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Abstract: Complex molecular and cellular mechanisms are involved in the pathway of liver fibrosis. Activation and 
transformation of hepatic stellate cells (HSCs) are considered the two main reasons for the cause and development of liver 
fibrosis. The peroxisome proliferator-activated receptors (PPARs) belonging to the family of ligand-activated transcrip-
tion factors play a key role in liver homeostasis, regulating adipogenesis and inhibiting fibrogenesis in HSCs. Normal 
transcriptional function of PPARs contributes to maintain HSCs in quiescent phase. A reduced expression of PPARs in 
HSCs greatly induces a progression of liver fibrosis and an increased production of collagen. Here, we discuss role and 
function of PPARs and we take into consideration molecular factors able to reduce PPARs activity in HSCs. Finally, al-
though further validations are needed, we illustrate novel strategies available from in vitro and animal studies on how 
some PPARs-agonists have been proved effective as antifibrotic substances in liver disease. 
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1. INTRODUCTION 

Molecular and gene studies have opened new points of 
view on the pathogenesis of liver fibrosis clarifying some of 
the most important pathophysiologic mechanisms, among 
which very important is the one involving the role of perox-
isome proliferator-activated receptors (PPARs) in hepatic 
stellate cells (HSCs) (Fig. 1). 

PPARs, belonging to the nuclear hormone receptor su-
perfamily, are transcription factors that bind DNA and regu-
late transcription in a ligand-dependent manner. They regu-
late gene expression after binding with RXR (Retinoid X 
Receptor) as a heterodimeric partner to specific DNA se-
quence elements termed PPRE (peroxisome proliferator re-
sponse element [1]. 

Three main isotypes of PPARs, PPAR� (also called 
NR1C1), PPAR� and � (PPAR �/ �) that are the same recep-
tor (also called NUC1 or FAAR), and PPAR� (also called 
NR1C3), are known: each one of them has a distinct, tissue-
specific pattern of expression [2]. 

PPARs control the transcription of several genes in-
volved in fatty acid oxidation and cell differentiation and 
regulate several biological processes such as development, 
differentiation, neoplastic conversion, inflammation and 
wound healing [3]. 

In the liver, PPARs have important functions: they con-
tribute to maintain HSCs in a quiescent condition; indeed, 
PPAR� is able to inhibit type I collagen expression at the 
level of transcription [4]. HSCs, that are pleiotropic cells 
strictly located next to hepatocyte laminates in the  
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perisinusoidal space of Disse, whether activated or trans-
formed, greatly favour the development of liver fibrosis [5] 
(Fig. 2).  

In HSCs, equilibrium between adipogenic and myogenic 
genes is also regulated by epigenetic modifications. Despite 
the mechanism is largely unknown yet, DNA methylation in 
CpG islands of the gene promoter regions seems very impor-
tant. Several studies demonstrated an increased hypermethy-
lation rate of promoter in cirrhotic patients compared to 
normal controls [6, 7]. 

Depletion of microRNA132 (miR132) leads to over-
expression of methyl-CpG binding protein 2 (MeCP2), that 
normally is suppressed. MeCP2 induces generation of en-
hancer of zeste homolog 2 (EZH2) and hypermethylation of 
lysine 27 histone 3 (H3K27). Alternatively, MeCP can di-
rectly bind CG island and promote methylation of H3K9. 
Methylated H3K9 can recruit transcriptional suppressor 
HP1� and bind to the promoter, exon1, exon2 and 5’ end of 
PPAR�. All these mechanisms conduct to a suppression of 
PPAR� [8, 9].  

Another pathway shows a key role of necdin: this pro-
tein, normally expressed in neurons, skeletal and smooth 
muscle cells, can prevent HSCs from developing adipogenic 
characters. In fact, Necdin combines with GN box of pro-
moter of wingless-related MMTV integration site 10b 
(Wnt10b). Promotion of Wnt10b expression leads to the 
generation of EZH2 and hypermethylation H3K27 [10]. 

Also MeCP2 enhances the expression of a methyltrans-
ferase of H3K4 promoter called ASH1 that leads to recruit-
ment of �-SMA, collagen I, TIMP-1 and TGF�1 genes [11]. 

MeCP2 is also partially involved in epigenetic regulation 
of expression of inflammation chemokine [12]. 
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Fig. (1). Schematic view of the portal microcirculation under physiological conditions of the liver: you can see the portal sinusoid with, 
around, space of Disse, hepatic stellate cells (HSCs) and hepatocytes. PPAR� inside HSCs and PPAR� and PPAR�/� inside hepatocytes are 
respectively involved in favouring the maintainance of normal liver function and metabolism. 

 

 

 
Fig. (2). Schematic view of the portal microcirculation in liver fibrosis: portal sinusoid with increased amount of collagen type 1 in space of 
Disse, activated hepatic stellate cells (HSCs) and hepatocytes are represented. PPAR� inside HSCs and PPAR� and PPAR�/� inside hepato-
cytes are respectively altered and liver function is dysregulated. 

Another epigenetic mechanism involves metalloprote-
ases: an impaired histone deacylation during HSC differen-

tiation may lead to accumulation of histone deacetylase-4, 
which can suppress the activity of MMP gene promoter in 
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quiescent HSCs, determining accumulation of extracellular 
matrix [13]. 

The telomere length may play an important role. Previous 
studies demonstrate that hypermetilation of DNA is corre-
lated with an increased activity of telomerase [1]. This epi-
genetic mechanism seems to be involved in trans-
generational inheritance: in 2009, it was demonstrated that 
offspring of murine models exposed to CCL4 injury devel-
oped tolerance to liver damage and a lower degree of fibrosis 
[14]. 

Epigenetic mechanisms, although largely unknown, seem 
to be a very intriguing area of research for the next years. 

Before HSCs transform themselves into myofibroblasts, a 
number of stimuli (viral, ROS, endotoxins, alcool, etc) act on 
several cellular types in the liver (Kupffer cells, macro-
phages, neutrophils, T cells, natural killer and natural killer T 
cells) [15]; these cells secrete specific cytokines to favour 
initiation and progression of hepatic fibrosis by means of a 
reduction of activity of PPARs in HSCs. Indeed, TNF-� me-
diated inhibition of PPAR� transactivity may result in in-
creased HSCs activation and proliferation [16, 17]. 

It is known that the activity of PPARs depends on ligand-
induced conformational changes, a mandatory process for a 
correct functioning of ligand-regulated nuclear receptors 
[18]. Conformational changes of PPARs facilitate their dis-
sociation from corepressor molecules and their interaction 
with multisubunit coactivators. 

Therefore, lack of dynamic and coordinated changes in 
PPARs expression and also perturbations in the expression 
of coactivators may alter the correct function of PPARs and 
favour a change of phenotype from quiescent to activated in 
HSCs. 

Inhibition of fibrosis is one of the most attractive biologi-
cal process, object of several studies [19]. Here we want to 
review the complex molecular mechanisms and the signaling 
involved in the cross-talk among coactivators, corepressors 
and PPARs in HSCs.  

We also summarize some of the several strategies based 
on PPAR� stimulation that have proven to be potential anti-
fibrotic approaches. 

2. PPARS IN LIVER PHYSIOLOGY 

2.1. Structure of PPARs 

PPARs share a similar modular structure: A/B domain 
(ligand- independent activation domain), C domain (DNA 
binding domain), D domain (hinge domain), and E/F domain 
(ligand-binding domain – LBD) [20]. The chief fragment of 
the N-terminal domain A/B is an �-helix fragment possess-
ing a ligand-independent activating function (AF-1) [21]. In 
A/B domain there is a residue of serine in position 112, sub-
ject to phosphorylation by mitogen-activated protein kinase 
(MAPK) pathway, resulting in failure to intramolecular 
communication between the domains, and reduction in 
ligand-binding affinity. C domain contains two zinc fingers, 
each encoded by two different exons (2 and 3) which, to-
gether with particular aminoacid sequences, binds DNA. C 
domain also takes part in dimerization with RXR. D domain 

is a flexible hinge between C and E / F domains [22]. It acts 
as a binding cofactor and contains a specific amino acid se-
quence recognized by the transport proteins, which allows 
the movement of the protein synthesized, from the cytoplasm 
to the nucleus. The largest domain is the LBD (E/F domain) 
located at the C-terminus [23]. The LBD contains a fragment 
called ligand-dependent activation function 2 (AF-2), en-
gaged in the recruitment of PPAR� cofactors to assist the 
gene transcription processes [24].  

The unliganded LBD possesses a small �-sheet of four 
strands and 12 �-helices that are folded into three layers to 
create a central hydrophobic ligand-binding pocket. AF-2 is 
in helix 12, located between �-strand and helix 3, that closes 
the ligand binding site in response to a ligand, resulting in a 
transcriptionally active form of the receptor [25].  

Despite this similar structure, the difference between 
PPARs can be linked to ligand specificity. In this regard, 
PPAR� cavity is narrower in the region adjacent to the AF-2 
helix and this may explain why large headed TDZs and L-
tyrosine based agonists show little or no ability to bind 
PPAR� [26]. 

The difference between PPAR� and PPAR� may be ex-
plained by the interaction with Farglitazar and GW409544: 
in fact, Farglitazar, shows higher PPAR� selectivity com-
pared to that of GW409544, due to the presence of three ad-
ditional atoms located near the carboxylate head group. Due 
to the presence of Tyr314 in PPAR� compared to the corre-
spondent His 323 in PPAR�, farglitazar shows stearical clash 
in interaction with PPAR� [26]. 

Regarding LBD, a “mouse trap model” was proposed 
[27] whereby a ligand-induced conformational transition 
permitted the reposition of the amphipathic alpha-helix of 
the AF-2 activating domain and, forming the active form of 
the receptor that can bind a co-activator. 

This is crucial in the interaction with the agonist 
GW1929, a pan-agonist that stabilizes H11 and H12, in con-
trast with the partial agonist nTZDpa and the antagonist 
GW9662 [28]. Furthermore PPAR� and PPAR� show that 
H12 is very dynamic even in the absence of ligand, and can 
adopt the active form spontaneously [29], in agreement with 
the existence of a basal activity in the absence of ligand [30]. 
These conformational changes, that can ensure a constitutive 
activity of PPARs, depend on highly conserved residues 
among the three isotypes [31, 32].  

Allosteric alterations are also important in regulation of 
PPARs with coactivators and corepressors, that stabilize the 
molecule in an active and, respectively, inactive form. The 
nuclear receptor interaction domain of the co-activators con-
tains LXXLL motif that forms two turns of �-helix and binds 
into a hydrophobic cleft on the surface of the receptor. The 
latter is formed upon stabilization of active conformation of 
AF-2 in H12 [33].  

Corepressor motif instead is LXXXIXXXL, that reposi-
tions the AF-2 helix and prevents it from going back to ac-
tive positions [34]. 

2.2. PPAR �  in Hepatocytes 

Peroxisome proliferator-activated alpha, also known as 
PPAR�, NR1C1; hPPAR; MGC2237; MGC2452, is a nu-
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clear-hormone transcription receptor of 468 amino acids 
coding by 22q13.31 [35]. 14 polymorphisms are known, at 
least (Table 1) [36]. 

Table 1. PPAR� Polymorphisms 

P22R 
V227A (rs1800234) 

A268V (rs1042311) 

D140Y 

D304N (rs1800242) 
R127Q (rs1800204) 

G395A (rs2229245) 

R131Q 

D409T (rs1800243) 

L162V (rs1800206) 

R178G 
Q413L (rs9615759) 

D140N 

G395E 

 
The expression of the PPAR� gene is regulated by the 

hepatocyte nuclear factor-4 (HNF4), that enhances hPPAR � 
promoter activity. In contrast, the nuclear receptor COUP-
TFII down-regulates the hPPAR � promoter activity. PPAR� 
binds the �HNF4-RE, leading to its expression in hepato-
cytes [37] that is regulated by the ubiquitin proteasomal deg-
radation system [38].  

PPAR� is regulated also by repressive post-trascriptional 
mechanisms such as  

- PPAR�2, a A truncated isoform resulting from a post-
translational exon skipping [39]  

- post-translational modifications such as phosphoryla-
tion, [40-42]. 

PPAR�, like many non-steroid members of the nuclear 
receptor (NR) family, functions as an obligate heterodimer 
with another nuclear receptor, retinoid X receptor (RXR; 
NR2B) [43]. The PPAR�/RXR heterodimers can form inde-
pendently of the PPAR� ligand and these unliganded het-
erodimers recruit corepressor protein complex and inhibit 
target genes transcription [44]. Upon ligand binding, the 
corepressor complex is released from the PPAR�/RXR het-

erodimer, and the coactivator complexes will be recruited to 
the promoter region of target genes to initiate transcription 
[5]. The PPAR�/RXR heterodimers bind to a specific DNA 
sequence element called peroxisome proliferator response 
element (PPRE) [45]. 

RXR is also partner of other NRs; a possible competition 
mechanism between NRs for this common binding partner 
may exist [46]. Transcriptional activation of genes is a com-
plex process, which involves the participation of several 
transcription coregulators. PPAR�, interacting with coactiva-
tors or corepressors, augments or represses, respectively, its 
activity [47] (Table 2) [36]. 

The binding of ligand to a nuclear receptor favors  
• the release of corepressors through the recruitment of 

coactivator complexes, such as members of the SRC-
1/p160 family, which exhibit histone acetyltransferase 
activity required to facilitate chromatin remodeling.  

• the docking of other coregulators, either singly or as 
preassembled multisubunit protein complexes, including 
mediator complex (MED),  

• the interaction of ligand-activated receptor with RNA 
polymerase  

• the transcription of a specific set of genes [48] 
All PPARs participate in energy metabolism: PPAR� and 

PPAR�/� act as catabolic regulators of energy expenditure, 
while PPAR� regulates anabolic metabolism [49]. Hepatic 
lipid metabolism principally involves three aspects: lipo-
genesis, oxidation of fatty acids and secretion of lipids. 

Emerging evidence suggests that PPAR� also influences 
lipogenesis by increasing the transcription of Scd-1 and other 
lipogenic genes by regulating the primary transcription fac-
tors liver X receptor � (LXR�).  

This function is regulated by the LXRs ligand activation 
that represses PPAR� signaling through reduction of stimu-
lated-PPAR�/RXR binding to PPRE, as observed in primary 
culture of hepatocytes and mouse liver [50, 51]. Another 
transcription factor, regulator of the hepatic lipogenesis, and 
inhibitor of PPAR� is SREBP-1c [52]. 

The involvement of PPAR� in lipogenesis may suggest a 
fail-safe compensatory mechanism for the removal of impor-
tant fatty acids, for example, during starvation [53]. 

Table 2. Corepressor and Coactivators of PPAR� 

PPAR� Corepressor PPAR� Coactivators 

N-CoR (nuclear corepressor) 
SMRT (silencing mediator for retinoid and thyroid hormone receptors) 

Receptor Interacting Protein 140 (RIP140) 

SRC-1 (steroid receptor coactivator-1) 
CBP/p300 

SRC/p160 family 

PBP/MED1 (PPAR-binding protein/TRAP220/DRIP205/ mediator subunit 1) 

PRIP/NCoA6 (ASC2/RAP250/TRBP/NRC) 

PRIC285 

PRIC295 
PRIC320 

PGC-1� 

PGC-1�, as well as coactivator-associated proteins PIMT (NCoA6IP) and 

CARM-1 
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PPAR� regulates fatty acid oxidation in the hepatocytes 
acting on genes of the classical inducible peroxisomal (�-
oxidation and microsomal �-oxidation) and key enzymes 
(Table 3) [54]. 

Dicarboxylic acids are unique because they serve as sub-
strates for the peroxisomal �-oxidation system and also as 
ligands for PPAR�, streamlining their own metabolism by 
inducing PPAR� activation and thus regulating all three fatty 
acid oxidation enzyme pathway.  

PPAR� may be activated by several endogenous mole-
cules, such as satured and unsatured long chain fatty acyl-
CoA and unsatured long chain fatty acids, through ligand-
induced conformational changes (large molar ellipticity 
changes) [55].  

The most studied endogenous PPAR� ligand is the 1-
palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine16:0/18:1-
GPC (1); it has been demonstrated to be able to induce 
PPAR�-dependent gene expression and to decrease hepatic 
steatosis when fatty acid synthase enzyme activity is present 
[56, 57]. Another endogenous molecolar factor able to re-
duce hepatic fat accumulation is adiponectin, an adipocyte 
produced peptide hormone that, by means of activation of 
PPAR�, induces hepatic fatty acid oxidation [58]. 

P
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PPAR� ligands reduce very low density lipoprotein 
(VLDL) production and enhance the catabolism of triglyc-
erides (TG)-rich particles and this indirectly decreases small 
dense LDL (sdLDL) particles [59, 60], enhancing the forma-
tion of high density lipoprotein (HDL) particles and hepatic 
elimination of excess cholesterol. The activity of ApoC-III, 
which is an inhibitor of both lipoprotein lipase (LPL) activity 
and remnant clearance, is lowered by PPAR� agonists. HDL 
apolipoprotein genes apoA-I and apoA-II are activated by 
PPAR� by direct transcriptional control [61]. Thus, PPAR� 
activation by fibrates and other compounds, elicits a global 
normolipidemic response, by reducing TG-rich particle pro-
duction, increasing their lipolysis, and promoting HDL me-
tabolism. PPAR� also shows an important role in reducing 
inflammation. In fact, Leukotriene B4 (LTB4) is a PPAR� 
agonist and a powerful chemotactic inflammatory eicosa-
noid. Stimulation of PPAR� by LTB4 causes expression of 

genes of the �- and �-oxidation pathways that neutralize and 
degrade LTB4 itself [62].  

2.3. PPAR �/�  in Hepatocytes 

PPAR�/�, also known as FAAR, NUC1, NUCI, NR1C2, 
NUCII, PPAR�, PPAR�, is coded by chromosome 6p21.2 
and exists in at least 3 isoforms: 401, 361 and 402 amino 
acids generated by alternative splicing. [63]. An interesting 
study demonstrated that PPAR�/� has a molecular structure 
very similar to that of PPAR� [64]. PPAR�/� as other 
PPARs, forms an obligate heterodimer with RXR and binds 
to specific PPRE found on target genes [65]. Post-
transcriptional modifications include phosphorylation, ubiq-
uitinylation, and sumoylation [47]. PPAR�/� expression is 
induced by protein kinase C (PKC) activation [66] which 
plays an important role in inflammation. After post-
transcriptional modifications, PPAR�/� activates or represses 
target genes depending on cellular expression pattern of co-
activators and co-repressors [67].  

PPAR�/�, unlike PPAR� and PPAR� that are localized 
mostly in the liver and adipose tissue, is ubiquitous, but has a 
higher expression in intestine, keratinocytes and liver [68]. 

PPAR�/� is expressed in quiescent HSCs, and especially 
in activated HSCs in vitro and in vivo but its role is not com-
pletely clear yet; indeed PPAR�/� favors HSCs proliferation 
but also counterbalances this effect expressing genes in-
volved in esterification of vitamin A (2) and downregulating 
proinflammatory gene expression, thus working to maintain 
HSCs in a quiescent phase [69-71].  

Liver function of PPAR�/� has been object of an interest-
ing study demonstrating that adenovirus-mediated liver-
restricted PPAR�/� activation reduces fasting glucose levels 
in high fat- and in chow-fed mice with concomitant increase 
in accumulation of glycogen [72]. 

OH

2  

Studies on PPAR�/� –/– mice have better clarified the 
principal function of this transcription receptor factor [73]. 
During normal diet, PPAR�/� –/– mice have elevated plasma 
triglycerides and free fatty acids, but normal values in either 
total cholesterol or phospholipids [74]. After a 10 weeks 
high fat diet, in comparison with wild-type controls, 
PPAR�/� –/– mice have elevated serum values of triglyc-

Table 3. Genes and Protein Expressed by Activated PPAR� 

Enzymes regulated by PPAR� Genes regulated by PPAR� 

Long chain acyl-CoA synthetases 

carnitine palmitoyl transferase 
1,2-enoyl-CoA hydratase 

3-hydroxyacyl-CoA dehydrogenase 

3-keto acyl-CoA thiolase 

acyl-CoA oxidase 1, ACOX1 

hydratase-dehydrogenase multifunctional/bifunctional enzymes MFP1/L-PBE 
Pancreatic Trygliceride Lipase PTL 
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erides, an increased rate production of hepatic VLDL and 
lowered LPL [75]. According to these authors, PPAR�/� 
plays a key role in regulating levels of serum triglycerides in 
high fat fed mice, by modulating both VLDL production and 
LPL-mediated catabolism of VLDL-triglycerides; this sug-
gests a potential therapeutic role for PPAR�/� in improving 
serum lipids of patients with metabolic syndrome [75]. 

PPAR�/� also up-regulates the fatty acid synthesis pro-
gram as well as the lipogenic transcription factor and co-
activator, SREBP-1c and PGC-1� [72]. In the same study, an 
increased resistance to steatohepatitis was demonstrated. 
These data suggest a role of PPAR�/� in the elimination of 
potentially toxic lipid through the accumulation of TG or 
their transformation into less toxic lipids. Paradoxically, a 
link between PPAR�/� and AMP-activated protein kinase 
(AMPK) determines suppression of lipogenesis and glyco-
gen synthesis [76]. Interestingly, adPPAR�/� livers have 
increased expression of adiponectin receptor 2: therefore, a 
further activation of AMPK may be due to adiponectin [72].  

PPAR�/� cells also contribute to lower the level of pro-
inflammatory molecules functioning as a nuclear sensor of 
dietary fats capable of modulating the immune response 
through regulation of metabolic programs [72, 77]. 

Finally, it has been shown that PPAR�/� has hepatopro-
tective effects being able to modulate NF-kB signaling thus 
attenuating carbon tetrachloride hepatotoxicity [78]. 

Also it has been shown that agonists for all three PPARs 
(GW7647 for PPAR�, GW0742 for PPAR�, and BRL49653 
(rosiglitazone) for PPAR�) decrease leptin and interleukin-6 
secretion whereas PPAR� and PPAR�/� agonists increase 
hepatocyte growth factor secretion [79]. Therefore adipo-
cytes are stimulated to produce IL 13 and 4, which in turn 
allows the macrophage PPAR�/� overexpression [80]. Thus, 
there is a decrease in inflammation which is connected to 
increased insulin sensitivity of adipose tissue.  

2.4. PPAR� in Hepatic Stellate Cells 

Peroxisome proliferator-activated �, also known as 
GLM1, CIMT1, NR1C3, PPAR�, is a human hormone re-
ceptor coded by chromosome 3p25 [81]; it includes 9 exons 
designated as follow: A1, A2, B, and 1–6. In humans, four 
different subtypes of PPAR� mRNA (� 1, � 2, � 3, and � 4) 
transcribed from four different promoters were found. [82-
84]. PPAR� 1 predominates quantitatively. mRNA PPAR� 1 
shows the highest expression levels in adipose tissue and in 
the large intestine, while it is barely detectable in the skeletal 
muscle [82]. hPPAR� 2 and � 4 mRNA appear to be limited 
to the adipose tissue [84], while hPPAR� 3 mRNA is ex-
pressed in the large intestine, white adipose tissue (WAT) 
and macrophages [83]. Both promoter regions of mPPAR� 1 
mPPAR� 2 show consensus sequence-binding transcription 
factors such as CCAAT / enhancer binding protein (C / 
EBP), hepatocyte nuclear factor 5 and 3 (HNF5 and HNF3), 
and adipocyte determination and differentiation factor 
1/sterol response element binding protein 1 (ADD-1/SREBP-
1). However, unlike mPPAR� 2, mPPAR� 1 contains a large 
block (of Approximately 550 bp) of a (C + G)-rich sequence, 
suggesting the possibility of a methylation, resulting in inhi-
bition of the expression of the gene [85]. 

