoprotein parameters as compared to simvastatin mono-
therapy (Grundy et al., 2005). Subsequently, it was suggested
that atorvastatin and fenofibrate combination therapy would
be safe and possesses beneficial additive effects on endothelial
function in patients with combined hyperlipidaemia (Koh
et al., 2005). Moreover, addition of pioglitazone to statin in
non-diabetic patients with metabolic syndrome afforded a
marked additional benefit in the lipid profile over statin
monotherapy (Murdock et al., 2006). It is worth mentioning
that treatment with tesaglitazar, a PPAR o/y dual agonist,
further improved the lipid profile in dyslipidaemic subjects
co-administered with atorvastatin (Tonstad et al., 2007). A
study by Leonhardt ef al. (2008) demonstrated a synergistic
preventive action of pioglitazone and simvastatin combina-
tion therapy on atherogenicity of small dense LDL particles in
non-diabetic patients with high cardiovascular risk. Addition-
ally, Sugamura et al. (2008) provided further evidence of a
great benefit upon adding pioglitazone to a successful statin
therapy in non-diabetic patients with coronary artery disease.
Furthermore, co-administration of pioglitazone with atorvas-
tatin in a population at high cardiovascular risk provided
additional benefits on endothelial function, lipid profile and
markers of inflammation (Forst et al., 2008). These studies
collectively suggest that the combination of statins with
PPAR ligands may offer a valuable therapeutic option and
may be beneficial in diabetic and non-diabetic subjects
with dyslipidaemic cardiovascular inflammatory disorders.
Though the combination of statins with PPAR ligands could
provide considerable benefits in preventing the progression
of cardiovascular disorders, the long-term benefits and the
adverse profile on the combination of statins and PPAR
ligands upon chronic treatment are uncertain and are needed
to be investigated.

Adverse effects of statins: is there a
role of PPARs?

The chronic use of statins has been infrequently associated
with myositis and rhabdomyolysis (Mukhtar and Reckless,
2005; Antons et al., 2006). It remains question whether these
potential adverse effects of statins unswervingly involve the
role of PPARs. It must be cautiously noted that fibrates, being

Modulatory role of statins on PPARs

PPARa activators, have been reported to have potential risk of
inducing rhabdomyolysis (Wu et al., 2009). Thus, it could be
possible that statin-mediated induction of myositis and rhab-
domyolysis may be associated with PPARo activation.
However, there is no direct evidence at present available to
support this contention impeccably. Moreover, some newly
defined side effects have been also shown. Statins may inter-
fere with cardioprotective and infarct size-limiting potentials
of ischaemic pre- and post-conditioning (Kocsis et al., 2008),
which could possibly involve an altered expression pattern of
PPARy (Onody et al., 2003). These studies suggest a feasible
cross-talk between PPARs and statin-induced adverse events.

Concluding remarks

An increased risk of coronary heart disease has been reported
with rosiglitazone, a PPARy agonist (Nissen and Wolski,
2007), and it may increase the risk of myocardial ischaemic
events by 30-40% (Schernthaner and Chilton, 2010). The
exact mechanism pertaining to rosiglitazone-induced coro-
nary heart damage, however, is not known and may be unre-
lated to PPARy activation. Because another PPARy agonist,
pioglitazone (the only available glitazone in clinical use at
present), does not increase the risk of coronary events, and
even its treatment may afford protection against detrimental
cardiovascular events in diabetic patients (Kaul et al., 2010;
Schernthaner and Chilton, 2010). Thus, rosiglitazone-
associated risk of coronary heart disease may be unrelated to
PPARy activation or may be due to PPARy-mediated different
gene expression pattern.

Statins have a prominent role of inhibiting HMG-CoA
reductase and alongside submaximal role of modulating the
expression pattern and activation of PPARs. The interplay
between statins and PPARs may put forward perspectives in
the treatment of diabetic and non-diabetic subjects with car-
diovascular complications and dyslipidaemia. The pleiotropic
anti-inflammatory, anti-atherogenic, anti-fibrotic and anti-
oxidant properties of statins could explain their cardiovascu-
lar protective potentials, which could be mediated through
activation and up-regulation of PPARs. The long-term clinical
studies are obligatory to enlighten the effect of chronic treat-
ment of the combination of statins with either fenofibrate
like PPARa ligands (non-diabetic condition) or pioglitazone
like PPARy ligands (diabetic condition) in the management of
cardiovascular complications in hyperlipidaemic subjects
with myocardial inflammation and fibrosis.
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