Despite four distinct mRNA subtypes, PPAR� exists in 
two protein isoforms (designated hPPAR� 1 and � 2) result-
ing from alternative promoter usage and alternative splicing 
at the 5’ end of the gene. hPPAR� 1, � 3, and - � 4 mRNA 
give rise to an identical protein product, hPPAR� 1 (477 aa). 
PPAR� 1 is coded by exons A1,A2,1-6; PPAR� 3 is coded 
by exons A2,1-6 and PPAR � 4 is coded only by exons 1-6. 
hPPAR� 2 mRNA encodes the hPPAR� 2 protein with 30 
extra N-terminal amino acids (505 aa) encoded by the B 
exon [85]. 

PPAR� is a nuclear receptor factor whose principal func-
tion is to regulate the sinthesis of fibrogenic molecules such 
as TGF-�, �-SMA, suppressing expression of their genes; 
PPAR� has interactions with insulin pathway in HSCs im-
peding the development of insulin resistance, maintains 
normal plasma free fatty acids level, regulates cell growth 
and cell differentiation and thus helps control chemotaxis, 
prevent the induction of fibrosis and reduce the progression 
of preexisting fibrosis [4, 34]. 

Adiponectin seems to be the most important effector for 
PPAR� antifibrotic hepatic action [86]. 

PPAR� plays an important role in adipogenesis. First of 
all, PPAR� induces production of several specific adipose 
marker such as adipocyte fatty acid binding protein (aP2) 
[26], phosphoenolpyruvate carboxykinase (PEPCK) [27], 
and LPL [61]. PPAR� favours the differentiation and produc-
tion of small adipocytes, that are more insulin-sensitive than 
large adipocytes; PPAR� also induces apoptosis of large adi-
pocytes. This effect on differentiation of adipocytes is fa-
voured by TZD class drugs [28]. 

In adipogenesis, PPAR� shows a positive feedback with 
C/EBP transcription factors (C/EBP-�, -�, and �): C/EBP � 
and � are activated in response to insulin or glucocorticoids 
in the initial stage of adipogenesis and induce production of 
PPAR�. In the final stage of this process PPAR� stimulates 
production of C/EBP� that, in turn, acts on the expression of 
PPAR� gene, binding the same DNA sites induced by 
C/EBP-� and � [29, 30]. This positive feedback can be 
blocked by TNF � with a lipid depletion and a complete re-
versal of adipocyte differentiation [31]. In addition, TNF � 
suppresses several adipocyte genes, such as those encoding 
aP2, adipsin, and insulin-responsive glucose transporter 
(GLUT4) [32]. Leptin also controls this process, with the 
induction of lipolysis and glucose utilization in adipocytes, 
with a functional antagonism between C/EBP� and PPAR� 
[33]. In addition, the transcriptional factor ADD1/SREBP1 
modulates PPAR� activity, through the production of en-
dogenous ligands for PPAR� [32]. 

The pivotal role of PPAR� in adipogenesis and lipid 
regulations is demonstrated also by the partial lipodystrophy 
in patients with several missense mutation in PPAR� [34]. 
Moreover, ectopic expression of PPAR� promotes adipo-
genesis in nonadipogenic fibroblastic cells such as NIH-3T3 
cells [87]. 

PPAR� plays an important role in insulin sensitivity as 
demonstrated by a polymorphism of PPAR� 2, called 
Pro12A1a, that is associated with lower BMI and enhanced 
insulin sensitivity [88]. In mouse model in vivo, S112A mu-
tation preventing phosphorylation in Ser-112 of PPAR� im-
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peded obesity-associated to insulin resistance [89]. Studies in 
liver PPAR� knockout mice with adipose tissue, showed that 
they developed relative fat intolerance, increased adiposity, 
hyperlipidemia, and insulin resistance; PPAR� exhibits an 
impaired plasma uptake of TGs and TG deposition in muscle 
and adipose tissue, that contributes to insulin resistance [90]. 
Thus hepatic PPAR� contributes to TG homeostasis, regulat-
ing both TG clearance and lipogenesis.  

The similarities between HSCs and adipocytes are de-
duced from several circumstances: HSCs express adipocyte-
specific genes such as leptin [91], adiponectin [92], resistin 
[93] and adipsin [94] and have the capacity to accumulate 
triglycerides as well as adipocytes [95]. Quiescent HSCs 
express type IV collagen similarly to adipocytes, whereas the 
activated HSCs express collagen type I and III as well as 
fibroblasts preadipocytes [9]. Cytokines and growth factors 
which block the differentiation of adipocytes (Epidermal 
growth factor/TGF alfa, TGF beta, TNF alfa, IL-1, monocyte 
chemotactic protein 1 [MCP-CCL2]) activate also the HSCs, 
suppressing the expression of adipogenic transcription fac-
tors (CCAAT/enhancer binding protein [C-EBP �, � and �], 
sterol, regulatory elementi binding protein-1c [SREBP-1c], 
LXR �, PPAR �, etc.) [96]. 

PPAR � is the most important regulator of adipocytes dif-
ferentiation and the central element in the process of activa-
tion and transdifferentiation of HSCs. PPAR� activated by 
ligand plays an important role in reducing and preventing 
liver fibrosis [97]. 

Recently, it has been demonstrated that the adenovirus-
mediated expression of PPAR� in activated HSCs determines 
the suppression of production of type I collagen, � smooth 
muscle actin and TGF �1 (typical of activated HSC) and the 
restoration of the ability of HSCs to accumulate retinyl 
palmitate, unique and specific function of quiescent HSCs in 
vivo [98]. This method allowed to avoid the use of agonists 
that may have receptor-independent effects. 

The similarity between adipocyte and HSCs, due to the 
common mesenchymal origin, is not total: HSCs in fact ex-
press PPAR � 1, whereas adipocytes express PPAR � 2 [4]. 

3. PPARs IN LIVER FIBROSIS 

3.1. PPAR �  in Hepatocytes 

In neither rodents nor in human HSCs, PPAR� mRNA is 
found [99]. However, quite recently, the pivotal role of 
PPAR� in alcoholic liver disease was highlighted [100].  

In cultured hepatoma cells, ethanol inhibits PPAR� tran-
scriptional activity to bind its PPRE consensus sequences 
[50]. This inhibitory effect was confirmed in vivo on ethanol 
fed Sv/129 mice and rats [50]. 

Acetaldehyde, a hepatotoxic molecule, is produced by 
ethanol oxidation mediated by alcohol dehydrogenase [101, 
102]; this metabolite inhibits PPAR� activation of receptor 
genes and prevents PPAR� and PPAR� retinoid X receptor 
(RXR) from interacting with DNA [103, 104]. 

Acetaldehyde, and more generally ethanol metabolism, 
slows down the response of hepatocytes to free fatty acids 
mediated by PPAR� [100]. PPAR� promotes the expression 

of catalase and Cu2+,Zn2+ - superoxide dismutase (SOD1), 
that play an anti-oxidative role [105, 106]; in presence of 
acethaldeyde, PPAR� is hampered in performing its anti-
oxidative function and oxidative stress increases. 

In patients with alcohol liver diseases, an increased 
plasma level of endotoxin was detected [107-111] compared 
to healthy people and non-alcoholic cirrhotic patients; TNF� 
and TNF� soluble receptors have been shown to correlate 
with the degree of endotoxemia and liver disease stage in 
patients with alcoholic liver disease [107]. These findings 
may be motivated in chronic ethanol users by an increased 
intestinal permeability that persisted after two weeks of so-
briety [112, 113]. 

In alcoholic liver disease, inflammation response plays a 
pathophysiological role, involving TNF�, NF-kappaB, adi-
ponectin, LPS, Kupffer cells, HSCs and PPAR�. In 2004, a 
relationship was demonstrated between the tumor necrosis 
factor/nuclear factor-kappaB (TNF/NF-kappaB) pathway 
and PPAR� in PPAR� knockout mice that were fed with a 
diet containing 4% ethanol for six months; mice showed 
hepatomegaly, hepatic phlogosis, cell toxicity, fibrosis, in-
crease of apoptosis and mitochondrial swelling and changes 
in ethanol and acethaldehyde metabolism, oxidative stress, 
inflammation, hepatocyte proliferation, fibrosis and mito-
chondrial permeability transition activation [114]. These 
findings may be explained by two molecular mechanisms of 
PPAR�: transactivation and transrepression [115, 116]. 
Transactivation of PPAR� requires a direct inhibitory inter-
action with p65, one of two components of NF-kappaB, on 
NF-kappaB transcription with the induction of a co-activator 
[100]. Transrepression of PPAR� involves an indirect inhibi-
tion of NF-kappaB transcription through induction of 1-
kappaBalpha, which binds NF-kappaB, preventing its trans-
location into the nucleus. 

An increase in plasma endotoxin and endotoxin-induced 
cytokines, as TNF�, IL1, IL2, IL6 and IL8, was hypothe-
sized to have an important role also in pathophysiology of 
steatohepatitis [100].  

Indeed, in animal models, the dysfunction of PPAR� is 
implicated in the pathogenesis of steatohepatitis [117]; the 
ensuing suspicion that the dysfunction of PPAR� may con-
tribute to alcoholic and non-alcoholic steatohepatitis is also 
great in humans since its dysfunction is associated with he-
patic lipid accumulation [118, 119]. 

Hepatocyte damage, inflammation and fibrosis are the 
key factors that promote the progression from simple steato-
sis to steatohepatitis [176]. Activated HSCs significantly 
contribute to cytokine expression during steatohepatitis. Fat 
accumulation in the liver induces hepatic cell cytotoxicity 
either directly or through sensitization of other agents that, 
together with the increased cytokine production and reactive 
nitrogen species, contribute to imbalance mithocondrial 
function [176]. Mithocondrial dysfunction favours fatty acid 
oxidation and generation of reactive oxigen species. Moreo-
ver, the HCV core protein down-regulates the expression of 
PPAR� and steatosis may also result as a direct consequence 
of viral protein infection in HCV genotype 3 infection [120, 
121].  
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All of this causes hepatocyte damage, oxidative stress, 
inflammation, endoplasmic reticulum stress and insulin resis-
tance whose direct effect is to cause an elevated insulin sig-
naling that stimulates HSCs activation by inducing mito-
genesis and collagen synthesis [122]. The final outcome, 
through the passage to HSCs activation and transformation, 
is liver fibrosis [123].  

PPAR� demonstrates an anti-inflammatory role during 
the course of cytokine-induced phlogosis; but since acetalde-
hyde inhibits the physiological function of PPAR�, chronic 
ethanol use impairs the anti-inflammatory role of PPAR� 
[114, 124, 125]. 

Adiponectin is an adipokine produced by adipocytes and 
fat tissues [126, 127]. Decreased levels of adiponectin are 
associated with obesity [128], type II diabetes [129, 130], 
atherosclerosis [131], inflammation [128] and animal models 
of alcoholic and non-alcoholic liver disease [132, 133]. In 
2003, it was demonstrated that chronic assumption of an 
high-fat, ethanol-containing diet reduced adiponectin serum 
levels by 30-40% after three to four weeks; the decrease of 
adiponectin correlated with the development of liver damage 
in mice [132]. Indeed, adiponectin activates PPAR� and 
impairs sterol regulatory element binding protein-1 (SREBP-
1); therefore, in alcoholic liver disease, adiponectin may play 
its hepatic protective role regulating trascriptional factors 
that, in turn, control fatty acid synthesis [134-136] by means 
of PPAR�. 

3.2. PPAR�/�  in Hepatocytes 

PPAR�/� has a pivotal role in metabolic homeostasis and 
disorders. The reported effects of PPAR�/� ligands include: 
correction of dyslipidemia and hyperglycemia, prevention of 
diet-induced obesity, increase of insulin sensitivity and 
modulation of muscle fiber type switching [137-139]. They 
may be due to increased fatty acid catabolism and mithocon-
dria function in muscle and adipocytes [140]. PPAR�/� acti-
vation also shows anti-inflammatory properties by inhibition 
of macrophage activation [80, 141]. 

In particular, it was showed that PPAR�/� activation 
leads to an increased glucose utilization in mice liver, as 
evidenced by the fact that adPPAR�/� mice had lower fast-
ing glucose levels compared with controls [80]. PPAR�/� 
increases through the activation of AMPK, glycogen synthe-
sis and lipogenesis; the ensuing increase of monounsaturated 
fatty acids (MUFAs) is in turn activator of PPAR�/� that 
may protect the liver from free fatty acid-mediated lipotoxic-
ity and inflammation [72]; PPAR�/� also sustains hepatic 
glucokinase (GK) levels leading to glycogen accumulation 
after fasting [72]. PPAR�/� induces glucose-utilization in 
hepatocytes by direct and indirect transcriptional mecha-
nisms [72]. The induced lipogenic activity suggests a 
PPAR�/� role in steatosis and steatohepatitis. adPPAR �/� 
mice had not liver disease neither in normal nor in high diet, 
as shown by transaminases normality; adPPAR�/� mice ex-
hibited decrease of Jun N-terminal kinase (JNK) signaling 
and inflammatory markers [72]. Free fatty acids cause lipo-
toxicity, which induces inflammatory response; it is possible 
that PPAR �/�, inducing partitioning of fatty acids for 
triglyceride synthesis, protects from free fatty acids damage. 
Indeed, in hepatocytes, PPAR�/� suppresses fatty acid-

induced JNK activation and increases insulin-stimulated Akt 
phosphorylation; this may be the cause of the improved insu-
lin tolerance test observed in high fat-fed adPPAR �/� mice 
[72]. adPPAR�/� mice livers contain more MUFAs and less 
saturated fatty acids [72]; therefore, PPAR�/� may induce 
free fatty acid storage and/or convert hepatotoxic lipids into 
less toxic or protective forms. PPAR-beta/delta activity is 
associated with AMPK activation [76]. AMPK suppresses 
lipogenesis and glycogen synthesis [142, 143]. Probably, 
AMPK pathway acts as a negative feedback for PPAR�/�, 
and this may explain why long term PPAR�/� treatment do 
not produce lipid accumulation in the liver [138]. PPAR�/� 
could function as a nuclear sensor of dietary fats able to con-
trol immune response through regulation of metabolic path-
ways. In fact, PPAR�/� produces MUFAs which, in turn, 
activates macrophage or Kupffer cells PPAR�/� to modulate 
immune response [72]. So, the expression of inflammatory 
markers, as TNF� or IFN�, is reduced [72]. 

Therefore, PPAR�/� activation exerts multiple functions 
such as sustaining a program of macrophage and Kupffer cell 
activation in metabolic tissues (in liver it prevents steatohe-
patitis), suppressing tissue inflammation, increasing oxida-
tive lipid catabolism in the liver, ameliorating serum lipid 
profiles and global insulin sensitivity, favoring weight loss in 
obesity [74]. 

Interestingly, PPAR�/� may upregulate PPAR� expres-
sion, thus, indirectly, stimulating lipid metabolism and in-
creasing the synthesis of HDL, apoAI, apoA-II and apoA-III 
[137]. 

3.3. PPAR�  in Hepatic Stellate Cells 

Upon hepatic injury, HSCs become activated and un-
dergo transdifferentiation from non-proliferating cells, stor-
ing vitamin A and lipid droplets, to myofibroblasts produc-
ing collagen, particularly type I. These myofibroblasts play a 
pivotal role in liver fibrogenesis increasing extracellular ma-
trix. HSCs activation is mediated by several cytokines and 
chemokines [144]. PPAR� is proven to be a key factor in 
HSCs activation and phenotype alteration [145]; indeed, 
HSCs activation is characterized by a PPAR� expression. 
Ectopic PPAR� expression or PPAR� ligands may also bring 
HSCs back to quiescent form and decrease collagen secre-
tion in vitro and in vivo [4, 19, 17]. Several studies show that 
PPAR� manages to keep HSCs in quiescent phase regulating 
many trascription factors, such as CCAAT/enhancer binding 
protein (C/EBP), LXR� and sterol regulatory element-
binding proteins-1c (SREBP-1c), which are depleted when 
HSCs are activated [146]. Moreover, adipogenic transcrip-
tional regulation in HSCs by PPAR� is important also in 
packaging of chromatin because DNA methylation inhibitor 
blocks myofibroblastic transdifferentiation of HSCs and pre-
vents the diminished PPAR� expression in HSCs [147]. 
Therefore, PPAR� is an important factor that helps to main-
tain HSCs in quiescent form and exerts anti-fibrotic actions 
in the liver [148]. The precise molecular mechanism underly-
ing the anti-fibrotic actions of PPAR� is largely unknown, 
but some mechanisms have been elucidated. Transforming 
growth factor-� (TGF�), and particularly TGF�1, is a key 
mediator implicated in liver fibrosis [144]. Following activa-
tion due to liver damage, TGF�1 binds its receptors (T�R1 
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and T�R2), allows the phosphorylation of Smad2 and Smad3 
and permits Smad2/3 to associate with Smad4; the signaling 
pathway traslocates to the nucleus and initiates the transcrip-
tion of several genes, including collagen I and III [144]. 
Smad6/7 represents the inhibition mechanism of this path-
way, being able to divide Smad2/3 from the receptor [149]. 
Activated HSCs express TGF�1 and Smad 2, 3, 4 and 7, but 
Smad7 appears to be silenciated [149]. The TGF�/Smad 
pathway may play a pivotal role in liver fibrogenesis medi-
ated by activation of HSCs. PPAR� can prevent the function 
of TGF�/Smad pathway in profibrotic myofibroblasts [150]. 
PPAR� inhibits the secretion of connective tissue growth 
factor (CTGF) induced by TGF� [151]; this suppression can 
be completely rescued by Smad3 overexpression but not by 
Smad4 [144]. PPAR� has the ability to divide the bond be-
tween the complex TGF-beta1-activated Smads and their 
response elements, thus reducing collagen I secretion. 

Platelet-derived growth factor (PDGF) is another impor-
tant profibrotic mediator for HSCs activation and hepatic 
fibrogenesis; PDGF is formed by a disulfide-linked dimeric 
protein composed by various combinations of four polypep-
tide chains (A, B, C and D). PDGF exerts its function after 
binding with its tyrosine kinase receptor PDGF�R and 
PDGF�R. Quiescent HSCs have not PDGF�R, but, after 
their activation, HSCs begin to express this receptor and in-
crease their responsivity to PDGF-B [152]. More recently, an 
implication in liver fibrogenesis for PDGF-C and PDGF-D 
was demonstrated [153, 154]. PPAR� is involved in oppos-
ing PDGF action; PPAR� ligands or transfection with 
PPAR� decrease PDGF-induced human HSCs proliferation 
in in vitro studies [19, 155]. PPAR� activation inhibits ex-
tracellular factor-regulated kinases (ERK) activity and 
PDGF-induced c-Fos promoter activity, suggesting that 
PPAR� can affect the intracellular transduction signal of 
PDGF [156]. 

Hepatocyte growth factor (HGF), a mitogen for hepato-
cytes, induces cellular growth, motility and morphogenesis 
and its receptor is identified in c-Met [157]. HGF can pre-
vent liver fibrogenesis. In vivo, in distinct animal models, 
HGF has proven to be able to reduce HSCs activation and 
collagen secretion and to facilitate liver recovery after injury 
[158-160]. Probably, HGF antifibrotic action is due to dis-
ruption of TGF�1 signaling [161]. PPAR� may induce HGF 
promoter activity and increase HGF mRNA in fibroblasts 
[162, 163]. 

Many studies, in vitro and in vivo, elucidated that leptin 
is a potent stimulator of HSCs profibrogenic transformation: 
leptin may induce proliferation, prevent apoptosis, mediate 
collagen secretion and increase secretion of proinflammatory 
cytokines in the liver [164-167]. Leptin may induce HSCs 
phagocytosis, activate Kupffer cells and macrophages and 
stimulate hepatic sinusoid endothelial cells to produce TGF� 
[168]. In vitro, leptin reduces PPAR� gene expression [169], 
whereas, in vivo, it induces suppression of PPAR� protein 
expression in HSCs, probabily through leptin-induced 
ERK1/2 activation [170]. 

On the contrary, adiponectin has proven to be a beneficial 
molecule in liver fibrogenesis and inflammation: adiponectin 
knockout led to develop severe liver fibrosis [171]. Current 
knowledge about the anti-fibrogenetic effect of adiponectin 

includes induction of caspase-dependent apoptosis in acti-
vated HSCs [172], upregulation of AMPK and inhibition of 
AKT pathway [173], activation of mitochondrial respiratory 
chain complexes involving uncoupling protein 2 [174] and 
recruitment of Kupffer cells [144]. PPAR� plays a critical 
role in adiponectin expression and secretion: in humans, an 
adiponectin promoter PPRE was identified [175] and PPAR� 
agonists were able to induce transactivation of adiponectin 
promoter [176]. 

Apoptosis has proven to be important in the pathogenesis 
of liver fibrosis: in fact, fibrogenesis is accompanied by he-
patocyte apoptosis [177] and HSCs apoptosis is correlated 
with fibrosis regression [178]. It was demonstrated that 
TNF�, a pro-inflammatory cytokine involved in apoptosis 
extrinsic pathway and in liver fibrogenesis, induces inhibi-
tion of PPAR� activity at post-translational level in HSCs 
[16]. Other authors studied the PPAR� interaction with death 
receptor (especially DR5) pathway and with apoptosis trig-
gered by C/EBP-alfa in HSCs, defining the role of PPAR� as 
a modulator of extrinsic pathway in HSCs apoptosis [144]. 
PPAR� also modulates intrinsic pathway of apoptosis in 
HSCs. Cidea (mithocondrial cell death-inducing DNA frag-
mentation factor �-like effector A), a proapoptotic factor 
implicated in mithocondrial apoptotic pathway, is a target 
gene of PPAR� [179]. 

Moreover, it has been demonstrated that the expres-
sion/activity of PPARs is positively modulated by the nu-
clear receptor FXR (Farnesoid X Receptor) [180]. These 
authors identified, in the PPAR� gene promoter, a sequence 
containing FXR-responsive element (FXRE). The bond be-
tween FXR and the promoter sequence leads to PPAR� gene 
transcription. The same authors also demonstrated the role of 
FXR-PPAR� crosstalk in inhibiting cytokine production and 
regulating inflammatory response of HSCs exposed to LPS. 
The cross-talk between these two nuclear receptors re-
presses, in turn, the synthesis of collagen- and �-SMA ex-
pression in activated HSCs [180]. 

Complex mechanisms, involving acetaldehyde pathway, 
the release of TNF-� and the activation of NF-kB signalling 
pathways, inhibit PPAR� expression during chronic alco-
holic liver disease [50].  

PPAR-� expression is downregulated in HSCs isolated 
from several animal models of liver fibrosis [19]. A number 
of studies have elucidated that PPAR� stimulation and ex-
pression inhibit HSCs activation and proliferation and, con-
sequently, collagen secretion, both in

 
vitro and in vivo [4]. 

Indeed, when HSCs go from quiescent to activated phase, 
PPAR� expression gradually lower; this, strongly indicates 
the fundamental function of PPAR� in maintaining HSCs in 
a quiescent phase by controlling a panel of adipogenic tran-
scription factors, (CCAAT/enhancer binding protein LXR�, 
and SREBP-1c), crosstalking and inhibiting a series of 
growth factors (TGF�, PDGF, HGF), downregulating metal-
loproteins (MMP-2, MMP-9) and maintaining a dynamic 
balance between HSCs proliferative and apoptotic status [4, 
5, 144, 146, 181]. 

Interestingly, it was demonstrated that an adenovirus me-
diated PPAR� gene transfer prevents the development and 
ameliorates steatohepatitis and fibrosis in mice fed with me-
thionine choline deficient diet [181, 182]. 

Joseph George
Rectangle
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Further studies in vitro demonstrated that activated HSCs 
can be phenotypically and functionally reversed to quiescent 
HSCs by restored expression (via an adenoviral vector) or 
stimulated expression (via a selective agonist) of PPAR-� 
[98, 183]. 

3.4. PPARs in Liver Sinusoidal Endothelial Cells (LSEC) 

Capillarization of hepatic sinusoid (with losing of fenes-
tration) in cirrhosis has been a well-known condition since 
1963 [184] but only little knowledge exists on the control 
and reversal of this phenomenon. 

Previous studies demonstrated a protective role of 
PPAR� on endothelial function [185-187]. Interestingly, 
Rodrìguez-Villarupla and colleagues performed an elegant 
study in a murine model in cirrhosis evaluating the effects of 
PPAR� activation with fenofibrate [188]. They found a re-
duction of portal hypertension and an improvement of archi-
tectural abnormalities in rats treated with fenofibrate com-
pared to controls. Fenofibrate treated rats showed a marked 
reduction in portal hypertension and fibrosis and an increase 
in nodule size (this findings correlate with better prognosis in 
cirrhotic patients, [189]). A reduction in collagen I mRNA, 
�SMA and COX-1 protein expression and an increased 
availability of NO was also demonstrated [189]. 

Moreover, Xie G and colleagues found an interesting role 
of VEGF and NO in liver endothelial homeostasis [190]. The 
study demonstrated that maintenance of liver sinusoidal en-
dothelial cells (LSEC) differentiation in vitro requires VEGF 
stimulated NO working through soluble guanylate cyclase 
(sGC) activation plus VEGF working through an NO-
independent pathway. 

In vivo sGC can reverse LSEC capillarization in cirrhosis 
with a subsequent accelerated reversal of HSC activation and 
fibrosis [190]. The sGC activator has limited effect in vitro 
on HSC activation; if sGC activator is administered in co-
culture of activated HSCs plus capillarizated LSEC, there is 
an almost complete reversal of HSC activation and LSEC 
capillarization. VEGF-stimulated cGMP pathway is neces-
sary but not sufficient to maintain LSEC differentiation 
[190]. VEGF activates multiple pathways such as mitogen-
activated protein kinase (MAPK), focal adhesion kinase 
(FAK), phosphatidylinositol 3-kinase (PI3K/Akt), Phosphol-
ipase C-� (PLC-�) [191]. Although VEGF is a key factor in 
maintaining LSEC homeostasis, it is increased in cirrhosis, 
suggesting that capillarization is due to distruption of signal-
ling downstream VEGF. In fact, restoration of cGMP levels 
in vivo showed to be sufficient to normalize LSEC pheno-
type, allowing to hypothesize that a defect in NO/sGC/cGMP 
pathway is responsible for LSEC capillarization.  

Therefore, PPAR� may be an important and useful target 
for future therapeutic strategy on LSEC. 

4. PPARs STIMULATION STRATEGIES THERAPY 

In the liver of healthy subjects, the process of fibrogene-
sis is counterbalanced by that of fibrolysis. On the contrary, 
liver fibrosis begins when this mechanism is dysregulated 
causing a huge accumulation of extracellular matrix. 

Pivotal studies have demonstrated that liver fibrosis is 
not always an irreversible condition provided that underlying 
etiological agents are removed, as has been the case with 
secondary biliary fibrosis, Hepatitis C, Hepatitis B, steatohe-
patitis, and autoimmune hepatitis [192].  

The ability to induce regression of advanced liver fibrosis 
or cirrhosis open new hope for antifibrotic treatments [193, 
194]. 

Important studies indicate that, after liver injury, a num-
ber of bone marrow-derived monocyte/macrophages is re-
cruited at the sites of liver inflammation contributing to myo-
fibroblast population and playing an important role in in-
flammation, regeneration, remodeling of extracellular matrix 
and fibrogenesis [195, 196]; however, HSCs contributing to 
> 80% of the collagen producing cells, are still considered to 
be the most important source of myofibroblasts in liver fi-
brosis and also the natural target of anti-fibrotic therapy 
[197, 198]. Indeed, activated HSCs may transdifferentiate 
into myofibroblasts or revert to quiescent HSCs [192].  

Due to the key role in contributing to regulate phenotype 
of HSCs, deeper researches in the field of molecular biology 
have been focused on PPARs in liver fibrosis; since PPARs 
are important regulatory transcription receptors in the liver 
[1], they emerge as fundamental targets of anti-fibrogenic 
treatments. Indeed, they may modulate several metabolic and 
inflammatory pathways by responding to signals through 
ligand activation of transcription. It is quite evident that a 
significantly decreased PPAR� expression favours HSCs 
activation, whereas ectopic PPAR� expression or PPAR� 
ligands inhibit HSCs activation and favour the phenotypic 
reversal of activated to quiescent HSCs, in culture [4, 192, 
146]. 

Although long-term studies are needed to confirm effi-
cacy and safety of PPARs agonists, several studies seem to 
open more than one perspective in the field of antifibrotic 
therapy of the liver disease using PPARs agonists.  

According to some experts, since myofibroblasts or acti-
vated HSCs are involved in synthesizing collagen in ex-
tracellular matrix, the aim of antifibrotic therapy is to induce 
apoptosis of activated myofibroblasts or reverse phenotype 
from myofibroblast or activated HSCs to quiescent HSCs 
[192].  

To date, two principal classes of clinical drugs that target 
PPAR� and PPAR� are known: they are fibrates and thia-
zolidinediones which, respectively, decrease circulating fatty 
acids and triglycerides and increase insulin sensitivity in type 
II diabetes [199]. 

Here, we analyze clinical perspectives and feasibility in 
using agonists of PPARs as antifibrotic liver treatment. 

4.1. PPAR�  Agonists 

A key function of PPAR� is to control liver inflammation 
by regulating acute phase protein in hepatocytes and to re-
duce triglyceride storage and adipose-tissue-derived circulat-
ing factors thus increasing insulin sensitivity [200] and ame-
liorating the level of liver fibrosis. 
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PPAR� has its major impact on regulation of genes en-
coding enzymes involved in mitochondrial and peroxisomal 
fatty acid �-oxidation in human hepatocytes [201].  

Several oncogenes (c-Ha-ras, jun and c-myc) and genes 
linked to cell cycle (control immediate early gene, rZFP-37) 
are also known to be responsive to PPAR� induction [202]; 
indeed, PPAR� is a key actor in the process of peroxisome 
proliferation, hypertrophy, cell proliferation and hepatocar-
cinogenesis as demonstrated in primary hepatocytes culture 
and in animal models [201]. PPAR� stimulation may sup-
press both spontaneous and induced hepatocyte apoptosis 
[202] through TNF� mediator; activation of the MEK/ERK 
signalling pathway as well as the p38 MAP kinase pathway 
and the transcription factor NF�B are all important mecha-
nisms that suppress hepatocyte apoptosis in response to 
PPAR� agonists [202-204]. However, no increased risk of 
liver cancer has been hypothesized in humans due to the low 
level of expression of PPAR� and to the rare appearance of 
mutant forms compared to those observed in animal models 
[202]. 

The principal exogenous PPAR� agonists are: 
- PPAR� agonist Wy-14,643 (3) which, by preventing in-

trahepatic lipid accumulation, inhibits the development of 
methionine and choline deficient diet-induced steatohepatitis 
and reduces the level of liver fibrosis [205, 206]. In particu-
lar, it was observed that Wy-14,643, upregulating a set of 
target genes that promote fatty acid breakdown in the liver, 
was able to counteract hepatic triglyceride and lipid peroxi-
dation accumulation and this rapidly (within 12 days) re-
versed steatohepatitis [206]. 

O

OH

S

N

N

H

N

Cl

3  
 

Interestingly, the increased ability of the liver to break 
down existing lipoperoxides strongly counteracts hepatic 
inflammation and fibrosis [207]. The precise mechanisms 
through which Wy-14,643 decreases liver fibrosis is a re-
duced activation of HSCs and Kupffer cells by means of a 
diminished release of cytokines by macrophages and other 
leukocytes [206]. 

The administration of WY14,643 in ethanol-fed mice 
also restored the induction of PPAR� target genes thus indi-
cating that this agonist prevents the effect of ethanol on 
PPAR� minimizing the post-translational modifications of 
the PPAR� DNA binding domain by acetaldehyde, improv-
ing fatty acid �-oxidation and preventing liver steatosis 
[208]. 

- To date, fibrate drugs fenofibrate (4), gemfibrozil (5), 
benzafibrate (6), ciprofibrate (7), and clofibrate (8) that are 
ligands of PPAR� receptor, have been used with success as 
adjunct therapies to decrease triglyceride and low density 
lipoprotein (LDL)-cholesterol levels and increase HDL-
cholesterol levels [209, 210]. 
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Fibrates activate PPAR� that stimulates the oxidation of 
free fatty acids in the liver, consequently diminishing the 
synthesis of triglycerides and triglyceride-rich lipoproteins 
[211, 212]. 

Activated PPAR� also inhibits the synthesis of apolipo-
protein (apo) C-III (that delays the catabolism of triglyc-
eride-rich lipoproteins) and favors the expression of the gene 
for lipoprotein lipase [213, 214]; this latter enzyme promotes 
hydrolyzation of triglycerides and phospholipids in triglyc-
eride-rich lipoproteins in plasma. Fibrates increase the level 
of HDL by [215]. 
• enhancing the expression of the genes for both apo A-I 

and apo A-II, the 2 main apolipoproteins of HDL [216, 
217]  

• increasing cell cholesterol efflux secondary to an induc-
tion of cell ABCA1 expression [218] 

• decreasing SR-B1 in the liver [219]. 
Fibrates also lower LDL-C levels, decrease the concen-

tration of triglyceride-rich lipoprotein remnants and increase 
the LDL particle size [220-222]. 
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The PPAR� agonist clofibrate reduces the amount of fat 
in the liver and decreases the necroinflammatory injury in 
ethanol-fed rats [223]. 

The PPAR� agonist fenofibrate exerts multiple cellular 
functions and has a key role in the protection from oxidative 
stress induced injury. 

Furthermore, fenofibrate was demonstrated to have pro-
tective preischemic properties significantly attenuating the 
ischemic/reperfusion liver injury through the reduction of the 
oxidative stress markers and of the level of inflammatory 
mediator TNF-� [224]. This result was obtained thanks to its 
ability to lower the release of lipid peroxidation products and 
to enhance the expression of antioxidant enzymes such as 
superoxide dismutase and catalase in the rat liver. 

Of note, the dietary supplementation with the n-3 polyun-
saturated fatty acids, with eicosapentaenoic acid (9) and with 
docosahexaenoic acid (10) to a rat model of hepatic ische-
mia-reperfusion-injury favoured the activation of PPAR� 
and the inhibition of NF-kB signalling pathway and of tran-
scription of pro-inflammatory cytokines, thus suppressing 
the hepatic ischemia-reperfusion-injury [225]. 
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An interesting research, based on the structure-activity 
relationship, showed that steric bulkiness and position of the 
distal hydrophobic tail part are critical for agonistic activity 
and selectivity of PPAR� [226]; in this study, performed on 
rat fed with non alcoholic fatty liver disease induced by cho-
line deficient high-fat diet, PPAR�-selective activation pre-
vented or ameliorated liver dysfunction and delayed the pro-
gression of fatty liver to fibrosis [226].  

New advancements in this field might help to select the 
best compounds able to interact with PPAR� with the aim of 
more benefit and safety. 

4.2. PPAR �/� Agonists 

Several PPAR�/� agonists are known: GW501516 (11), 
L165041 (12), GW0742 (13), KD3010 (14), GW1514 (15), 
Compound F (16), and GW610742 (17) [70]. 
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- Treatment with the high-affinity PPAR�/� agonist 
(GW501516) enhances HDL levels [137].  

A two-week treatment with GW501516 also induces a 
reduction in liver fat content and in plasma triglycerides (due 
to the reduced triglyceride production from the liver) [227]. 

Interestingly, after a two-week treatment with GW50 
1516, diabetic db/db mice affected by insulin resistance and 
glucose intolerance, have an improvement of hepatic and 
peripheral insulin sensitivity, without weight loss [228]. An 
increased glycolysis, a highly activated pentose phosphate 
pathway as well as an enhanced fatty acid synthesis in the 
liver, are all regulatory molecular mechanisms through 
which PPAR�/� activation reduces hepatic glucose output 
[228]. 

GW501516 was further demonstrated to be effective in 
MSG mice affected by metabolic syndrome. This compound 
improved insulin sensitivity, serum insulin and leptin levels, 
glucose and lipid metabolism [227]. These authors con-
cluded that pharmacological activation of PPAR �/� may be 
a useful preventive and therapeutic strategy in metabolic 
syndrome [229].  

Therefore, PPAR�/� activation shows a pivotal role in 
maintaining the glucose-lipid homeostasis by stimulating 
fatty acid oxidation, inhibiting glucose and VLDL secretion 
from the liver, increasing circulating HDL levels; further-
more, PPAR�/� regulates the inflammatory activity of 
macrophages via NF-kB suppressing iNOS and COX2 [230]. 

- Another PPAR�/� agonist, L-165041, raises plasma 
cholesterol concentrations and HDL levels in insulin-
resistant db/db mice but has no effect on either glucose or 
triglycerides [231].  

In ethanol-fed rats, the elevated ethanol consumption 
causes the impairment of liver regeneration by inhibiting 
insulin signaling that mediates hepatocellular DNA synthe-
sis; the administration of L-165041 restored this function 
attenuating ethanol-induced hepatic injury and improving 
liver regeneration thus demonstrating to have protective liver 
effects [232]. This PPAR�/� agonist also ameliorated hepatic 
insulin sensitivity by means of the increased insulin receptor 
binding, the increased signaling downstream through 
PI3K/Akt, which promotes cell survival, and the reduced 
DNA damage and lipid peroxidation [232]. 

Another study based on administrating L-165041, in vi-
tro, on culture of HSCs and, in vivo, on rat model of acute 
liver injury (not in chronic liver injury), put in evidence the 
presence of enhanced acute liver toxicity (high levels of 
PPAR�/� expression in activated HSCs and low level of 
PPAR� expression and adipogenesis) [70]. In contrast with 
this result, the same authors ascertained, after L-165041 ad-
ministration, an increased expression of CRBP-I and LRAT 
(both involved in retinol esterification) during HSCs activa-
tion, thus demonstrating an important role of this compound 
in maintaining adequate vitamin A storage [69]. Since trans-
formation of HSCs in myofibroblasts is commonly associ-
ated with loss of vitamin A, the agonist L-165041 might be 
potentially useful to inhibit HSCs transformation.  

- Furthermore, the administration of PPAR �/� agonist 
GW0742 in wild-type and in PPAR�/� -null mice treated 

with CCl(4) demonstrated to be useful in reducing hepatic 
toxicity by downregulating expression of proinflammatory 
genes [233].  

- An interesting dual study on CCl(4) treated mice and 
mice that underwent cholestatic liver injury by bile duct liga-
tion, showed hepatoprotective and antifibrotic effects of 
PPAR�/� agonist KD3010 in comparison with control 
groups [233]. KD3010 did not decrease HSCs activation nor 
attenuated the change of their morphology but protected cul-
tured hepatocytes from starvation and CCl(4)-induced cell 
death, due to the reduced reactive oxygen species production 
[234]. 

As demonstrated by an interesting study [235], further 
progress on the choice of better PPAR �/� agonists might 
derive from molecular-structure-activity relationship re-
searches that may test more easily the potency and selectivity 
of these compounds.  

4.3. PPAR� Agonists 

Several therapeutic strategies, based on the use of PPAR-
� agonists able to stimulate inhibition of HSCs activation and 
proliferation and to favour induction of HSCs apoptosis have 
proven to be potential anti-fibrotic approaches. PPAR-� 
stimulation now represents an important target for anti-
fibrotic therapy [4, 5, 16, 19]. Several PPAR� agonists are 
known (Fig. 3): 

- Thiazolidinediones: troglitazone (18), ciglitazone (19), 
pioglitazone (20), rosiglitazone (21), netoglitazone (22) and 
rivoglitazone (23). They are antidiabetic drugs that reduce 
insulin resistance and structurally derive from clofibric acid 
(24); they selectively bind to two histidine residues, H323 
and H449, of the PPAR� transcription factor [28]. Generally, 
the action of thiazolidinediones go against the TGF-� ex-
pression (consequently inhibiting the synthesis of procolla-
gen and the activity of transcription factors AP-1, STAT and 
NF-kB [97, 236]. 
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Also there is the mentioned TZD-induced effect of PPAR 

� in differentiation of adipose tissue, that stimulates differen-
tiation of small adipocytes (more insulin sensitive) and fa-
vors apoptosis of large adipocytes. TZD promotes the PPAR 
� mediated regulation of GLUT4 [237] and c-Cbl associating 
protein (CAP) [238].  

Due to their efficacy on low insulin resistance, thia-
zolidinediones were demonstrated to be of benefit in treating 
liver fibrosis consequent to metabolic syndrome [239]. 

The PPAR� agonist troglitazone showed to inhibit, in 
dose-dependent mode, HSCs proliferation and chemotaxis 
induced by PDGF and to regulate expression of proinflam-
matory genes [38]. 

Another study demonstrated that, only in an adiponectin-
mediated manner, troglitazone suppressed upregulation of 
collagen �1(I) and �SMA mRNA in HSCs isolated from 
wild-type mice [86]. 

Ciglitazone regulated, in vitro, the expression of the 
leptin receptor Ob-R in activated HSCs, whose function is 
actually to mediate HSCs proliferation; by stimulating 
PPAR� transcription factor, ciglitazone gave inhibitory effect 
on leptin-induced HSCs proliferation with a reversion of 
ERKs activation [240]. 

Both ciglitazone and troglitazone were abandoned after 
clinical trials that documented severe liver toxicity and side 
effects (oxidative stress, mitochondrial damage, accumula-
tion of toxic metabolites, overexpression of genes expressing 
adipocyte fatty acid binding protein and fatty acid translo-
case, exacerbation of fatty liver) as well as insurgence of 
severe liver failure and death [241].  

Pioglitazone demonstrated to inhibit hepatic fibrosis 
caused by CCl(4) and to have a protective role against hepa-
totoxicity, through inhibition of HSCs proliferation and in-
flammation [242]. 

Mice fed with methionine-choline deficient diet treated 
with adenovirus carrying PPAR� plus Rosiglitazone had a 
significant reduction of hepatic fibrosing steatohepatitis 
[243, 181, 182]. It was observed:  

 

 
Fig. (3). Schematic view of PPAR agonists and their actions on PPAR�, PPAR�/� or PPAR�, or on both dual or pan PPARs. 
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• a reduction of expression of TNF�, IL-6 

• a decrease of serum ALT level and oxidative stress 

• a down-regulation of the expression of profibrogenic 
genes of TGF-�, MMP-2 and MMP-9  

• an up-regulation of the expression of adiponectin. 

Furthermore, in a murine model of liver fibrosis induced 
by Schistosoma japonicum infection, rosiglitazone alone or 
plus praziquantel, reduced inflammation and liver fibrosis by 
decreasing the hepatic expression of TGF-�1, �-SMA, types 
I & III collagens [244]. 

Interestingly, both Pioglitazone and Rosiglitazone caused 
much less frequent and severe hepatotoxicity than ciglita-
zone and troglitazone [245].  

However, a study on gene expression induced by rosigli-
tazone on hepatocytes in vitro, showed that many genes in-
volved in pharmacological PPAR targeted functions, were 
up-regulated including intracellular uptake and binding of 
fatty acids, hepatic ketogenesis, mitochondrial �-oxidation, 
peroxisomal �-oxidation, lipogenesis, lipolysis, lipoprotein 
metabolism, glucose/glycerol metabolism and bile acid bio-
synthesis and transport [245]. Rosiglitazone was also found 
to induce an increase of both liver weight and hepatic 
triglycerides in mice [241]. 

- Non-Thiazolidinediones insulin sensitizer PPAR� ago-
nist GW570 (not available, GlaxoSmithKline™) in a dose-
dependent manner inhibited HSCs activation and had anti-
fibrotic effects on cultured HSCs and on CCl(4) treated mice 
and mice that underwent cholestatic liver injury by bile duct 
ligation [246]. 

- The PPAR� agonist GW7845 (25) blocked the TGF�1-
mediated activation of Smad3 and the induction of collagen 
and PAI-1 expression without affecting HSCs proliferation 
or viability in a study in vitro on adipocytic human HSCs 
[183]. According to these authors, GW7845 may prevent 
adipocytic HSCs by acquiring a myofibroblastic phenotype 
during chronic liver injury [183]. 
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These results were confirmed in another in vitro study on 
HSCs rat in which GW7845 inhibited the growth of HSCs 
and TGF�1-induced CTGF expression, thus confirming itself 
as a potential antifibrotic compound in treating and prevent-
ing liver fibrosis [247]. 

- Another in vitro study showed that the PPAR� agonist, 
KR62776 (26), caused apoptosis of activated HSCs cells, 
decreased the �-smooth muscle actin levels and offered some 
protection against CCl(4)-induced hepatocellular damage 
[248]. 

- the endogenous ligand 15-Deoxy-�12,14-prostaglandin J2 
(15-d-PGJ2) (27) inhibited cell growth of rat HSCs, both 

through cell cycle arrest (G0/G1 phase arrest and prevention 
of cells from entering the S phase) and an increase in apopto-
sis; 15-d-PGJ2 also displayed antifbrotic effects through a 
marked inhibition of TGF�1-induced CTGF expression 
[249]. 
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Of note, the authors demonstrated that the methylxan-
thine derivate caffeine (28) upregulating the expression of 
PPAR� in hepatocytes, sensitizes these cells to the well-
known inhibitory effect of 15-d-PGJ2 on CTGF expression 
[249]. The inhibition of TGF�-induced CTGF expression 
through a PPAR� dependent mechanism was confirmed in a 
study on human hepatoma cells [250]. 
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Quite recently, an interesting study, performed on a 
mouse model of liver injury induced by cholestasis or 
CCl(4), demonstrated the ability of 15-d-PGJ2 to signifi-
cantly reduce the recruitment of bone marrow-derived mono-
cyte/macrophage at the sites of inflammation, in a PPAR� 
independent manner [251]. No decrease of migration of 
neutrophils, dendritic or T cells was observed. A significant 
inhibition of phagocytosis, and cytokine expression and an 
attenuation of liver inflammation and fibrosis were also 
documented [251]. 

- the natural polyphenolic compound curcumin (29) (the 
main yellow pigment of a popular spice, turmeric, widely 
used as a food colorant), is well tolerated and has slow toxic-
ity. 

No adverse effects have been found in subjects consum-
ing up to 150mg of curcumin daily [252]. Studies on its 
bioavailability demonstrated a poor absorption and rapid 
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metabolism resulting in low serum levels, limited tissue dis-
tribution and short half-life [252]. 
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The liver and intestinal mucosa seem to be the principal 
organs responsible for its metabolism [252].  

In humans, curcumin gives an anti-inflammatory re-
sponse by inhibiting the induction of COX-2 and iNOS; an 
anticarcinogenesis effect has been also suggested as the re-
sult of apoptosis [252]. 

Curcumin improved both acute and subacute rat liver in-
jury induced by CCl(4) [253]. According to some authors, it 
was able to prevent acute and subacute liver toxicity of 
CCl(4) through its antioxidant properties and its ability to 
inactivate NF-kB and pro-inflammatory cytokine production 
[254, 255]. Furthermore, benefits for liver from curcumin 
administration were confirmed in a rat model of cirrhosis 
induced by CCl(4), where this compound caused an impor-
tant decrease in GSH, GSH/GSSG ratio and total glutathione 
produced [256]. 

The administration of curcumin on culture-activated 
HSCs inhibited their proliferation and induced apoptosis 
[124]. This compound significantly inhibited cell growth and 
suppressed the expression of collagen-�1(I), fibronectin and 
�-SMA genes in HSCs [256]. 

Through a PPAR� manner, curcumin was also found to 
significantly reduce the expression of two autonomously 
functioning heterodimers T�RI and T�RII [257] that com-
pose the dimeric polypeptide TGF� [258]. This leads to 
TGF� signaling disruption in HSCs and favours a potent 
antifibrotic effect. Moreover, PPAR� activation curcumin 
mediated inhibits TGF�-induced CTGF expression. Accord-
ing to these authors, the results of the study indicate that 
PPAR� crosstalks with TGF� signaling and imply that phar-
macological intervention via PPAR� activation can indeed 
block the profibrogenic TGF�/Smad pathway and thereby 
inhibit HSCs activation and ameliorate hepatic fibrosis [259, 
260]. A reduction of PDGF and TGF� was also observed in a 
rat model of hepatic injury induced by CCl(4), after the ad-
ministration of curcumin that also attenuated oxidative 
stress, suppressing inflammation and inhibiting activation of 
HSCs [261]. 

According to other authors, curcumin, in a dose depend-
ent manner, induces gene expression of endogenous PPAR� 
in activated HSCs through the interruption of PDGF and 
EGF signaling pathways by inhibiting tyrosine phosphoryla-
tion of their receptor and reducing the levels of phosphory-
lated phosphatidylinositol-3 kinase (PI-3K/AKT), ERK and 
the JNK [262, 263]. 

The effects of curcumin were also explored on a murine 
model of bile duct inflammation and liver damage in cholan-
giopathy where this compound showed to have anti-fibrotic 
effects blocking proliferation and activation of portal myofi-
broblasts by inhibiting ERK1/2 in a PPAR� manner [264]. 

Interestingly, administration of curcumin to mice fed 
with a methionine- and choline-deficient diet was able to 
reduce intrahepatic expression of fibrogenic genes and liver 
fibrosis; after its administration in cultured HSCs, secretion 
of tissue inhibitor of metalloprotease and generation of ROS 
were also diminished [265].  

Another interesting study in a rat model of liver fibrosis 
induced by CCl(4) was planned to search whether curcumin 
could have antioxidant effects increasing enzymes such as 
APE1. It was found that, after curcumin administration, liver 
injury and oxidative stress, together with TNF�, NF-kB and 
HSCs activation, decreased; concomitantly, a re-elevation of 
APE1 mRNA and protein levels was noted, thus demonstrat-
ing a role of this antioxidant pathway activated in PPAR� 
manner by curcumin [266]. 

A recent interesting study showed that curcumin was not 
only able to regulate HSCs activation but also the cell cycle 
progression of damaged hepatocytes inducing them to un-
dergo apoptosis by up-regulating its P53 level expression 
[267]. 

Of great importance, a recent study showed that curcu-
min inhibited the receptors of advanced glycation end-
products thus decreasing activation of HSCs, by means of 
PPAR� activation [268, 269]. 

Since curcumin is safe for human consumption, it may 
have a beneficial role in alcoholic liver disease, in acute liver 
injury, in chronic liver diseases. 

Interesting molecular studies have clarified the existence 
of several binding modes of ligands to the target protein; this 
may result in new clues for improving the binding affinity 
and selectivity of PPAR� [270] thus ameliorating the ability 
to treat liver fibrosis. 

- a new class of PPAR� ligands from the marine envi-
ronment was discovered in a Marine Sponge, Plakinastrella 
mamillaris, from Fiji islands: they might be potential agents 
in the treatment of fibro-inflammatory disorders [271]. From 
the isolation and molecular characterization of a library of 13 
oxygenated polyketides, the authors focus their interest on 3 
of these molecules: gracilioether B (30), gracilioether C (31) 
and Plakilactone C (32) [271]. These molecules can activate 
PPAR� with a potency of 20-90 fold less than that of rosigli-
tazone, but with a very similar efficacy in terms of receptor 
transactivation (approximated 80%). These three molecules 
increase the expression of SCD-1 in liver cells (SCD1 cata-
lyzes the rate-limiting reaction of mono-insatured fatty acid 
and plays an important role in fatty liver) and up-regulate 
PEPCK (a rate-limiting enzyme involved in gluconeogene-
sis) [271]. Gracilioether C and plakilactone C, but not 
gracilioether B, are able to induce expression of CD36, a 
scavenger receptor involved in the hepatic reuptake of oxi-
dized lipoprotein. 
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In contrast with the action of gracilioether B and plak-
ilactone C, gracilioether C activates PPAR� in a non-
covalent fashion and suppresses production of IL-6 and 
MCP-1 similarly to the rosiglitazone, thus allowing the hy-
pothesis that it could become an interesting anti-
inflammatory drug [271]. Further studies on these molecules 
may promise interesting results. 

4.4. Dual or Pan PPARs Agonists 

Dual or pan PPAR agonists, that are PPAR ligands, able 
to bind two or more PPAR isoforms, thus acting simultane-
ously on insulin resistance, dyslipidemia and obesity, have 
been proposed for several years [272].  

The summation of benefit findings of each one of these 
PPARs agonists might help to treat simultaneously both 
hyperglicemia and obesity and dyslipidemia and then to have 
beneficial effects on liver fibrosis.  

Chiglitazar (33), a PPAR�/� agonist, by suppressing the 
expression of genes for the key gluconeogenic enzymes 
PEPCK and G-6-Pase and upregulating mRNA expression of 
genes involved in NEFA oxidation, demonstrated to reduce 
insulin resistance and to improve glucose tolerance and lipid 
profiles in monosodium L-glutamate obese rats [273]. Unfor-
tunately, this study does not report data on liver fibrosis. 
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According to some authors, dual PPAR�/� agonists might 
be useful in patients with non-alcoholic fatty liver disease 

but more data are necessary on long-term safety, efficacy 
and impact on liver related histologic outcomes of these 
compounds [274]. Bezafibrate, an old and well known fibric 
acid, is the first clinically tested pan PPARs (PPAR� �/� �) 
activator that has demonstrated to lower cholesterol, triglyc-
eride, glucose and improve insulin resistance and HDL cho-
lesterol, maintaining a good safety profile [272]. 

Of great importance, bezafibrate, recently tested in a 
model of obese mice induced by monosodium glutamate 
treatment, was demonstrated to have beneficial effects on 
macro-and microvesicles in hepatocytes and to reduce non-
alcoholic fatty liver disease activity score [275]. 

An important structural and functional study on receptor-
ligand interactions showed that the prostacyclin analog ilo-
prost (34), could strongly interact with PPAR� and 
PPAR�/�. Interestingly, two unique hydroxy groups from 
iloprost, formed hydrogen bonds with Thr-279 and Ser-280 
of PPAR� and with Thr-252 and Thr-253 of PPAR�/� [276]. 
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This biochemical detailed study is critical for opening 
new opportunities in treating several diseases and also liver 
fibrosis. Iloprost is a well known and safe medical com-
pound, analog of a physiological mediator derived from 
prostanoids (metabolites of arachidonic acid through the 
action of cyclooxygenase) and endowed with anti-platelet 
and arterial vasodilator abilities [277]. Iloprost is able to 
maintain vascular endothelial homeostasis regulating portal 
flow volume, hepatic microcirculation and acting as a local 
hormone to control HSCs function by means of specific cel-
lular receptors [(IP, a transmembrane G-protein coupled re-
ceptor) and PPAR� and PPAR�/�] [278, 5, 279]. 

It is now clear that the prostacyclin actions in ameliorat-
ing hepatic content of glutathione and hepatocyte mitochon-
drial function [280, 281] as well as in favouring adipocyte 
differentiation of HSCs, thus maintaining them in a quies-
cent phase, might depend on its ability to bind PPAR� and 
PPAR�/�. 

Interestingly, since hypoxemia aggravates steatohepatitis 
and liver fibrosis in rats fed with a choline-deficient high-fat 
diet [282] due to vulnerability of fatty hepatocytes to anoxic 
injury [283], the ability of iloprost to ameliorate hepatic per-
fusion might be useful to slow down the development of 
steatohepatitis and liver fibrosis [284-286]. 

Finally, after a global analysis of gene regulation by 
PPAR� and PPAR� � agonists in human hepatocytes, 
emerged that a large number of target genes are regulated in 
common by PPAR� � and PPAR� agonists [245]; therefore, a 
large inter-individual and unpredictable response of patients 
to these compounds may be expected [245]. 
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Moreover, other dual or pan PPARs exist but they have 
been discontinued because of severe side effects including 
renal failure, fibrosarcomas, urinary tract cancer and anemia 
[287]. 

5. CONCLUSIONS 

PPARs are transcription factors that belong to the nuclear 
receptor superfamily; of the three known isotypes, PPAR� is 
principally assigned the task of regulating fatty acid �-
oxidation, PPAR�/� acts prevalently on triglicerides metabo-
lism, on LPL, regulates inflammatory response and may 
upregulate the activity of PPAR�, PPAR� increases insulin 
sensitivity and regulates triglyceride storage in adipose tissue 
and maintains HSCs in a quiescent phase.  

To date, PPAR� and PPAR� are target to develop more 
and more effective therapeutic strategies against steatohepa-
titis and insulin resistance, respectively, whereas PPAR�/� 
promises to become an interesting therapeutic target against 
metabolism of triglycerides, in the near future.  

Given the fact that all three PPARs are closely involved 
in the pathogenesis of liver fibrosis, it is intriguing to think 
that they might become common part of a therapeutic strat-
egy against liver fibrosis.  

The possibility of using medical compounds that simul-
taneously act against two or pan PPARs, already exists. Fur-
ther studies are, however, needed to search potential useful-
ness of these therapeutic strategies, warding off the threat of 
insurgence of toxicity or side effects. Therefore, it is impor-
tant to plan clinical studies that mainly focus on safety of 
these medical compounds. 

Moreover, some help to reach a better affinity and selec-
tivity of medical compounds versus PPARs might come 
from the interesting studies performed with X-ray crystallo-
graphic analysis; these have shown that the high-resolution 
crystal structures of the PPARs complexed with these ago-
nists will provide the structural basis for specific and versa-
tile binding mode of these ligands [288, 289]; they also 
might favour further development of drugs treating meta-
bolic diseases and thus fibrosis. 
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ABBREVIATIONS 

ACOX1 = Acyl-CoA oxidase 1 
ADD-1/SREBP-1 = Adipocyte determination and dif-

ferentiation factor 1/sterol re-
sponse element binding protein 1 

AF = Activation Function Region 
AP-1 = Activator Protein-1 
aP2 = Adipocyte fatty acid binding pro-

tein 

APMK, MAPK = Mitogen-activated protein kinase 
ApoA = Apolipoprotein A 
ApoC = Apolipoprotein C 
BMI = Body mass index 
C / EBP = CCAAT / enhancer binding pro-

tein 
C/EBP-�, -�, and � = C/EBP transcription factors 
CARM1 = (Coactivator-associated arginine 

methyltransferase 1 
CCl(4) = Carbon tetrachloride 
Cidea = Mithocondrial cell death-inducing 

DNA fragmentation factor alpha-
like effector A 

COUP-TFII = COUF Transcription factor 2 
COX = Cyclooxygenase 
CRBP-I = Cellular retinol-binding protein, 

type 1 
CTGF = Connective tissue growth factor 
ECM = Extracellular matrix 
EGF = Epidermal growth factor 
ERK = Extracellular factor-regulated 

kinases 
ERK = Extracellular signal-regulated 

kinase 
GK = Glucokinase 
GLUT4 = Insulin-responsive glucose trans-

porter 
GSH = Glutathione 
GSSG = Glutathione disulfide 
HDL = High density lipoprotein 
HNF = Hepatocyte nuclear factor 
HSC = Hepatic Stellate Cells 
IL = Interleukin 
iNOS = Inducible nitric-oxide synthase 
JNK = c-Jun N-terminal kinase 
LPL = Lipoprotein lipase 
LRAT lecithin = Retinol acyltransferase 
LTB4 = Leukotriene B4 
LXR� = Liver X receptor � 
MCP = Monocyte chemotactic protein 1 
MED = Mediator complex 
MFP1/L-PBE = Hydratase-dehydrogenase 

multifunctional/bifunctional 
enzymes MMP = Metalloprotein 

MUFA = Monounsaturated fatty acid 
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N-CoR = Nuclear corepressor 
NF-kB = Nuclear factor-light-chain enhan-

cer of activated B cells 
NR = Nuclear Receptor 
PAI-1 = Plasminogen activator inhibitor-1 
PBP/MED1 = PPAR-binding pro-

tein/TRAP220/DRIP205/ media-
tor subunit 1 

PDGF = Platelet-derived growth factor 
PEPCK = Phosphoenolpyruvate car-

boxykinase 
PGC-1� = Peroxisome proliferator-activated 

receptor-� coactivator 1� 
PI-3K/AKT = Phosphorylated phosphatidyli-

nositol-3 kinase 
PPAR = Peroxisome proliferator-activated 

receptor 
PPRE = (Peroxisome proliferator response 

element) 
PRIC = PPAR�-interacting cofactor 
PRIP/NCoA6 = Nuclear receptor coactivator 6 

interacting protein 
PTL = Pancreatic Trygliceride Lipase 
RIP140 = Receptor Interacting Protein 140 
ROS = Reactive Oxygen Species 
RXR = Retinoid X receptor 
SCD-1 = Steaoryl- CoA desaturase-1 
sdLDL = Small dense LDL 
Smad = Small mother against decapenta-

plegic 
SMRT = Silencing mediator for retinoid 

and thyroid hormone receptors 
SRC1/p160 = Steroid receptor coactivator 1, 

p160 family 
SREBP-1c = Sterol response element binding 

protein 1c 
T-betaR = TGFbeta receptor 
TG = Triglyceride 
TGF = Transforming growth factor 
TNF = Tumor necrosis factor 
TNF� = Tumor necrosis factor 
T�RI = Transforming growth factor-� 

type-I receptor 
VLDL = Very Low density lipoprotein 
� SMA = �-smooth muscle actin 
�HNF4-RE = �hepatic nuclear factor 4 regula-

tory element 

REFERENCES 

[1] Tugwood, J.D.; Issemann, I.; Anderson, R.G.; Bundell, K.R.; 
McPheat, W.L.; Green, S. The mouse peroxisome proliferator-
activated receptor recognizes a response element in the 5´ flanking 
sequence of the rat acyl CoA oxidase gene. EMBO J., 1992, 11 (2), 
433-439. 

[2] Auwerx, J.; Baulieu, E.; Beato, M.; Becker-Andre, M.; Burbach, 
P.H.; Camerino, G.; Chambon, P.; Cooney, A.; Dejean, A.; Dreyer, 
C.; Evans, R.M.; Gannon, F.; Giguere, V.; Gronemeyer, H.; 
Gustafsson, J.A.; Laudet, V.; Lazar, M.A.; Mangelsdorf, D.J.; 
Millbrandt, J.; Milgrom, E.; Moore, D.D.; O'Malley, B.; Parker, 
M.; Parker, K.; Perimann, T.; Pfahl, M.; Rosenfeld, M.G.; Samuels, 
H.; Schutz, G.; Sladek, F.M.; Stunnenberg, H.G.; Spedding, M.; 
Thummel, C.; Tsai, M.J.; Umesono, K.; Vennstrom, B.; Wahli, W.; 
Weinberg, C.; Willson, T.M.; Yamamoto, K. A unified nomencla-
ture system for the nuclear receptor superfamily. Cell, 1999, 97 (2), 
161-163. 

[3] Francis, G.A.; Fayard, E.; Picard, F.; Auwerx, J. Nuclear receptors 
and the control of metabolism. Annu. Rev. Physiol., 2003, 65, 261-
311. 

[4] Miyahara, T.; Schrum, L.; Rippe, R.; Xiong, S.; Yee, H.F. Jr; Mo-
tomura, K.; Anania, F.A.; Willson, T.M.; Tsukamoto, H. Perox-
isome proliferator-activated receptors and hepatic stellate cell acti-
vation. J. Biol. Chem., 2000, 275(46), 35715- 35722. 

[5] Zardi, E.M.; Dobrina, A.; Ambrosino, G.; Margiotta, D.; Polistina, 
F.; Afeltra, A. New therapeutic approaches to liver fibrosis: a prac-
ticable route? Curr. Med. Chem., 2008, 15 (16), 1628-1644. 

[6] Zhang, C.; Guo, X.; Jiang, G.; Zhang, L.; Yang, Y.; Shen, F.; Wu, 
M.; Wei, L. CpG island methylator phenotype association with 
upregulated telomerase activity in hepatocellular carcinoma. Int. J. 

Cancer, 2008, 123, 998-1004. 
[7] Harder, J.; Opitz, O.G.; Brabender, J.; Olschewski, M.;, Blum, 

H.E.; Nomoto, S.; Usadel, H. Quantitative promoter methylation 
analysis of hepatocellular carcinoma, cirrhotic and normal liver. 
Int. J. Cancer, 2008, 122, 2800-2804. 

[8] Mann, J.; Chu, D.C.K.; Maxwell, A.; Oakley, F.; Zhu, N.L.; Tsu-
kamoto, H.; Mann, D.A. MeCP2 controls an epigenetic pathway 
that promotes myofibroblast transdifferentiation and fibrosis. Gas-

troenterology, 2010, 138, 705-714. 
[9] Tsukamoto, H.; Zhu, N.L.; Asahina, K.; Mann, D.A.; Mann, J. 

Epigenetic cell fate regulation of hepatic stellate cells. Hepatol. 
Res., 2011, 41, 675-682. 

[10] Matsumoto, K.; Taniura, H.; Uetsuki, T.; Yoshikawa, K. Necdin 
acts as a transcriptional repressor that interacts with multiple 
guanosine cluisters. Gene, 2001, 272, 173-179. 

[11] Perugorria, M.J.; Wilson, C.L.; Zeybel, M.; Walsh, M.; Amin, S.; 
Robinson, S.; With, S.A.; Burt, A.D.; Oakley, F.; Tsukamoto, H.; 
Mann, D.A.; Mann, J. Histone methyltransferase ASH1 orches-
trates fibrogenic gene transcription during myofibroblast transdif-
ferentiation. Hepatology, 2012, 56, 1129-1139. 

[12] Mann, J.; Oakley, F.; Akiboye, F.; Elsharkawi, A.; Thorne, A.W.; 
Mann, D.A. Regulation of myofibroblast transdifferentiation by 
DNA methylation and MeCP2: implications for wound healing and 
fibrogenesis, Cell Death Differ., 2006, 14, 275-285. 

[13] Quin, L.; Han, Y.P. Epigenetic repression of matrix metalloprote-
inases in myofibroblastic hepatic stellate cells through histone 
deacetylases 4: implication in tissue fibrosis. Am. J. Pathol., 2010, 
177, 1915-1928. 

[14] Mann, J.; Xu, X.; Oakley, F.; Maxwell, A.; Elsharkawi, A.M.; 
Mann, D.A.; Burt, A.D. Epigenetically inherited resistance to liver 
fibrosis. Hepatology, 2009, 50, 849A-850A. 

[15] Haussinger, D.; Kubitz, R.; Reinehr, R.; Bode, J.G.; Schliess, F. 
Molecular aspects of medicine: from experimental to clinical hepa-
tology. Mol. Aspects Med., 2004, 25 (3), 221-360. 

[16] Sung, C.K.; She, H.; Xiong, S.; Tsukamoto, H. Tumor necrosis 
factor-alpha inhibits peroxisome proliferator-activated receptor 
gamma activity at a posttranslational level in hepatic stellate cells. 
Am. J. Physiol. Gastrointest Liver Physiol., 2004, 286 (5), G722-
G729. 

[17] Eng, F.J.; Friedman, SL. Fibrogenesis I. New insights into hepatic 
stellate cell activation: the simple becomes complex. Am. J. 
Physiol. Gastrointest Liver Physiol., 2000, 279 (1), G7-G11. 

[18] Dowell, P.; Peterson, V.J.; Zabriskie, T.M.; Leid, M. Ligand-
induced peroxisome proliferator-activated receptor alpha confor-
mational change. J. Biol. Chem., 1997, 272 (3) 2013-2020. 



PPARs and Liver Fibrosis Current Medicinal Chemistry, 2013, Vol. 20, No. 27    3389 

[19] Marra. F.; Efsen, E.; Romanelli, R.G.; Caligiuri, A.; Pastacaldi, S.; 
Batignani, G.; Bonacchi, A.; Caporale, R.; Laffi, G.; Pinzani, M.; 
Gentilini, P. Ligands of peroxisome proliferator-activated receptor 
gamma modulate profibrogenic and proinflammatory actions in he-
patic stellate cells. Gastroenterology, 2000, 119 (2), 466-478. 

[20] Owen, G.I.; Zelent, A. Origins and evolutionary diversification of 
nuclear receptor superfamily. Cell. Mol. Life Sci., 2000, 57 (5), 
809-827.  

[21] Werman, A.; Hollenberg, A.; Solanes, G.; Bjørbaek, C.; Vidal-
Puig, A.J.; Flier, J.S. Ligand-independent activation domain in the 
N terminus of peroxisome proliferator- activated receptor gamma 
(PPAR�). J. Biol. Chem., 1997, 272 (32), 20230-20235.  

[22] Shao, D.; Rangwala, S.M.; Bailey, S.T.; Krakow, S.L.; Reginato, 
M.J.; Lazar M.A. Interdomain communication regulating ligand 
binding by PPAR-gamma. Nature, 1998, 396 (6709) 377-380. 

[23] Nolte, R.T.; Wisely, G.B.; Westin, S.; Cobb, J.E.; Lambert, M.H.; 
Kurokawa, R.; Rosenfeld, M.G.; Willson, T.M.; Glass, C.K.; Mil-
burn, M.V. Ligand binding and co-activator assembly of the perox-
isome proliferator-activated receptor-gamma. Nature, 1998, 395 
(6698), 137-143. 

[24] Berger, J. ; Moller, D.E. The mechanisms of action of PPARs. 
Annu. Rev. Med., 2002, 53, 409-435. 

[25] Uppenberg, J.; Svensson, C.; Jaki, M.; Bertilsson, G.; Jendeberg, 
L.; Berkenstam, A. Crystal structure of the ligand binding domain 
of the human nuclear receptor PPARgamma. J. Biol. Chem., 1998, 
273(47), 31108-31112. 

[26] Xu, H.E.; Lambert, M.H.; Montana, V.G.; Plunket, K.D.; Moore, 
L.B.; Collins, J.L.; Oplinger, J.A.; Kliewer, S.A.; R.T. Gampe, 
R.T.Jr.; McKee, D.D.; Moore, J.T.; Willson, T.M. Structural de-
terminants of ligand binding selectivity between the peroxisome 
proliferator-activated receptors, Proc. Natl. Acad. Sci., 2001, 98, 
13919-13924. 

[27] Renaud, J.; Rochel, N.; Ruff, M.; Vivat, V.; Chambon, P.; Grone-
meyer, H.; Moras, D. Crystal structure of the RAR-[gamma] 
ligand-binding domain bound to all-trans retinoic acid. Nature, 
1995, 378, 681-689. 

[28] Hamuro, Y.; Coales, S.J.; Morrow, J.A.; Molnar, K.S.; Tuske, S.J.; 
Southern, M.R.; Griffin, P.R. Hydrogen/deuterium-exchange (H/D-
Ex) of PPARgamma LBD in the presence of various modulators. 
Protein Sci., 2006, 15, 1883-1892. 

[29] Uppenberg, J.; Svensson, C.; Jaki, M.; Bertilsson, G.; Jendeberg, 
L.; Berkenstam, A. Crystal structure of the ligand binding domain 
of the human nuclear receptor PPARgamm. J. Biol. Chem., 1998, 
273, 31108-31112. 

[30] Nagy, L.; Schwabe, J.W.R. Mechanism of the nuclear receptor 
molecular switch. Trends Biochem. Sci., 2004, 29, 317-324. 

[31] Molnàr, F.; Matilainen, M.; Carlberg, C.; Structural determinants of 
the agonist-independent association of human peroxisome prolif-
erator-activated receptors with coactivators, J. Biol. Chem., 2005, 
280, 26543-26556. 

[32] Michalik, L.; Zoete, V.; Krey, G.; Grosdidier, A.; Gelman, L.; 
Chodanowski, P.; Feige, J.N.; Desvergne, B.; Wahli, W.; Mi-
chielin, M. Combined simulation and mutagenesis analyses of 
PPAR[alpha] AF-2 unveil the basis of helix 12 dynamics. J. Biol. 
Chem., 2007, 382 (13), 9666-9677. 

[33] Nolte, R.T.; Wisely, G.B.; Westin, S.; Cobb, J.E.; Lambert, M.H.; 
Kurokawa, R.; Rosenfeld, M.G.; Willson, T.M.; Glass, C.K.; Mil-
burn, M.V. Ligand binding and co-activator assembly of the perox-
isome proliferatoractivated receptor-gamma, Nature, 1998, 395, 
137-143. 

[34] Xu, H.E.; Stanley, T.B.; Montana, V.G.; Lambert, M.H.; Shearer, 
B.G.; Cobb, J.E.; McKee, D.D.; Galardi, C.M.; Plunket, K.D.; 
Nolte, R.T.; Parks, D.J.; Moore, J.T.; Kliewer, S.A.; Willson, T.M.; 
Stimmel, J.B. Structural basis for antagonist-mediated recruitment 
of nuclear co-repressors by PPAR[alpha], Nature, 2002, 415, 813-
817. 

[35] Sher, T.; Yi, H.F.; McBride, O.W.; Gonzalez, F.J. cDNA cloning, 
chromosomal mapping, and functional characterization of the hu-
man peroxisome proliferator activated receptor. Biochemistry, 
1993, 32 (21), 5598-5604. 

[36] Pyper, S.R.; Viswakarma, N.; Yu, S.; Reddy, J.K. PPAR�: energy 
combustion, hypolipidemia, inflammation and cancer”. Nucl. Re-
cept. Signal., 2010, 8, e002. 

[37] Pineda Torra, I.; Jamshidi, Y.; Flavell, D.M.; Fruchart, J.C.; Staels, 
B. Characterization of the human PPARalpha promoter: identifica-

tion of a functional nuclear receptor response element. Mol. Endo-

crinol., 2002, 16(5), 1013-1028. 
[38] Genini, D.; Carbone, G.M.; Catapano, C.V. Multiple Interactions 

between Peroxisome Proliferators-Activated Receptors and the 
Ubiquitin-Proteasome System and Implications for Cancer Patho-
genesis. PPAR Res., 2008, 2008:195065. 

[39] El Kebbaj, Z.; Andreoletti, P.; Mountassif, D.; Kabine, M.; Schohn, 
H.; Dauça, M.; Latruffe, N.; El Kebbaj, M.S.; Cherkaoui-Malki, M. 
Differential regulation of peroxisome proliferator-activated recep-
tor (PPAR)-alpha1 and truncated PPARalpha2 as an adaptive re-
sponse to fasting in the control of hepatic peroxisomal fatty acid 
beta-oxidation in the hibernating mammal. Endocrinology, 2009, 
150 (3), 1192-1201. 

[40] Juge-Aubry, C.E.; Hammar, E.; Siegrist-Kaiser, C.; Pernin, A.; 
Takeshita, A.; Chin, W.W.; Burger, A.G.; Meier, C.A. Regulation 
of the transcriptional activity of the peroxisome proliferator-
activated receptor alpha by phosphorylation of a ligand-
independent trans-activating domain. J. Biol. Chem., 1999, 
274(15), 10505-10510. 

[41] Barger, P.M.; Browning, A.C.; Garner, A.N.; Kelly, D.P.J. p38 
mitogen-activated protein kinase activates peroxisome proliferator-
activated receptor alpha: a potential role in the cardiac metabolic 
stress response. J Biol. Chem., 2001, 276 (48) 44495-44501. 

[42] Blanquart, C. ; Mansouri, R. ; Paumelle, R. ; Fruchart, J.C. ; Staels, 
B. ; Glineur C. The protein kinase C signaling pathway regulates a 
molecular switch between transactivation and transrepression acti-
vity of the peroxisome proliferator-activated receptor alpha”, Mol. 

Endocrinol., 2004, 18 (8), 1906-1918. 
[43] Kliewer, S.A. ; Umesono, K. ; Noonan, D.J. ; Heyman, R.A.; 

Evans, R.M. Convergence of 9-cis retinoic acid and peroxisome 
proliferator signalling pathways through heterodimer formation of 
their receptors. Nature, 1992, 358 (6389), 771-774. 

[44] DiRenzo, J.; Söderstrom, M.; Kurokawa, R.; Ogliastro, M.H.; 
Ricote, M.; Ingrey, S.; Hörlein, A.; Rosenfeld, M.G.; Glass, 
C.K. Peroxisome proliferator-activated receptors and retinoic acid 
receptors differentially control the interactions of retinoid X recep-
tor heterodimers with ligands, coactivators, and corepressors. Mol. 

Cel. Biol., 1997, 17 (4), 2166-2176. 
[45] Van Der Meer, D.L.; Degenhardt, T.; Väisänen, S.; de Groot, P.J.; 

Heinäniemi, M.; de Vries, S.C.; Müller, M.; Carlberg, C.; Kersten, 
S. Profiling of promoter occupancy by PPARalpha in human hepa-
toma cells via ChIP-chip analysis. Nucleic Acids Res., 2010, 38 (9), 
2839-2850. 

[46] Jow, L.; Mukherjee, R. The human peroxisome proliferator-
activated receptor (PPAR) subtype NUC1 represses the activation 
of hPPAR alpha and thyroid hormone receptors. J. Biol. Chem., 
1995, 270(8), 3836-3840. 

[47] Feige, J.N.; Gelman, L.; Michalik, L.; Desvergne, B.; Wahli, W. 
From molecular action to physiological outputs: peroxisome prolif-
erator-activated receptors are nuclear receptors at the crossroads of 
key cellular functions. Prog. Lipid Res., 2006, 45 (2), 120-159. 

[48] Glass, C.K.; Rosenfeld, M.G. The coregulator exchange in tran-
scriptional functions of nuclear receptors. Genes Dev., 2000, 14 (2), 
121-141. 

[49] Evans, R.M.; Barish, G.D.; Wang, Y.X. PPARs and the complex 
journey to obesity. Nat. Med., 2004, 10 (4), 355-361. 

[50] Mello, T.; Polvani, S.; Galli, A. Peroxisome proliferator-activated 
receptor and retinoic x receptor in alcoholic liver disease. PPAR 
Res., 2009, 2009:748174. 

[51] Ide, T.; Shimano, H.; Yoshikawa, T.; Yahagi, N.; Amemiya-Kudo, 
M.; Matsuzaka, T.; Nakakuki, M.; Yatoh, S.; Iizuka, Y.; Tomita, 
S.; Ohashi, K.; Takahashi, A.; Sone, H.; Gotoda, T.; Osuga, J.; 
Ishibashi, S.; Yamada, N. Cross-talk between peroxisome prolifera-
tor-activated receptor (PPAR) alpha and liver X receptor (LXR) in 
nutritional regulation of fatty acid metabolism. II. LXRs suppress 
lipid degradation gene promoters through inhibition of PPAR sig-
nalling. Mol. Endocrinol., 2003, 17 (7), 1255-1267. 

[52] Deng, Q.G.; She, H.; Cheng, J.H.; French, S.W.; Koop, D.R.; 
Xiong, S.; and Tsukamoto, H. Steatohepatitis induced by intragas-
tric overfeeding in mice”, Hepatology, 2005, 42 (4), 905-914. 

[53] Hebbachi, A.M.; Knight, B.L.; Wiggins, D.; Patel, D.D.; Gibbons, 
G.F. Peroxisome proliferator-activated receptor alpha deficiency 
abolishes the response of lipogenic gene expression to re-feeding: 
restoration of the normal response by activation of liver X recep-
toralpha”, J. Biol. Chem., 2008, 283 (8), 4866-4876. 



3390    Current Medicinal Chemistry, 2013, Vol. 20, No. 27 Zardi et al. 

[54] Reddy, J.K.; Hashimoto, T. Peroxisomal beta-oxidation and perox-
isome proliferator-activated receptor alpha: an adaptive metabolic 
system. Ann. Rev. Nutr., 2001, 21, 193-230. 

[55] Hostetler, H.A.; Petrescu, A.D.; Kier, A.B.; Schroeder, F. Perox-
isome proliferator-activated receptor � interacts with high affinity 
and is conformationally responsive to endogenous ligands. J. Biol. 
Chem., 2005, 280, (19), 18667-18682. 

[56] Chakravarthy, M.V.; Lodhi, I.J.; Yin, L.; Malapaka, R.R.; Xu, 
H.E.; Turk, J.; Semenkovich, C.F. Identification of a physiologi-
cally relevant endogenous ligand for PPARalpha in liver. Cell, 
2009, 138 (3), 476-488. 

[57] Lamaziere, A.; Wolf, C. Phosphatidylcholine and PPAR�: a rele-
vant connection in liver disease?. Gastroentérol. Clin. Biol., 2010, 
34 (4-5), 250-251. 

[58] Yamauchi, T.; Kamon, J.; Ito, Y.; Tsuchida, A.; Yokomizo, T.; 
Kita, S.; Sugiyama, T.; Miyagishi, M.; Hara, K.; Tsunoda, M.; Mu-
rakami, K.; Ohteki, T.; Uchida, S.; Takekawa, S.; Waki, H.; Tsuno, 
N.H.; Shibata, Y.; Terauchi, Y.; Froguel, P.; Tobe, K.; Koyasu, S.; 
Taira, K.; Kitamura, T.; Shimizu, T.; Nagai, R; Kadowaki, P.T. 
Cloning of adiponectin receptors that mediate antidiabetic meta-
bolic effects. Nature, 2003, 423 (6949), 762-769. 

[59] Staels, B.; Vu-Dac, N.; Kosykh, V.; Saladin, R.; Fruchart, J.C.; 
Dallongeville, J.; Auwerx, J. Fibrates down-regulate apolipoprotein 
C-III expression independent of induction of peroxisomal acyl co-
enzyme A oxidase. J. Clin. Invest., 1995, 95 (2), 705-712. 

[60] Schoonjans, K.; Peinado-Onsurbe, J.; Lefebvre, A.M.; Heyman, R.; 
Briggs M.; Deeb, S.; Staels, B.; Auwerx, J. PPAR alpha and PPAR 
gamma activators direct a tissue-specific transcriptional response 
via aPPREin the lipoprotein lipase gene. EMBO J., 1996, 15 (19), 
5336-5348. 

[61] Vu-Dac, N.; Chopin-Delannoy, S.; Gervois, P.; Bonnelye, E.; Mar-
tin, G.; Fruchart, J.C.; Laudet, V.; Staels, B. The nuclear receptors 
peroxisome proliferator-activated receptor alpha and Rev-erb alpha 
mediate the speciesspecific regulation of apolipoprotein A-I ex-
pression by fibrates. J. Biol. Chem., 1998, 273 (40), 25713-25720.  

[62] Devchand, P.R.; Keller, H.; Peters, J.M.; Vazquez, M.; Gonzalez, 
F.J.; Wahli, W. The PPARalpha-leukotriene B4 pathway to in-
flammation control. Nature, 1996, 384, (6604), 39-43. 

[63] Ota, T.; Suzuki, Y.; Nishikawa, T.; Otsuki, T.; Sugiyama, T.; Irie, 
R.; Wakamatsu, A.; Hayashi, K.; Sato, H.; Nagai, K.; Kimura, K.; 
Makita, H.; Sekine, M.; Obayashi, M.; Nishi, T.; Shibahara, T.; Ta-
naka, T.; Ishii, S.; Yamamoto, J.; Saito, K.; Kawai, Y.; Isono, Y.; 
Nakamura, Y.; Nagahari, K.; Murakami, K.; Yasuda, T.; Iwaya-
nagi, T.; Wagatsuma, M.; Shiratori, A.; Sudo, H.; Hosoiri, T.; 
Kaku, Y.; Kodaira, H.; Kondo, H.; Sugawara, M.; Takahashi, M.; 
Kanda, K.; Yokoi, T.; Furuya, T.; Kikkawa, E.; Omura, Y.; Abe, 
K.; Kamihara, K.; Katsuta, N.; Sato, K.; Tanikawa, M.; Yamazaki, 
M.; Ninomiya, K.; Ishibashi, T.; Yamashita, H.; Murakawa, K.; Fu-
jimori, K.; Tanai, H.; Kimata, M.; Watanabe, M.; Hiraoka, S.; 
Chiba, Y.; Ishida, S.; Ono, Y.; Takiguchi, S.; Watanabe, S.; 
Yosida, M.; Hotuta, T.; Kusano, J.; Kanehori, K.; Takahashi-Fujii, 
A.; Hara, H.; Tanase, T.O.; Nomura, Y.; Togiya, S.; Komai, F.; 
Hara, R.; Takeuchi, K.; Arita, M.; Imose, N.; Musashino, K.; 
Yuuki, H.; Oshima, A.; Sasaki, N.; Aotsuka, S.; Yoshikawa, Y.; 
Matsunawa, H.; Ichihara, T.; Shiohata, N.; Sano, S.; Moriya, S.; 
Momiyama, H.; Satoh, N.; Takami, S.; Terashima, Y.; Suzuki, O.; 
Nakagawa, S.; Senoh, A.; Mizoguchi, H.; Goto, Y.; Shimizu, F.; 
Wakebe, H.; Hishigaki, H.; Watanabe, T.; Sugiyama, A.; 
Takemoto, M.; Kawakami, B.; Yamazaki, M.; Watanabe, K.; Ku-
magai, A.; Itakura, S.; Fukuzumi, Y.; Fujimori, Y.; Komiyama, M.; 
Tashiro, H.; Tanigami, A.; Fujiwara, T.; Ono, T.; Yamada, K.; Fu-
jii, Y.; Ozaki, K.; Hirao, M.; Ohmori, Y.; Kawabata, A.; Hikiji, T.; 
Kobatake, N.; Inagaki, H.; Ikema, Y.; Okamoto, S.; Okitani, R.; 
Kawakami, T.; Noguchi, S.; Itoh, T.; Shigeta, K.; Senba, T.; 
Matsumura, K.; Nakajima, Y.; Mizuno, T.; Morinaga, M.; Sasaki, 
M.; Togashi, T.; Oyama, M.; Hata, H.; Watanabe, M.; Komatsu, T.; 
Mizushima-Sugano, J.; Satoh, T.; Shirai, Y.; Takahashi, Y.; Naka-
gawa, K.; Okumura, K.; Nagase, T.; Nomura, N.; Kikuchi, H.; Ma-
suho, Y.; Yamashita, R.; Nakai, K.; Yada, T.; Nakamura, Y.; 
Ohara, O.; Isogai, T.; Sugano, S. Complete sequencing and charac-
terization of 21,243 full-length human cDNAs. Nat. Genet., 2004, 
36 (1), 40-45. 

[64] Schmidt, A.; Endo, N.; Rutledge, S.J.; Shinar, D.; Rodan, G.A. 
Identification of a new member of the steroid hormone receptor su-
perfamily that is activated by a peroxisome proliferator and fatty 
acids. Mol. Endocrinol., 1992, 6 (10), 1634-1641. 

[65] Keller, H.; Dreyer, C.; Medin, J.; Mahfoudi, A.; Ozato, K.; Wahli, 
W. Fatty acids and retinoids control lipid metabolism through acti-
vation of peroxisome proliferatoractivated receptor-retinoid X re-
ceptor heterodimers. Proc. Natl. Acad. Sci. U.S.A., 1993, 90 (6), 
2160-2164. 

[66] Tan, N.S.; Michalik, L.; Noy, N.; Yasmin, R.; Pacot, C.; Heim, M.; 
Flühmann, B.; Desvergne, B.; Wahli, W. “Critical roles ofPPAR 
beta/delta in keratinocyte response to inflammation”, Genes Dev., 
2001, 15 (24), 3263-3277. 

[67] Yu, S.; Reddy, J.K. Transcription coactivators for peroxisome 
proliferatoractivated receptors. Biochem. Biophys. Acta, 2007, 1771 
(8), 936-951. 

[68] Girroir, E.E.; Hollingshead, H.E.; He, P.; Zhu, B.; Perdew, G.H.; 
Peters, J.M.; Quantitative expression patterns of peroxisome prolif-
erator-activated receptor-beta/delta (PPARbeta/delta) protein in 
mice”, Biochem. Biophys. Res. Commun., 2008, 371 (3), 456-461. 

[69] Hellemans, K.; Rombouts, K.; Quartier, E.; Diettiè, AS.; Knorr, A.; 
Michalik, L.; Rogiers, V.; Schuit, F.; Wahli, W.; Geerts, A. PPAR� 
regulates vitamin A metabolism-related gene expression in hepatic 
stellate cells undergoing activation. J. Lipid Res., 2003, 44 (2), 280-
295. 

[70] Hellemans, K.; Michalik, L.; Dittie, A.; Knorr, A.; Rombouts, K.; 
De Jong, J.; Heirman, C.; Quartier, E.; Schuit, F.; Wahli, W.; 
Geerts, A. Peroxisome proliferator-activated receptor-� signaling 
contributes to enhanced proliferation of hepatic stellate cells. Gas-

troenterology, 2003, 124 (1), 184-201. 
[71] Shan, W.; Palkar, PS.; Murray, IA.; McDevitt, EI.; Kennett, MJ.; 

Kang, BH.; Isom, HC.; Perdew, GH.; Gonzalez, FJ.; Peters, JM. 
Ligand activation of peroxisome proliferator-activated receptor 
beta/delta (PPARbeta/delta) attenuates carbon tetrachloride hepato-
toxicity by downregulating proinflammatory gene expression. Tox-

icol. Sci., 2008, 105 (2), 418-428. 
[72] Liu, S.; Hatano, B.; Zhao, M.; Yen, C.C.; Kang, K.; Reilly, S.M.; 

Gangl, M.R.; Gorgun, C.; Balschi, J.A.; Ntambi, J.M.; Lee, C.H. 
Role of peroxisome proliferator activated receptor {delta}/{beta} in 
hepatic metabolic regulation”, J. Biol. Chem., 2011, 286 (2), 1237-
1247.  

[73] Takahashi, S.; Tanaka, T.; Sakai, J. New therapeutic target for 
metabolic syndrome: PPAR �. Endocr. J., 2007, 54 (3), 347-357. 

[74] Odegaard, J. I.; Chawla, A. Alternative macrophage activation and 
metabolism. Annu. Rev. Pathol., 2011, 6, 275-297. 

[75] Akiyama, TE.; Lambert, G.; Nicol, CJ.; Matsusue, K.; Peters, JM.; 
Brewer, HB. Jr.; Gonzalez, FJ. Peroxisome proliferator-activated 
receptor beta/delta regulates very low density lipoprotein produc-
tion and catabolism in mice on a Western diet. J. Biol. Chem., 
2004, 279 (20), 20874-20881. 

[76] Narkar, V.A. ; Downes, M. ; Yu, R.T. ; Embler, E. ; Wang, Y.X. ; 
Banayo, E. ; Mihaylova, M.M. ; Nelson, M.C. ; Zou, Y. ; Juguilon, 
H. ; Kang, H. ; Shaw, R.J. ; Evans, R.M. AMPK and PPARdelta 
agonists are exercise mimetics. Cell, 2008, 134 (3), 405-415. 

[77] Cai, D.; Yuan, M.; Frantz, D.F.; Melendez, P.A.; Hansen, L.; Lee, 
J.; Shoelson SE. Local and systemic insulin resistance resulting 
from hepatic activation of IKK-beta and NF-kappaB. Nat. Med., 
2005, 11 (2), 183-190. 

[78] Shan, W.; Palkar, P.S.; Murray, I.A.; McDevitt, E.I.; Kennett, M.J.; 
Kang, B.H.; Isom, H.C.; Perdew, G.H.; Gonzalez, F.J.; Peters, J.M. 
Ligand activation of peroxisome proliferator-activated receptor be-
ta/delta (PPARbeta/delta) attenuates carbon tetrachloride hepatoto-
xicity by downregulating proinflammatory gene expression. Toxi-

col. Sci., 2008, 105 (2), 418-428. 
[79] Klimcakova, E.; Moro, C.; Mazzucotelli, A.; Lolmède, K., Vi-

guerie, N; Galitzky J.; Stich, V.; Langin, D. Profiling of adipokines 
secreted from human subcutaneous adipose tissue in response to 
PPAR agonists. Biochem. Biophys. Res. Commun., 2007, 358 (3), 
897-902.  

[80] Kang, K.; Reilly, S.M.; Karabacak, V.; Gangl, M.R.; Fitzgerald, 
K.; Hatano, B.; Lee, C.H. Adipocyte-derived Th2 cytokines and 
myeloid PPARdelta regulate macrophage polarization and insulin 
sensitivity. Cell Metab., 2008, 7 (6), 485-495. 

[81] Greene, M.E.; Blumberg, B.; McBride, O.W.; Yi, H.F.; Kronquist, 
K.; Kwan, K.; Hsieh, L.; Greene, G.; Nimer, S.D.Isolation of the 
human peroxisome proliferator activated receptor gamma cDNA: 
expression in hematopoietic cells and chromosomal mapping. Gene 

Expr.,2005, 4, (4-5) 281-299. 
[82] Fajas, L.; Auboeuf, D.; Raspé, E.; Schoonjans, K.; Lefebvre, A.M.; 

Saladin, R.; Najib, J.; Laville, M.; Fruchart, J.C.; Deeb, S.; Vidal-



PPARs and Liver Fibrosis Current Medicinal Chemistry, 2013, Vol. 20, No. 27    3391 

Puig, A.; Flier, J.; Briggs, M.R.; Staels, B.; Vidal, H.; Auwerx, J. 
The organization, promoter analysis, and expression of the human 
PPAR-gamma gene”. J. Biol. Chem., 1997, 272 (30), 18779-18789. 

[83] Fajas, L.; Fruchart, J.C.; Auverx, J. PPAR- -gamma3 mRNA: a 
distinct PPAR-gamma mRNA subtype transcribed from an inde-
pendent promoter. FEBS Lett., 1998, 438 (1-2), 55-60. 

[84] Sundvold, H.; Lien. S. Identification of a novel peroxisome prolif-
erator-activated receptor (PPAR) gamma promoter in man and 
transactivation by the nuclear receptor RORalpha1. Biochem. Bio-

phys. Res. Commun., 2001, 287 (2), 383-390. 
[85] Zhu, Y.; Qi, C.; Korenberg, J.R.; Chen, X.N.; Noya, D.; Rao, M.S.; 

Reddy, J.K. Structural organization of mouse peroxisome prolifera-
tor-activated receptor gamma (mPPAR-gamma) gene: Alternative 
promoter use and different splicing yield two mPPAR-gamma iso-
forms. Proc. Natl. Acad. Sci. U.S.A., 1995, 92 (17) 7921-7925. 

[86] Shafiei, MS.; Shetty, S.; Scherer, PE.; Rockey, DC. Adiponectin 
regulation of stellate cell activation via PPAR�-dependent and -
independent mechanisms. Am. J. Pathol., 2011, 178 (6), 2690-
2699. 

[87] Tontonoz, P.; Hu, E.; Spiegelman, B.M. Stimulation of adipogene-
sis in fibroblasts by PPAR�2, a lipid-activated transcription factor. 
Cell, 1994, 79 (7), 1147-1156. 

[88] Altshuler, D.; Hirschhorn, J.N.; Klannemark, M.; Lindgren, C.M.; 
Vohl, M.C.; Nemesh, J.; Lane, C.R.; Schaffner, S.F.; Bolk, S.; 
Brewer, C.; Tuomi, T.; Gaudet, D.; Hudson, T.J.; Daly, M.; Groop, 
L.; Lander, E.S. The common PPARgamma Pro12Ala polymor-
phism is associated with decreased risk of type 2 diabetes. Nat. 

Genet., 2000, 26 (1), 76-80. 
[89] Rangwala, S.M.; Rhoades, B.; Shapiro, J.S.; Rich, A.S.; Kim, J.K.; 

Shulman, G.I.; Kaestner, K.H.; Lazar, M.A. Genetic modulation of 
PPARgamma phosphorylation regulates insulin sensitivity. Dev. 

Cell, 2003, 5 (4), 657-663. 
[90] Gavrilova, O.; Haluzik, M.; Matsusue, K.; Cutson, J.J.; Johnson, 

L.; Dietz, K.R.; Nicol, C.J.; Vinson, C.; Gonzalez, F.J.; Reitman, 
M.L. Liver peroxisome proliferator- activated receptor gamma con-
tributes to hepatic steatosis, triglyceride clearance, and regulation 
of body fat mass. J. Biol. Chem., 2003, 278 (36), 34268-34276. 

[91] Potter, J.J.; Womack, L.; Mezey, E.; Anania, F.A. Transdifferentia-
tion of rat hepatic stellate cells results in leptin expression. Bio-

chem. Biophys. Res. Commun., 1998, 244 (1) 178-182. 
[92] Potter, J.J.; Mezey, E. acetaldehyde increases endogenous adi-

ponectin and fibrogenesis in hepatic stellate cells but exogenous 
adiponectin inhibits fibrogenesis. Alcohol. Clin. Exp. Res., 2007, 31 
(12), 2092-2100.  

[93] Bertolani, C.; Sancho-Bru, P.; Failli, P.; Bataller, R.; Aleffi, S.; 
DeFranco, R.; Mazzinghi, B.; Romagnani, P.; Milani, S.; Ginés, P.; 
Colmenero, J.; Parola, M.; Gelmini, S.; Tarquini, R.; Laffi, G.; Pin-
zani, M.; Marra, F. Resistin as an intrahepatic cytokine: overex-
pression during chronic injury and induction of proinflammatory 
action in hepatic stellate cells. Am. J. Pathol., 2006, 169 (6), 2042-
2053.  

[94] Guimarães, E.L.; Francesco, M.F.; Andrade, C.M.; Guaragna, 
R.M.; Borojevic, R.; Margis, R.; Bernard, E.A.; Guma, F.C. Hepa-
tic stellate cell line modulates lipogenic transcription factors. Liver 
Int., 2007, 27(9), 1255-1264.  

[95] Yamada, M.; Blaner, W.S.; Soprano, D.R.; Dixon, J.L.; HKjeldbye, 
H.M.; Goodman, D.S. biochemical characteristics of isolated rat 
liver stellate cells. Hepatology, 1987, 7 (6), 1224-1229. 

[96] Spiegelman, B.M.; Flier, J.S. Adipogenesis and obesity: rounding 
out the big picture. Cell, 1996, 87 (3), 377-389.  

[97] Galli, A.; Crabb, D.W.; Ceni, E.; Salzano, R.; Mello, T.; Svegliati-
Baroni, G.; Ridolfi, F.; Trozzi, L.; Surrenti, C.; Casini, A. Antidia-
betic thiazolidinediones inhibit collagen synthesis and hepatic stel-
late cell activation in vivo and in vitro. Gastroenterology, 2002, 
122 (7), 1924-1940. 

[98] Hazra, S.; Xiong, S.; Wang, J.; Rippe, R.A.; Krishna, V.; Chatter-
jee, K.; Tsukamoto, H. Peroxisome proliferator activated receptor 
gamma induces a phenotypic switch from activated to quiescent 
hepatic stellate cells. J. Biol. Chem., 2004, 279 (12), 11392-11401. 

[99] Mandard, S.; Müller, M.; Kersten, S. Peroxisome proliferator-
activated receptor alpha target genes. Cell. Mol. Life Sci., 2004, 61 
(4), 393-416.  

[100] Moriya, T.; Naito, H.; Ito, Y.; Nakajima, T. ”Hypotesis of seven 
balances”: molecular mechanisms behind alcoholic liver diseases 
and association with PPAR-alpha. J. Occup. Health, 2009, 51 (5), 
391-403.  

[101] Lieber, C.S. Alcoholic fatty liver: its pathogenesis and mechanism 
of progressione to inflammation and fibrosis. Alcohol, 2004, 34 (1), 
9-19.  

[102] Wu, D.; Zhai, Q.; Shi, X. Alcohol-induced oxidative stress and cell 
responses. J. Gastroenterol. Hepatol., 2006, 21 (3), S26-S29. 

[103] Wan, Y.J.; Morimoto, M.; Thurman, R.G.; Bojes, H.K.; French, 
S.W. Expression of the peroxisome proliferator-activated receptor 
genes is decreased in experimental alcoholic liver disease. Life Sci., 
1995, 56 (5), 307-317.  

[104] Galli, A.; Pinaire, J.; Fischer, M.; Dorris, R.; Crabb, D.W. The 
transcriptional and DNA binding activity of peroxisome prolifera-
tor-activated receptor alpha is inhibited by ethanol metabolism. A 
novel mechanism for the development of ethanol-induced fatty 
liver. J. Biol. Chem., 2001, 27 (1), 68-75.  

[105] Toyama, T.; Nakamura, H.; Harano, Y.; Yamauchi, N.; Morita, A.; 
Kirishima, T.; Minami, M.; Itoh, Y.; Okanoue, T. PPARalpha 
ligands activated antioxidant enzymes and suppress hepatic fibrosis 
in rats”. Biochem. Biophys. Res. Commun., 2004, 324 (2), 697-704.  

[106] Inoue, I.; Goto, S.; Matsunaga, T.; Nakajima, T.; Awata, T.; Ho-
kari, S.; Komoda, T.; S. Katayama, S. The ligands/activators for 
peroxisome proliferator-activated receptor alpha (PPARalpha) and 
PPARgamma increase Cu2+,Zn2+suporoxide dismutase and de-
crease p22phox message expressions in primary endothelial cells. 
Metabolism, 2001, 50 (1), 3-11.  

[107] Hanck, C.; Rossol, S.; Böcker, U.; Tokus, M.; Singer, M.V. Pres-
ence of plasma endotoxin is correlated with tumor necrosis factor 
receptor levels and disease activity in alcoholic cirrhoisis. Alcohol 

Alcohol., 1998, 33 (6), 606-608.  
[108] Fujimoto, M.; Uemura, M.; Nakatani, Y.; Tsujita, S.; Hoppo, K.; 

Tamagawa, T.; Kitano, H.; Kikukawa, M.; Ann, T.; Ishii, Y.; Ko-
jima, H.; Sakurai, S.; Tanaka, R.; Namisaki, T.; Noguchi, R.; Higa-
shino, T.; Kikuchi, E.; Nishimura, K.; Takaya, A.; Fukui, H. 
Plasma endotoxin and serum cytokine levels in patients with alco-
holic hepatitis: relation to severity of liver disturbance. Alcohol. 
Clin. Exp. Res., 2000, 24 (4), 48S-54S.  

[109] A. Parlesak, A.; C. Schäfer, C.; T. Schütz, T.; J.C. Bode, J.C.; 
Bode, C. Increased intestinal permeability to macromolecules and 
endotoxemia in patients with chronic alcohol abuse in different 
stages of alcohol-induced liver disease. J. Hepatol., 2000, 32 (5), 
742-747.  

[110] Urbaschek, R.; McCuskey, R.S.; Rudi, V.; Becker, K.P.; Stickel, 
F.; Urbaschek, B.; Seitz, H.K. Endotoxin, endotoxin-neutralizing-
capacity, sCD14, sICAM-1, and cytokines in patients with various 
degrees of alcoholic liver disease. Alcohol. Clin. Exp. Res., 2001, 
25 (2), 261-268.  

[111] Rao, R.K.; Seth, A.; Sheth, P. Recent advances in alcoholic liver 
disease I. Role of intestinal permeability and endotoxemia in alco-
holic liver disease. Am. J. Physiol. Gastrointest. Liver Physiol., 
2004, 286 (6) G881-G884.  

[112] Keshavarzian, A.; Fields, J.Z.; Vaeth, J.; Holmes, E.W. The differ-
ing effects of acute and chronic alcohol on gastric and intestinal 
permeability. Am. J. Gastroenterol., 1994, 89 (12), 2205-2011.  

[113] Keshavarzian, A.; Holmes, E.W.; Patel, M.; Iber, F.; Fields, J.Z.; 
Pethkar, S. Leaky gur in alcoholic cirrhosis: a possible mechanism 
for alcohol-induced liver damage. Am. J. Gastroenterol., 1999, 94 

(1), 200-207.  
[114] Nakajima, T.; Kamijo, Y.; Tanaka, N.; Sugiyama, E.; Tanaka, E.; 

Kiyosawa, K.; Fukushima, Y.; Peters, J.M.; Gonzalez, F.J.; Ao-
yama, T. Peroxisome proliferator-activated receptor alpha protects 
against alcohol-induced liver damage. Hepatology, 2004, 40 (4), 
972-980.  

[115] Staels, B.; Koenig, W.; Habib, A.; Merval, R.; Lebret, M.; Torra, 
I.P.; Delerive, P.; Fadel, A.; Chinetti, G.; Fruchart, J.C.; Najib, K.; 
Maclouf, J.; Tedgui, A. Activation of human aortic smooth-muscle 
cells in inhibited by PPARalpha but not PPAR-gamma activators. 
Nature, 1998, 393 (6687) 790-793.  

[116] Marx, N.; Sukhova, G.K.; Collins, T.; Libby, P.; Plutzky, J. 
PPARalpha activators inhibit cytokine-induced vascular cell adhe-
sion molecule-1 expression in human endothelial cells. Circulation, 
1999, 99 (24), 3125-3131.  

[117] Lee, SS.; Pineau, T.; Drago, J.; Lee, AJ.; Owens, JW.; Kroetz, DL.; 
Fernandez- Salguero, PM.; Westphal, H.; Gonzalez, FJ. Targeted 
disruption of the alpha isoform of the peroxisome proliferator acti-
vated receptor gene in mice results in abolishment of the plei-
otropic effects of peroxisome proliferators. Mol. Cell. Biol., 1995, 
15 (6), 3012-3022. 



3392    Current Medicinal Chemistry, 2013, Vol. 20, No. 27 Zardi et al. 

[118] Costet, P.; Legendre, C.; More, J.; Edgar, A.; Galtier, P.; Pineau, T. 
Peroxisome proliferator-activated receptor alpha-isoform defi-
ciency leads to progressive dyslipidemia with sexually dimorphic 
obesity and steatosis. J. Biol. Chem., 1998, 273 (45), 29577-29585. 

[119] Reddy, JK. Nonalcoholic steatosis and steatohepatitis. III. Perox-
isomal beta-oxidation, PPAR alpha, and steatohepatitis. Am. J. 
Physiol. Gastrointest. Liver Physiol., 2001, 281 (6), G1333-G1339. 

[120] Cheng, Y.; Dharancy, S.; Malapel, M.; Desreumaux, P. Hepatitis C 
virus infection down-regulates the expression of peroxisome prolif-
erator-activated receptor alpha and carnitine palmitoylacyl-CoA 
transferase 1A. World J. Gastroenterol., 2005, 11 (48), 7591-7596. 

[121] Negro, F.; Sanyal, AJ. Hepatitis C virus, steatosis and lipid abnor-
malities: Clinical and pathogenic data. Liver Int., 2009, 29 (2), 26-
37. 

[122] Svegliati-Baroni, G.; Ridolfi, F.; Di Sario, A.; Casini, A.; Marucci, 
L.; Gaggiotti, G.; Orlandoni, P.; Macarri, G.; Perego, L.; Benedetti, 
A.; Folli, F. Insulin and insulin-like growth factor-1 stimulate pro-
liferation and type I collagen accumulation by human hepatic stel-
late cells: differential effects on signal transduction pathways. He-

patology, 1999, 29 (6), 1743-1751. 
[123] Marra, F.; Gastaldelli, A.; Baroni, GS.; Tell, G.; Tiribelli, C. Mo-

lecular basis and mechanisms of progression of non-alcoholic stea-
tohepatitis. Trends Mol. Med., 2008, 14 (2), 72-81. 

[124] Kersten, S.; Desvergne, B.; Wahli, W. Roles of PPARs in health 
and disease. Nature, 2000, 405 (6785), 421-424.  

[125] Trifillieff, A.; Bench, A.; Hanley, M.; Bayley, D.; Campbell, E.; 
Whittaker, P. PPAR-alpha and -gamma but not -delta agonists in-
hibit airway inflammation in a murine model of asthma: in vitro 
evidence for an NF-kappaB-indipendent effect. Brit. J. Pharmacol., 
2003, 139 (1), 163-171.  

[126] Scherer, P.E.; Williams, S.; Fogliano, M.; Baldini, G.; Lodish, H.F. 
A novel serum protein similar to C1q, produced exclusively in adi-
pocytes”. J. Biol. Chem., 1995, 270 (45), 26746-26749.  

[127] You, M.; Crabb, D.W. Recent advances in alcoholic liver disease 
II. Minireview: molecular mechanisms of alcoholic fatty liver. Am. 

J. Physiol. Gastrointest. Liver Physiol., 2004, 287 (1), G1-G6. 
[128] Ouchi, N.; Nihara, S.; Funahashi, T.; Mutsuzawa, Y.; Walsh, K. 

Obesity, adiponectin and vascular inflammatory disease. Curr. 
Opin. Lipidol., 2003, 14 (6), 561-566.  

[129] Berg, A.H.; Combs, T.P.; Du, X.; Brownlee, M.; Scherer, P.E. The 
adipocyte-secreted protein Acrp30 enhances hepatic insulin action. 
Nat. Med., 2001, 7 (8), 947-953.  

[130] Haluzík, M.; Parízková, J.; Haluzík, M.M. Adiponectin and its role 
in the obesity-induced insulin resistance and related complica-
tions”. Physiol. Res., 2004, 53 (2), 123-129.  

[131] Matsuzawa, Y. Adiponectin: identification, physiology and clinical 
relevance in metabolic and vascular disease. Ateroscler. Suppl., 
2005, 6 (2), 7-14.  

[132] Xu, A.; Wang, Y.; Keshaw, H.; Xu, L.Y.; Lam, K.S.; Cooper, G.J. 
The fat-derived hormone adiponectin alleviates alcoholic and non-
alcoholic fatty liver diseases in mice”, J. Clin. Invest., 2003, 112 
(1), 91-100.  

[133] You, M.; Considine, R.V.; Leone, T.C.; Kelly, D.P.; Crabb, D.W. 
Role of adiponectin in the protective action of dietary saturated fat 
against alcoholic fatty liver in mice. Hepatology, 2005, 42 (3), 568-
577.  

[134] Shklyaev, S.; Aslanidi, G.; Tennant, M.; Prima, V.; Kohlbrenner, 
E.; Kroutov, V.; Campbell-Thompson, M.; Crawford, J.; Shek, 
E.W.; Scarpace, P.J.; Zolotukhin, S. Sustained peripheral expres-
sion of transgene adiponectin offsets the development of diet-
induced obesity in rats. Proc. Natl. Acad. Sci. U.S.A., 2003, 100 
(24), 14217-14222.  

[135] Czaja, M.J. Liver injury in the setting of steatosis: crosstalk be-
tween adipokine and cytokine. Hepatology, 2004, 40 (1), 19-22.  

[136] Masaki, T.; Chiba, S.; Tatsukawa, H.; Yasuda, T.; Noguchi, H.; 
Seike, M.; Yoshimatsu, H. Adiponectin protects LPS-induced liver 
injury through modulation of TNF-alpha in KK-Ay obese mice. 
Hepatology, 2004, 40 (1), 177-184. 

[137] Oliver, W.R.Jr.; Shenk, J.L.; Snaith, M.R.; Russell, C.S.; Plunket, 
K.D.; Bodkin, N.L.; Lewis, M.C.; Winegar, D.A.; Sznaidman, 
M.L.; Lambert, M.H.; Xu, H.E.; Sternbach, D.D.; Kliewer, S.A.; 
Hansen, B.C.; Wilson, T.M. A selective peroxisome proliferator-
activated receptor delta agonist promotes reverse cholesterol trans-
port”. Proc. Natl. Acad. Sci. U.S.A., 2001, 98 (9) 5306-5311.  

[138] Tanaka, T.; Yamamoto, J.; Iwasaki, S.; Asaba, H.; Hamamura, H.; 
Ikeda, Y.; Watanabe, M.; Magoori, K.; Ioka, R.X.; Tachibana, K.; 

Watanabe, Y.; Uchiyama, Y.; Sumi, K.; Iguchi, H.; Ito, S.; Doi, T.; 
Hamakubo, T.; Naito, M.; Auwerx, J.; Yanagisawa, M.; Kodama, 
T.; Sakai, J. Activation of peroxisome proliferator-activated recep-
tor delta induces fatty acid beta-oxidation in skeletal muscle and at-
tenuates metabolic syndrome”, Proc. Natl Acad. Sci. U.S.A., 2003, 
100 (26) 15924-15929. 

[139] Wang, Y.X.; Lee, C.H.; Tiep, S.; Yu, R.T.; Ham, J.; Kang, H.; 
Evans, R.M. Peroxisome-proliferator-activated receptor delta acti-
vates fat metabolism to prevent obesity. Cell, 2003, 113 (2), 159-
170. 

[140] Qatanani, M.; Lazar, M.A. Mechanisms of obesity-associated insu-
lin resistace: many choices on the menu Genes Dev., 2007, 21 (12), 
1443-1455. 

[141] Odegaard, J.I.; Ricardo-Gonzalez, R.R.; Red Eagle, A.; Vats, D:; 
Morel, C.R.; Goforth, M.H.; Subramanian, V.; Mukundan, L.; Fer-
rante, A.W.; Chawla, A. Alternative M2 activation of Kupffer cells 
by PPARdelta ameliorates obesity-induced insulin resistance. Cell 

Metab., 2008, 7 (6), 496-507. 
[142] Yamauchi, T.; Nio, Y.; Maki, T.; Kobayashi, M.; Takazawa, T.; 

Iwabu, M.; Okada-Iwabu, M.; Kawamoto, S.; Kubota, N.; Kubota, 
T.; Ito, Y.; Kamon, J.; Tsuchida, A.; Kumagai, K.; Kozono, H.; 
Hada, Y.; Ogata, H.; Tokuyama, K.; Tsunoda, M.; Ide, T.; Mu-
ramaki, K.; Awazawa, M.; Takamoto, I.; Froguel, P.; Hara, K.; 
Tobe, K.; Nagai, R.; Ueki, K.; Kadowaki, T. Targeted disruption of 
AdipoR1 and AdipoR2 causes abrogation of adiponectin binding 
and metabolic actions”. Nat. Med., 2007, 13 (3), 332-339. 

[143] Horike, N.; Sakoda, H.; Kushiyama, A.; Ono, H.; Fujishiro, M.; 
Kamata, H.; Nishiyama, K.; Uchijima, Y.; Kurihara, Y.; Kurihara, 
H.; Asano. T. AMP-activated protein kinase activation increases 
phosphorylation of glycogen synthase kinase 3beta and thereby re-
duces cAMP-responsive element transcriptional activity and phos-
phoenolpyruvate carboxykinase C gene expression in the liver”. J. 
Biol. Chem., 2008, 283 (49), 33902-33910. 

[144] Zhang, F.; Lu, Y.; Zheng, S. Peroxisome proliferator-activated 
receptor-gamma cross-regulation of signaling events implicated in 
liver fibrogenesis. Cell. Signal., 2012, 24 (3), 596-605. 

[145] Hezra, S.; Miyahara, T.; Rippe, R.A.; Tsukamoto, H. PPAR gamma 
and hepatic stellate cells. Comp. Hepatol., 2004, 3 (1), S7. 

[146] She, H., Xiong, S.; Hazra, S.; Tsukamoto, H. Adipogenic transcrip-
tional regulation of hepatic stellate cells. J. Biol. Chem., 2005, 280 
(6), 4959-4967. 

[147] Mann, J.; Oakley, F.; Akiboye, F.; Elsharkawy, A.; Thorne, A.W.; 
Mann, D.A. Regulation of myofibroblast transdifferentiation by 
DNA methylation and MeCP2: implications for wound healing and 
fibrogenesis”, Cell Death Differ., 2007, 14 (2), 275-285. 

[148] Lam, B.; Younossi, Z.M. Treatment options for nonalcoholic fatty 
liver disease. Therap. Adv. Gastroenterol., 2010, 3 (2), 121-137. 

[149] Seyhan, H.; Hamzavi, J.; Wiercinska, E.; Gressner, A.M.; Mertens, 
P.R.; Kopp, J.; Horch, R.S.; Breitkopf, K.; Dooley, S. Liver fibro-
genesis due to cholestasis is associated with increased Smad7 ex-
pression and Smad3 signaling. J. Cell. Mol. Med., 2006, 10 (4), 
922-932. 

[150] Ghosh, A.K.; Bhattacharyya, S.; Lakos, G.; Chen, S.J.; Mori, Y.; 
Varga, J. Disruption of transforming growth factor beta signaling 
and profibrotic responses in normal skin fibroblasts by peroxisome 
proliferator-activated receptor gamma. Arthritis Rheum., 2004, 50 
(4), 1305-1318. 

[151] George, J.; Tsutsumi, M. siRNA-mediated knockdown of connec-
tive tissue growth factor prevents N-nitrosodimethylamine-induced 
hepatic fibrosis in rats. Gene Ther., 2007, 14 (10), 790-803. 

[152] Bonner, J.C. Regulation of PDGF and its receptors in fibrotic dis-
eases. Cytokine Growth Factor Rev., 2004, 15 (4), 255-273. 

[153] Campbell, J.S.; Hughes, S.D.; Gilbertson, D.G.; Palmer, T.E.; 
Holdren, M.S.; Haran, A.C.; Odell, M.M.; Bauer, R.L.; Ren, H.P.; 
Haugen, H.S.; Yeh, M.M.; Fausto, N. Platelet-derived growth fac-
tor C induces liver fibrosis, steatosis and hepatocellular carci-
noma”, Proc. Natl. Acad. Sci. U.S.A., 2005, 102 (9), 3389-3394. 

[154] Borkham-Kamphorst, E.; Van Roeyen, C.R.; Ostendorf, T, Floege, 
J.; Gressner, A.M.; Weiskirchen, R. Pro-fibrogenic potential of 
PDGF-D in liver fibrosis. J.Hepatol., 2007, 46 (6), 1064-1074. 

[155] Galli, A.; Crabb, D.; Prince, D.; Ceni, E.; Salzano, R.; Surrenti, C.; 
Casini, A. Peroxisome proliferator-activated receptor gamma tran-
scriptional regulation is involved in platelet-derived growth factor-
induced proliferation of human hepatic stellate cells. Hepatology, 
2000, 31 (1), 101-108. 

Joseph George
Rectangle



PPARs and Liver Fibrosis Current Medicinal Chemistry, 2013, Vol. 20, No. 27    3393 

[156] Ghosh, S.S.; Gehr, T.W.; Ghosh, S.; Fakhry, I.; Sica, D.A.; Lyall, 
V.; Schoolwerth, A.C. PPAR-gamma ligand attenuates PDGF-
induced mesangial cell proliferation: role of MAP kinase. Kidney 

Int., 2003, 64 (1) 52-62. 
[157] Nakamura, T.; Sakai, K.; Nakamura, T.; Matsumoto, K. Hepatocyte 

growth factor twenty years on: much more than a growth factor. J. 
Gastroenterol. Hepatol., 2011, 26 (1), 188-202.  

[158] Matsuda, Y.; Matsumoto, K.; Yamada, A.; Ichida, T.; Asakura, H.; 
Komoriya, Y.; Nishiyama, E.; Nakamura T. Preventive and thera-
peutic effects in rats of hepatocyte growth factor infusion on liver 
fibrosis/cirrhosis. Hepatology, 1997, 26 (1), 81-89. 

[159] Yasuda, H.; Imai, E.; Shiota, A.; Fujise, N.; Morinaga, T.; Higa-
shio, K. Antifibrogenic effect of a deletion variant of hepatocyte 
growth factor on liver fibrosis in rats”. Hepatology, 1996, 24 (3), 
636-642. 

[160] Xia, J.L.; Dai, C.; Michalopoulos, G.K.; Liu,Y. Hepatocyte growth 
factor attenuates liver fibrosis induced by bile duct ligation. Am. J. 

Pathol., 2006, 168 (5), 1500-1512. 
[161] Inagaki, Y.; Higashi, K.; Kushida, M.; Hong, Y.Y.; Nakao, S.; 

Higashiyama, R.; Moro, T.; Itoh, J.; Mikami, T.; Kimura, T.; 
Shiota, G.; Kuwabara, I.; Okazaki, I. Hepatocyte growth factor 
suppresses profibrogenic signal transduction via nuclear export of 
Smad3 with galectin-7”. Gastroenterology, 2008, 134 (4), 1180-
1190. 

[162] Jiang, J.G.; Johnson, C.; Zarnegar R. Peroxisome proliferator-
activated receptor gamma-mediated transcriptional up-regulation of 
the hepatocyte growth factor gene promoter via a novel composite 
cis-acting element. J. Biol. Chem., 2001, 276 (27), 25049-25056. 

[163] Doi, S.; Masaki, T.; Arakawa, T.; Takahashi, S.; Kawai, T.; Naka-
shima, A.; Naito, T.; Kohno, N.; Yorioka, N. Protective effects of 
peroxisome proliferator-activated receptor gamma ligand on apop-
tosis and hepatocyte growth factor induction in renal ischemia-
reperfusion injury”. Transplantation, 2007, 84 (2), 207-213. 

[164] Aleffi, S.; Petrai, I; Bertolani, C.; Parola, M.; Colombatto, S.; 
Novo, E.; Vizzuti, F.; Anania, F.A.; Milani, S.; Rombouts, K.; 
Laffi, G.; Pinzani, M.; Marra, F. Upregulation of proinflammatory 
and proangiogenic cytokines by leptin in human hepatic stellate 
cells. Hepatology, 2005, 42 (6), 1339-1348. 

[165] Choi, S.S.; Syn, W.K.; Karaca, G.F.; Omenetti, A.; Moylan, C.A.; 
Witek, R.P.; Agboola, K.M.; Jung, Y.; Michelotti, G.A.; Diehl, 
A.M. Leptin promotes the myofibroblastic phenotype in hepatic 
stellate cells by activating the hedgehog pathway. J. Biol., 2010, 
285 (47), 36551-36560. 

[166] Ikejima, K.; Honda, H.; Yoshikawa, M.; Hirose, M.; Kitamura, T.; 
Takei, Y.; Sato, N. Leptin augments inflammatory and profibro-
genic responses in the murine liver induced by hepatotoxic chemi-
cals. Hepatology, 2001, 34 (2), 288-297. 

[167] Leclercq, I.A.; Farrella, G.C.; Schriemer, R.; Robertson, G.R. 
Leptin is essential for the hepatic fibrogenic response to chronic 
liver injury. J. Hepatol., 2002, 37 (2), 206-213. 

[168] Ikejima, K.; Takei, Y.; Honda, H.; Hirose, M.; Yoshikawa, M.; 
Zhang, Y.J.; Lang, T.; Fukuda, T.; Yamashina, S.; Kitamura, T.; 
Sato, N. Leptin receptor-mediated signaling regulates hepatic fi-
brogenesis and remodeling of extracellular matrix in the rat”, Gas-
troenterology, 2002, 122 (5), 1399-1410. 

[169] Zhou, Y.; Jia, X.; Wang, G.; Wang, X.; Liu, J. PI-3 K/AKT and 
ERK signaling pathways mediate leptin-induced inhibition of 
PPARgamma gene expression in primary rat hepatic stellate cells. 
Mol. Cell. Biochem., 2009, 325 (1-2), 31-139. 

[170] Zhou, Y.; Jia, X.; Qin, J.; Lu, C.; Zhu, H.; Li, X.; Han, X.; Sun, X. 
Lepin inhibits PPARgamma gene expression in hepatic stellate 
cells in the mouse model of liver damage. Mol. Cell. Endocrinol., 
2010, 323 (2), 193-200.  

[171] Kamada, Y.; Tamura, S.; Kiso, S.; Matsumoto, H.; Saji, Y.; Yo-
shida, Y.; Fukui, K.; Maeda, N.; Nishizawa, H.; Nagaretani, H.; 
Okamoto, Y.; Kihara, S.; Miyagawa, J.; Shinomura, Y.; Funahashi, 
T.; Matsuzawa, Y. Enhanced carbon tetrachloride-induced liver fi-
brosis in mice lacking adiponectin. Gastroenterology, 2003, 125 
(6), 1796-1807. 

[172] Ding, X.; Saxena, N.K.; Lin, S.; Xu, A.; Srinivasan, S.; Anania, 
F.A. The roles of leptin and adiponectin: a novel paradigm in adi-
pocyokine regulation of liver fibrosis and stellate cell biology. Am. 
J. Pathol., 2005, 166 (6), 1655-1669. 

[173] Adachi, M.; Brenner, D.A. High molecular weight adiponectin 
inhibits proliferation of hepatic stellate cells via activation of 

adenosine monophosphate-activated protein kinase. Hepatology, 
2008, 47 (2), 677-685. 

[174] Zhou, M.; Xu, A.; Tam, P.K.; Lam, K.S.; Chan, L.; Hoo, R.L.; Liu, 
J.; Chow, K.H.; Wang, Y. Mitochondrial dysfunction contributes to 
the increased vulnerabilities of adiponectin knockout mice to liver 
injury”. Hepatology, 2008, 48 (4), 1087-1096. 

[175] Iwaki, M.; Matsuda, M.; Maeda, N.; Funahashi, T.; Matsuzawa, Y.; 
Makishima, M.; Shinomura, I. Induction of adiponectin, a fat-
derived antidiabetic and antiatherogenic factor, by nuclear receptor. 
Diabetes, 2003, 52, (7), 1655-1663. 

[176] Maeda, N.; Takahashi, M.; Funahashi, T.; Kihara, S.; Nishizawa, 
H.; Kishida, K.; Nagaretani, H.; Matsuda, M.; Komuro, R.; Ouchi, 
N.; Kuriyama, H.; Hotta, K.; Nakamura, T.; Shinomua, I.; Matsu-
zawa, Y. PPARgamma ligands increase expression and plasma 
concentrations of adiponectin, an adipose-derived protein. Diabe-

tes, 2001, 50 (9), 2094-2099. 
[177] Malhi, H.; Guicciardi, M.E.; Gores, G.J. Hepatocyte death: a clear 

and present danger. Physiol. Rev., 2010, 90 (3), 1165-1194. 
[178] Elsharkawy, A.W.; Oakley, F.; Mann, D.A. The role and regulation 

of hepatic stellate cells apoptosis in reversal of liver fibrosis. Apop-
tosis, 2005, 10 (5), 927-937. 

[179] Viswakarma, N.; Yu, S.; Naik, S.; Kashireddy, P.; Matsumoto, K.; 
Sarkar, J.; Sarapureddi, S.; Jia, Y.; Rao, M.S.; Reddy, J.K. Tran-
scriptional regulation of Cidea, mithocondrial cell death-inducing 
DNA fragmentation factor alpha-like effector A, in mouse liver by 
peroxisome proliferator-activated receptor alpha and gamma. J. 
Biol. Chem., 2007, 282 (25), 18613-18624. 

[180] Renga, B.; Mencarelli, A.; Migliorati, M.; Cipriani, S.; D’Amore, 
C.; Distruttu, E.; Fiorucci, S. SHP-dependent and –independent in-
duction of peroxisome proliferator-activated receptor-� by the bile 
acid sensor farnesoid X receptor counter-regulates the proinflam-
matory phenotype of liver myofibrolasts. Inflamm. Res., 2011, 60, 
577-587. 

[181] Nan, YM.; Fu, N.; Wu, WJ.; Liang, BL.; Wang, RQ.; Zhao, SX.; 
Zhao, JM.; Yu, J. Rosiglitazone prevents nutritional fibrosis and 
steatohepatitis in mice. Scand. J. Gastroenterol., 2009, 44 (3), 358-
365. 

[182] Yu, J.; Zhang, S.; Chu, ESH.; Go, MYY.; Lau, RHY.; Zhao, J.; 
Wu, CW.; Tong, L.; Zhao, J.; Poon, TCW.; Sung, JJY. Peroxisome 
proliferator activated receptors gamma reverses hepatic nutritional 
fibrosis in mice and suppresses activation of hepatic stellate cells in 

vitro. Int. J. Biochem. Cell. Biol., 2010, 42 (6), 948-957.  
[183] Zhao, C.; Chen, W.; Yang, L.; Chen, L.; Stimpson, SA.; Diehl, 

AM. PPARgamma agonists prevent TGFbeta1/Smad3-signaling in 
human hepatic stellate cells. Biochem. Biophys. Res. Commun., 
2006, 350 (2), 385-391. 

[184] Schaffner, F.; Popper, H. Capillarization of hepatic sinusoid in 
man. Gastroenterology, 1963, 44, 239-242. 

[185] Hiukka, A.; Maranghi, M.; Matikainen, N.; Taskinen, M.R. 
PPARalpha: an emerging therapeutic target in diabetic microvascu-
lar damage. Nat. Rev. Endocrinol., 2010, 6, 454-463. 

[186] Lefebvre, P.; Chinetti, G.; Fruchart, J.C.; Staels, B. Sorting out the 
roles of PPAR alpha in energy metabolism and vascular homeosta-
sis. J. Clin. Invest., 2006, 116, 571-580. 

[187] Han, S.H.; Quon, M.J.; Koh, K.K. Beneficial vascular and meta-
bolic effects of peroxisome proliferator-activated receptor-alpha ac-
tivators. Hypertension, 2005, 46, 1086-1092. 

[188] Rodriguez-Villarupla, A.; Laviña, B.; Carcìa-Calderò, H.; Russo, 
L.; Rosado, E.; Roglans, N.; Bosch, J.; Garcìa-Pagàn, J.C. PPAR� 
activation improves endothelial dysfunction and reduces fibrosis 
and portal pressure in cirrhotic rats. J. Hepatol., 2012, 56, 1033-
1039. 

[189] Nagula, S.; Jain, D.; Groszmann, R.J.; Garcia-Tsao, G. Histologi-
cal-hemodynamic correlation in cirrhosis-a histological classifica-
tion of the severity of cirrhosis. J. Hepatol., 2006, 44, 111-117. 

[190] Xie, G.; Wang, X.; Wang, L.; Atkinson, R.D., Kanel, G.C.; Gaarde, 
W.A.; DeLeve, L.D. Role of differentiation of liver sinusoidal en-
dothelial cells in progression and regression of hepatic fibrosis in 
rats. Gastroenterology, 2012, 142 (4), 918-927. 

[191] Olsson, A.K.; Dimberg, A.; Kreuger, J.; CLaesson-Welsh, L. 
VEGF receptor signalling - in control of vascular function. Nat Rev 

Mol Cell Biol., 2006, 7, 359-371. 
[192] Kisseleva, T.; Brenner, D.A. Anti-fibrogenic strategies and the 

regression of fibrosis. Best Pract. Res. Clin. Gastroenterol., 2011, 
25 (2), 305-317. 



3394    Current Medicinal Chemistry, 2013, Vol. 20, No. 27 Zardi et al. 

[193] Friedman, S.L.; Bansal, M.B. Reversal of hepatic fibrosis - fact or 
fantasy?. Hepatology, 2006, 43 (2) S82-S88. 

[194] Schuppan, D.; Popov, Y. Rationale and targets for antifibrotic 
therapies. Gastroenterol. Clin. Biol., 2009, 33 (10-11), 949-957. 

[195] Marra, F.; Aleffi, A.; Galastri, S.; Provenzano, A. Mononuclear 
cells in liver fibrosis. Semin. Immunopathol., 2009, 31 (3), 345-
358. 

[196] Klein, I.; Cornejo, J.C.; Polakos, N.K.; John, B.; Wuensch, S.A.; 
Topham, D.J.; Pierce, R.H.; Crispe, I.N. Kupffer cell heterogeneity: 
functional properties of bone marrow-derived and sessile hepatic 
macrophages”. Blood, 2007, 110 (12), 4077-4085. 

[197] Bataller, R.; Brenner, D.A. Liver fibrosis. J. Clin. Invest., 2005, 
115 (2), 209-218. 

[198] Parola, M.; Marra, F.; Pinzani, M. Myofibroblast - like cells and 
liver fibrogenesis: Emerging concepts in a rapidly moving scenario. 
Mol. Aspects Med., 2008, 29 (1-2), 58-66. 

[199] Huang, W.; Glass, C.K. Nuclear receptors and inflammation con-
trol: molecular mechanisms and pathophysiological relevance. Ar-
terioscler. Thromb. Vasc. Biol., 2010, 30 (8), 1542-1549. 

[200] Browning, JD.; Horton, JD. Molecular mediators of hepatic steato-
sis and liver injury. J. Clin. Invest., 2004, 114 (2), 147-152. 

[201] Rakhshandehroo, M.; Hooiveld, G.; Muller, M.; Kersten, S. Com-
parative analysis of gene regulation by the transcription factor 
PPARalpha between mouse and human. PLoS One., 2009, 4 (8), 
e6796. 

[202] Boitier, E.; Gautier, J.C.; Roberts, R. Advances in understanding 
the regulation of apoptosis and mitosis by peroxisome-proliferator 
activated receptors in pre-clinical models: relevance for human 
health and disease. Comp. Hepatol., 2003, 2 (1), 3.  

[203] Mounho, B.J.; Thrall, B.D. The extracellular signal-regulated 
kinase pathway contributes to mitogenic and antiapoptotic effects 
of peroxisome proliferators in vitro. Toxicol. Appl. Pharmacol., 
1999, 159 (2), 125-133.  

[204] Cosulich, S.C.; James, N.; Roberts, R.A. Role of MAP kinase sig-
nalling pathways in the mode of action of peroxisome proliferators. 
Carcinogenesis, 2000, 21 (4), 579-584. 

[205] Ip, E.; Farrell, G.C.; Robertson, G.R.; Hall, P.; Kirsch, R.; Le-
clercq, I.A. Central role of PPAR�-dependent hepatic lipid turnover 
in dietary steatohepatitis in mice. Hepatology, 2003, 38 (1), 123-
132. 

[206] Ip, E.; Farrell, G.C.; Hall, P.; Robertson, G.R.; Leclercq, I.A. Ad-
ministration of the Potent PPAR� Agonist, Wy-14,643, Reverses 
Nutritional Fibrosis and Steatohepatitis in Mice. Hepatology, 2004, 
39 (5), 1286-1296. 

[207] Jedlitschky, G.; Mayatepek, E.; Keppler, D. Peroxisomal leukot-
riene degradation: biochemical and clinical implications. Adv. En-
zyme. Regul., 1993, 33, 181-194. 

[208] Fischer, M.; You, M.; Matsumoto, M.; Crabb, D.W. Peroxisome 
proliferator-activated receptor � (PPAR�) agonist treatment re-
verses PPAR� dysfunction and abnormalities in hepatic lipid me-
tabolism in ethanol-fed mice. J. Biol. Chem., 2003, 278 (30), 
27997-28004. 

[209] Schmidt, A.; Endo, N.; Rutledge, S.J.; Vogel, R.; Shinar, D.; Ro-
dan, G.A. Identification of a new member of the steroid hormone 
receptor superfamily that is activated by a peroxisome proliferator 
and fatty acids. Mol. Endocrinol., 1992, 6 (10), 1634-1641.  

[210] Fruchart, J.C.; Staels, B.; Duriez, P. The role of fibric acids in 
atherosclerosis. Curr. Atheroscler. Rep., 2001, 3 (1), 83-92.  

[211] Staels, B.; Dallongeville, J.; Auwerx, J.; Schoonjans, K.; Leiters-
dorf, E.; Fruchart, J.C. Mechanism of action of fibrates on lipid and 
lipoprotein metabolism. Circulation, 1998, 98 (19), 2088-2093. 

[212] Maragoudakis, M.E.; Hankin, H. On the mode of action of lipid-
lowering agents. V. Kinetics of the inhibition in vitro of rat acetyl 
coenzyme A carboxylase. J. Biol. Chem., 1971, 246 (2), 348-358. 

[213] Staels, B.; Vu-Dac, N.; Kosykh, V.A.; Saladin, R.; J.C. Fruchart, 
J.C.; Dallongeville, J.; Auwerx, J. Fibrates downregulate apolipo-
protein C-III expression independent of induction of peroxisomal 
acyl coenzyme A oxidase. A potential mechanism for the hypolipi-
demic action of fibrates. J. Clin. Invest., 1995, 95 (2), 705-712. 

[214] Heller, F.; Harvengt, C. Effects of clofibrate, bezafibrate, fenofi-
brate and probucol on plasma lipolytic enzymes in normolipaemic 
subjects. Eur. J. Clin. Pharmacol., 1983, 25 (1), 57-63. 

[215] Barter, P.J.; Rye, K.A. Is there a role for fibrates in the manage-
ment of dyslipidemia in the metabolic syndrome? Arterioscler. 
Thromb. Vasc. Biol., 2008, 28 (1), 39-46. 

[216] Malmendier, C.L.; Delcroix C. Effects of fenofibrate on high and 
low density lipoprotein metabolism in heterozygous familial hyper-
cholesterolemia. Atherosclerosis, 1985, 55 (2), 161-169. 

[217] Mellies, M.J.; Stein, E.A.; Khoury, P.; Lamkin, G.; Glueck, C.J. 
Effects of fenofibrate on lipids, lipoproteins, and apolipoproteins in 
33 subjects with primary hypercholesterolemia. Atherosclerosis, 
1987, 63 (1), 57-64. 

[218] Chinetti, G.; Lestavel, S.; Bocher, V.; Remaley, A.T.; Neve, B.; 
Torra, I.P.; Teissier, E.; Minnich, A.; Jaye, M.; Duverger, N.; 
Brewer, H.B.; Fruchart, J.C.; Clavey, V.; Staels, B. PPAR-alpha 
and PPAR-gamma activators induce cholesterol removal from hu-
man macrophage foam cells through stimulation of the ABCA1 
pathway. Nat. Med., 2001, 7 (1), 53-58. 

[219] Mardones, P.; Pilon, A.; Bouly, M.; Duran, D.; Nishimoto, T.; 
Arai, H.; Kozarsky, K.F.; Altayo, M.; Miquel, J.F.; Luc, G.; 
Clavey, V.; Staels, B.; Rigotti, A. Fibrates down-regulate hepatic 
scavenger receptor class B type I protein expression in mice. J. 

Biol. Chem., 2003, 278 (10), 7884-7890.  
[220] Manninen, V.; Tenkanen, L.; Koskinen, P.; Huttunen, J.K.; Mantta-

ri, M.; Heinonen, O.P.; Frick, M.H. Joint effects of serum triglyc-
eride and LDL cholesterol and HDL cholesterol concentrations on 
coronary heart disease risk in the Helsinki Heart Study. Implica-
tions for treatment. Circulation, 1992, 85 (1), 37-45. 

[221] Ikewaki, K.; Tohyama, J.; Nakata, Y.; Wakikawa, T.; Kido, T.; 
Mochizuki, S. Fenofibrate effectively reduces remnants, and small 
dense LDL, and increases HDL particle number in hypertriglyc-
eridemic men - a nuclear magnetic resonance study. J. Atheroscler. 

Thromb., 2004, 11 (5), 278-285. 
[222] Pauciullo, P.; Marotta, G.; Rubba, P.; Cortese, C.; Caruso, MG.; 

Gnasso, A.; Fischetti, A.; Motti, C.; Mancini, M. Serum lipopro-
teins, apolipoproteins and very low density lipoprotein subfractions 
during 6-month fibrate treatment in primary hypertriglyceridaemia. 
J. Intern. Med., 1990, 228 (5), 425-430. 

[223] Nanji, A.A.; Dannenberg, A.J.; Jokelainen, K.; Bass, N.M. Alco-
holic liver injury in the rat is associated with reduced expression of 
peroxisome proliferator-� (PPAR�)-regulated genes and is amelio-
rated by PPAR� activation. J. Pharmacol. Exp. Ther., 2004, 310 
(1), 417-424. 

[224] Boshra, V.; Moustafa, A.M. Effect of preischemic treatment with 
fenofibrate, a peroxisome proliferator-activated receptor-a ligand, 
on hepatic ischemia–reperfusion injury in rats. J. Mol. Histol., 
2011, 42 (2), 113-122. 

[225] Zuniga, J.; Cancino, M.; Medina, F.; Varela, P.; Vargas, R.; Tapia, 
G.; Videla, L.A.; Fernandez, V. N-3 PUFA supplementation trig-
gers PPAR-� activation and PPAR-�/NF-kB interaction: anti-
inflammatory implications in liver ischemia-reperfusion injury. 
PLoS. One, 2011, 6 (12), e28502. 

[226] Ban, S.; Kasuga, J.; Nakagome, I.; Nobusada, H.; Takayama, F.; 
Hirono, S.; Kawasaki, H.; Hashimoto, Y.; Miyachi, H. Structure-
based design, synthesis, and nonalcoholic steatohepatitis (NASH)-
preventive effect of phenylpropanoic acid peroxisome proliferator-
activated receptor (PPAR)�-selective agonists. Bioorg. Med. 
Chem., 2011, 19 (10), 3183-3191. 

[227] Risérus, U.; Sprecher, D.; Johnson, T.; Olson, E.; Hirschberg, S.; 
Liu, A.; Fang, Z.; Hegde, P.; Richards, D.; Sarov-Blat, L.; Strum, 
JC.; Basu, S.; Cheeseman, J.; Fielding, B.A.; Humphreys, S.M.; 
Danoff, T.; Niall, R.; Moore, N.R.; Murgatroyd, P.; O’Rahilly, S.; 
Sutton, P.; Willson, T.; Hassall, D.; Frayn, K.N.; Karpe. F. Activa-
tion of Peroxisome Proliferator–Activated Receptor (PPAR)� pro-
motes reversal of multiplemetabolic abnormalities, reduces oxida-
tive stress, and increases fatty acid oxidation in moderately obese 
men. Diabetes, 2008, 57 (2), 332-339. 

[228] Lee, C.H.; Olson, P.; Hevener, A.; Mehl, I.; Chong, L.W.; Olefsky, 
J.M.; Gonzalez, F.J.; Ham, J.; Kang, H.; Peters, J.M.; Evans, R.M. 
PPARdelta regulates glucose metabolism and insulin sensitivity. 
Proc. Natl. Acad. Sci. U S A, 2006, 103 (9), 3444-3449. 

[229] Chen, W.; Wang, L.L.; Liu, H.Y.; Long, L.; Li, S. Peroxisome 
Proliferator-Activated Receptor �-Agonist, GW501516, Amelio-
rates Insulin Resistance, Improves Dyslipidaemia in Monosodium 
L-Glutamate Metabolic Syndrome Mice. Basic Clin. Pharmacol. 
Toxicol., 2008, 103 (3), 240-246. 

[230] Seedorf, U.; Aberle, J. Emerging roles of PPAR� in metabolism. 
Biochim. Biophys. Acta., 2007, 1771 (9), 1125-1131. 

[231] Leibowitz, M.D.; Fiévet, C.; Hennuyer, N.; Peinado-Onsurbe, J.; 
Duez, H.; Bergera, J.; Cullinan, C.A.; Sparrow, C.P.; Baffic, J.; 
Berger, G.D.; Santini, C.; Marquis, R.W.; Tolman, R.L.; Smith, 



PPARs and Liver Fibrosis Current Medicinal Chemistry, 2013, Vol. 20, No. 27    3395 

R.G.; Moller, D.E.; Auwerx, J. Activation of PPARdelta alters lipid 
metabolism in db/db mice. FEBS. Lett., 2000, 473 (3), 333-336. 

[232] Pang, M.; de la Monte, S.M.; Longato, L.; Tong, M.; He, J.; 
Chaudhry R.; Duan K.; Ouh J.; Wands J.R. PPAR� agonist attenu-
ates alcohol-induced hepatic insulin resistance and improves liver 
injury and repair. J. Hepatol., 2009, 50 (6), 1192-1201. 

[233] Shan, W.; Nicol, C.J.; Ito, S.; Bility, M.T.; Kennet, M.J.; Ward, 
J.M.; Gonzalez, F.J.; Peters, J.M. Peroxisome proliferator-activated 
receptor-�/� protects against chemically induced liver toxicity in 
mice. Hepatology, 2008, 47 (1), 225-235. 

[234] Iwaisako, K.; Haimerl, M.; Paik, Y.H.; Taura, K.; Kodama, Y.; 
Sirlin, C.; Yu, E.; Yu, R.T.; Downes, M.; Evans, R.M.; Brenner, 
D.A.; Schnabl, B. Protection from liver fibrosis by a peroxisome 
proliferator-activated receptor � agonist. Proc. Nat. Acad. Sci. U S 
A, 2012, 109 (21), E1369-E1376.  

[235] Kasuga, J.; Nakagome, I.; Aoyama, A.; Sako, K.; Ishizawa, M.; 
Ogura, M.; Makishima, M.; Hirono, S.; Hashimoto, Y.; Miyachi, 
H. Design, synthesis and evaluation of potent, structurally novel 
peroxisome proliferator-activated receptor (PPAR) delta-selective 
agonists. Bioorg. Med. Chem., 2007, 15 (15), 5177-5190. 

[236] Han, J.; Hajjar, DP.; Tauras, JM.; Feng, J.; Gotto, AM. Jr.; Nichol-
son, AC. Transforming growth factor-beta1 (TGF-beta1) and TGF-
beta2 decrease expression of CD36, the type B scavenger receptor, 
through mitogen-activated protein kinase phosphorylation of perox-
isome proliferator-activated receptor-gamma. J. Biol. Chem., 2000, 
275 (2), 1241-1246. 

[237] Wu, Z.; Xie, Y.; Morrison, R.F.; Bucher, N.L.; Farmer, S.R. 
PPARgamma induces the insulin-dependent glucose transporter 
GLUT4 in the absence of C/EBPalpha during the conversion of 
3T3 fibroblasts into adipocytes. J. Clin. Invest., 1998, 101 (1), 22-
32. 

[238] Baumann, C.A.; Chokshi, N.; Saltiel, A.R.; Ribon, V. Cloning and 
characterization of a functional peroxisome proliferator activator 
receptor-gamma-responsive element in the promoter of the CAP 
gene. J. Biol. Chem., 2000, 275 (13), 9131-9135. 

[239] Thompson, A.J.; Patel, K. Antifibrotic therapies: will we ever get 
there? Curr. Gastroenterol. Rep., 2010, 12 (1), 23-29. 

[240] Lee, J.I.; Paik, Y.H.; Lee, K.S.; Lee, J.W.; Kim, Y.S.; Jeong, S.; 
Kwon, K.S.; Lee, D.H.; Kim, H.G.; Shin, Y.W.; Kim, M.A. A per-
oxisome-proliferator activated receptor-gamma ligand could regu-
late the expression of leptin receptor on human hepatic stellate 
cells. Histochem. Cell. Biol., 2007, 127 (5), 495-502. 

[241] Rogue, A.; Spire, C.; Brun, M.; Claude, N.; Guillouzo, A. Gene 
expression changes induced by PPAR� agonist in animal and hu-
man liver. PPAR. Res., 2010, 2010: 325183. 

[242] Yuan, G.J.; Zhang, M.L.; Gong, Z.J. Effects of PPARg agonist 
pioglitazone on rat hepatic fibrosis. World. J. Gastroenterol., 2004, 
10 (7), 1047-1051. 

[243] Nan, Y.M.; Han, F.; Kong, L.B.; Zhao, S.X.; Wang, R.Q.; Wu, 
W.J.; Yu, J. Adenovirus-mediated peroxisome proliferator acti-
vated receptor gamma overexpression prevents nutritional fibrotic 
steatohepatitis in mice. Scand. J. Gastroenterol., 2011, 46 (3), 358-
369. 

[244] Chen, H.; He, Y.W.; Liu, W.Q.; Zhang, J.H. Rosiglitazone prevents 
murine hepatic fibrosis induced by Schistosoma japonicum. World. 

J. Gastroenterol., 2008, 14 (18), 2905-2911. 
[245] Rogue, A.; Lambert, C.; Josse, R.; Antherieu, S.; Spire, C.; Claude, 

N.; Guillouzo, A. Comparative gene expression profiles induced by 
PPAR� and PPAR�/� agonists in human hepatocytes. PLoS. One, 
2011, 6 (4), Article e18816. 

[246] Yang, L.; Stimpson, S.A.; Chen, L.; Harrington, W.W.; Rockey, 
D.C. Effectiveness of the PPAR� agonist, GW570 in liver fibrosis. 
Inflamm. Res., 2010, 59 (12), 1061-1071. 

[247] Sun, K.; Wang, Q.; Huang, X.H. PPAR gamma inhibits growth of 
rat hepatic stellate cells and TGF beta-induced connective tissue 
growth factor expression. Acta. Pharmacol. Sin., 2006, 27 (6), 715-
723. 

[248] Bae, M.A.; Rhee, S.D.; Jung, W.H.; Ahn, J.H.; Song, B.J.; Cheon, 
H.G. Selective inhibition of activated stellate cells and protection 
from carbon tetrachloride-induced liver injury in rats by a new 
PPARgamma agonist KR62776. Arch. Pharm. Res., 2010, 33 (3), 
433-442. 

[249] Gressner, O.A.; Gao, C.; Rehbein, K.; Lahme, B.; Siluschek, M.; 
Berg, T.; Muller, T.; Gressner, A.M. Elevated concentrations of 15-
deoxy-�12,14-prostaglandin J2 in chronic liver disease propose 

therapeutic trials with peroxisome proliferator activated receptor �-
inducing drugs. Liver. Int., 2009, 29 (5), 730-735. 

[250] Suk, F.M.; Chen, C.H.; Lin, S.Y.; Cheng, C.J.; Yen, S.J.; Hung, 
L.F.; Liu, D.Z.; Liang, Y.C. 15-Deoxy-�12,14-prostaglandin J2 inhib-
its fibrogenic response in human hepatoma cells. Toxicol. Lett., 
2009, 187 (1), 22-27. 

[251] Han, Z.; Zhu, T.; Liu, X.; Li, C.; Yue, S.; Liu, X.; Yang, L.; Yang, 
L.; Li, L. 15-Deoxy-� (12,14)-prostaglandin J(2) reduces recruit-
ment of bone marrow-derived monocyte/macrophages in chronic 
liver injury in mice. Hepatology, 2012, 56 (1), 350-360. 

[252] Sharma, R.A.; Steward, W.P.; Gescher, A.J. Pharmacokinetics and 
pharmacodynamics of curcumin. Adv. Exp. Med. Biol., 2007, 595, 
453-470. 

[253] Park, E.J.; Jeon, C.H.; Ko, G.; Kim, J.; Sohn, D.H. Protective effect 
of curcumin in rat liver injury induced by carbon tetrachloride. J. 

Pharm. Pharmacol., 2000, 52 (4), 437-440. 
[254] Singh, S.; Aggarwal, B.B. Activation of transcription factor NF-kB 

is suppressed by curcumin (diferuloylmethane). J. Biol. Chem., 
1995, 270 (42), 24995-5000. 

[255] Abe, Y.; Hashimoto, S.; Horie, T. Curcumin inhibition of inflam-
matory cytokine production by human peripherals blood monocytes 
and alveolar macrophages. Pharmacol. Res., 1999, 39 (1), 41-47. 

[256] Reyes-Gordillo, K.; Segovia, J.; Shibayama, M.; Tsutsumi V.; 
Vergara P.; Moreno M.G.; Muriel P. Curcumin prevents and re-
verses cirrhosis induced by bile duct obstruction or CCl4 in rats: 
role of TGF-b modulation and oxidative stress. Fundam. Clin. 
Pharmacol., 2008, 22 (4), 417-427. 

[257] Xu, J.; Fu, Y.; Chen, A. Activation of peroxisome proliferator-
activated receptor-gamma contributes to the inhibitory effects of 
curcumin on rat hepatic stellate cell growth. Am. J. Physiol. Gas-
trointest. Liver. Physiol., 2003, 285 (1), G20-G30. 

[258] Huang, T.; David, L.; Mendoza, V.; Yang, Y.; Villarreal, M.; De, 
K.; Sun, L.; Fang, X.; López-Casillas, F.; Wrana, JL.; Hinck, AP. 
TGF-� signalling is mediated by two autonomously functioning 
T�RI:T�RII pairs. EMBO J., 2011, 30 (7), 1263-1276. 

[259] Zheng, S.; Chen, A. Activation of PPARgamma is required for 
curcumin to induce apoptosis and to inhibit the expression of ex-
tracellular matrix genes in hepatic stellate cells in vitro. Biochem. 
J., 2004, 384 (pt. 1), 149-157. 

[260] Zheng, S.; Chen, A. Curcumin suppresses the expression of ex-
tracellular matrix genes in activated hepatic stellate cells by inhibit-
ing gene expression of connective tissue growth factor. Am. J. 
Physiol. Gastrointest. Liver Physiol., 2006, 290 (5), G883-G893.  

[261] Zheng, S.; Chen, A. Disruption of transforming growth factor-beta 
signaling by curcumin induces gene expression of peroxisome pro-
liferator-activated receptor-gamma in rat hepatic stellate cells. Am. 
J. Physiol. Gastrointest. Liver Physiol., 2007, 292 (1), G113-G123. 

[262] Fu, Y.; Zheng, S.; Lin, J.; Ryerse, J.; Chen, A. Fibrogenesis Cur-
cumin protects the rat liver from CCl4-caused injury and fibrogene-
sis by attenuating oxidative stress and suppressing inflammation. 
Mol. Pharmacol., 2008, 73 (2), 399-409. 

[263] Zhou, Y.; Zheng, S.; Lin, J.; Zhang, Q.J.; Chen, A. The interruption 
of the PDGF and EGF signaling pathways by curcumin stimulates 
gene expression of PPARgamma in rat activated hepatic stellate 
cell in vitro. Lab. Invest., 2007, 87 (5), 488-498.  

[264] Lin, J.; Chen, A. Activation of peroxisome proliferator-activated 
receptor-gamma by curcumin blocks the signaling pathways for 
PDGF and EGF in hepatic stellate cells. Lab. Invest., 2008, 88 (5), 
529-540.  

[265] Baghdasaryan, A.; Claudel, T.; Kosters, A.; Gumhold, J.; Silbert, 
D.; Thuringer, A.; Leski, K.; Fickert, P.; Karpen, S.J.; Trauner, M. 
Curcumin improves sclerosing cholangitis in Mdr2-/- mice by inhi-
bition of cholangiocyte inflammatory response and portal myofi-
broblast proliferation. Gut, 2010, 59 (4), 521-530. 

[266] Vizzuti, F.; Provenzano, A.; Galastri S.; Milani S.; Delogu W.; 
Novo E.; Caligiuri A.; Zamara E.; Arena, U.; Laffi, G.; Parola, M.; 
Pinzani, M.; Marra, F. Curcumin limits the fibrogenic evolution of 
experimental steatohepatitis. Lab. Invest., 2010, 90 (1), 104-115. 

[267] Bassiouny, A.R.; Zaky, A.; Fawky, F.; Kandeel, K.M. Alteration of 
AP-endonuclease1 expression in curcumin-treated fibrotic rats. 
Ann. Hepatol., 2011, 10 (4), 516-530. 

[268] Wang, M.E.; Chen, Y.C.; Chen, I.S.; Hsieh, S.C.; Chen, S.S.; Chiu, 
C.H. Curcumin protects against thioacetamide-induced hepatic fi-
brosis by attenuating the inflammatory response and inducing 
apoptosis of damaged hepatocytes. J. Nutr. Biochem., 2012, 23(10), 
1352-1366. 



3396    Current Medicinal Chemistry, 2013, Vol. 20, No. 27 Zardi et al. 

ing gene expression of connective tissue growth factor. Am. J. 

Physiol. Gastrointest. Liver Physiol., 2006, 290 (5), G883-G893.  
[261] Zheng, S.; Chen, A. Disruption of transforming growth factor-beta 

signaling by curcumin induces gene expression of peroxisome pro-
liferator-activated receptor-gamma in rat hepatic stellate cells. Am. 

J. Physiol. Gastrointest. Liver Physiol., 2007, 292 (1), G113-G123. 
[262] Fu, Y.; Zheng, S.; Lin, J.; Ryerse, J.; Chen, A. Fibrogenesis Cur-

cumin protects the rat liver from CCl4-caused injury and fibrogene-
sis by attenuating oxidative stress and suppressing inflammation. 
Mol. Pharmacol., 2008, 73 (2), 399-409. 

[263] Zhou, Y.; Zheng, S.; Lin, J.; Zhang, Q.J.; Chen, A. The interruption 
of the PDGF and EGF signaling pathways by curcumin stimulates 
gene expression of PPARgamma in rat activated hepatic stellate 
cell in vitro. Lab. Invest., 2007, 87 (5), 488-498.  

[264] Lin, J.; Chen, A. Activation of peroxisome proliferator-activated 
receptor-gamma by curcumin blocks the signaling pathways for 
PDGF and EGF in hepatic stellate cells. Lab. Invest., 2008, 88 (5), 
529-540.  

[265] Baghdasaryan, A.; Claudel, T.; Kosters, A.; Gumhold, J.; Silbert, 
D.; Thuringer, A.; Leski, K.; Fickert, P.; Karpen, S.J.; Trauner, M. 
Curcumin improves sclerosing cholangitis in Mdr2-/- mice by inhi-
bition of cholangiocyte inflammatory response and portal myofi-
broblast proliferation. Gut, 2010, 59 (4), 521-530. 

[266] Vizzuti, F.; Provenzano, A.; Galastri S.; Milani S.; Delogu W.; 
Novo E.; Caligiuri A.; Zamara E.; Arena, U.; Laffi, G.; Parola, M.; 
Pinzani, M.; Marra, F. Curcumin limits the fibrogenic evolution of 
experimental steatohepatitis. Lab. Invest., 2010, 90 (1), 104-115. 

[267] Bassiouny, A.R.; Zaky, A.; Fawky, F.; Kandeel, K.M. Alteration of 
AP-endonuclease1 expression in curcumin-treated fibrotic rats. 
Ann. Hepatol., 2011, 10 (4), 516-530. 

[268] Wang, M.E.; Chen, Y.C.; Chen, I.S.; Hsieh, S.C.; Chen, S.S.; Chiu, 
C.H. Curcumin protects against thioacetamide-induced hepatic fi-
brosis by attenuating the inflammatory response and inducing 
apoptosis of damaged hepatocytes. J. Nutr. Biochem., 2012, 23(10), 
1352-1366. 

[269] Ohashi, M.; Oyama, T.; Nakagome, I.; Sato, M.; Nishio, Y.; Nobu-
sada, H.; Hirono, S.; Morikawa, K.; Hashimoto, Y.; Miyachi, H. 
Design, synthesis, and structural analysis of phenylpropanoic acid-
type PPAR�-selective agonists: Discovery of reversed stereochem-
istry-activity relationship. J. Med. Chem., 2011, 54 (1), 331-341. 

[270] Lin, J.; Tang, Y.; Kang, Q.; Feng, Y.; Chen, A. Curcumin inhibits 
advanced glycationend-products (AGEs)-induced gene expression 
of receptor for AGEs (RAGE) in hepaticstellate cells in vitro by 
elevating PPAR� activity and attenuating oxidative stress. Br. J. 
Pharmacol., 2012, 166 (8), 2212-2227. DOI: 10.1111/j.1476-
5381.2012. 

[271] Festa, C.; Lauro, G.; De Marino, S.; D’Auria, M.V.; Monti, M.C.; 
Casapullo, A.; D’Amore, C.; Renga, B.; Mencarelli, A.; Petek, S.; 
Bifulco, G.; Fiorucci, S.; Zampella, A. Plakilactones from the Ma-
rine Sponge Plakinastrella mamillaris. Discovery of a new classo f 
marine ligands of peroxisome proliferator-activated Receptor �. J. 

Med. Chem., 2012, 55, 8303-8317. 
[272] Tenenbaum, A.; Motro, M.; Fisman, E.Z. Dual and pan-peroxisome 

proliferator activated receptors (PPAR) co-agonism: the bezafibrate 
lessons. Cardiovasc. Diabetol., 2005, 4, 14. 

[273] Li, P.P.; Shan, S.; Chen, Y.T.; Ning, Z.Q.; Sun, S.J.; Liu, Q.; Lu, 
X.P.; Xie, M.Z.; Shen, Z.F. The PPARalpha/gamma dual agonist 
chiglitazar improves insulin resistance and dyslipidemia in MSG 
obese rats. Br. J. Pharmacol., 2006, 148 (5), 610-618. 

[274] Mishra, P.; Younossi, Z.M. Current treatment strategies for non-
alcoholic fatty liver disease (NAFLD). Curr. Drug. Discov. Tech-

nol., 2007, 4 (2), 133-140. 
[275] Sasaki, Y.; Shimada, T.; Iizuka, S.; Suzuki, W.; Makihara, H.; 

Teraoka, R.; Tsuneyama, K.; Hokao, R.; Aburada, M. Effects of 

bezafibrate in nonalcoholic steatohepatitis model mice with mono-
sodium glutamate-induced metabolic syndrome. Eur. J. Pharma-
col., 2011, 662 (1-3), 1-8. 

[276] Jin, L.; Lin, S.; Rong, H.; Zheng, S.; Jin, S.; Wang, R.; Li, Y. 
Structural basis for iloprost as a dual peroxisome proliferator-
activated receptor �/� agonist. J. Biol. Chem., 2011, 286 (36), 
31473-31479.  

[277] Moncada, S.; Gryglewski, R.; Bunting, S.; Vane, J.R. An enzyme 
isolated from arteries transforms prostaglandin endoperoxides to an 
unstable substance that inhibits platelet aggregation. Nature, 1976, 
263 (5579), 663-665. 

[278] Fennekohl, A.; Schieferdecker, H.L.; Jungermann, K.; Püschel, GP. 
Differential expression of prostanoid receptors in hepatocytes, 
Kupffer cells, sinusoidal endothelial cells and stellate cells of rat 
liver. J. Hepatol., 1999, 30 (1), 38-47. 

[279] Zardi, E.M.; Picardi, A.; Ambrosino, G.; Serio, A.; Costantino, S.; 
Dobrina, A. Hemodynamic effects of a prostacyclin analog (ilo-
prost) on portal flow velocity and volume and visceral artery circu-
lation in patients with lower limb arteriopathy. Ultrasound. Med. 

Biol., 2003, 29 (2), 209-213.  
[280] Tanaka, J.; Malchesky, P.S.; Omokawa, S.; Goldcamp, J.B.; Hara-

saki, H.; Vogt, D.P.; Broughan, T.A.; Nosé Y. Effects of prosta-
glandin I2, superoxide dismutase, and catalase on ischemia-
reperfusion injury in liver transplantation. ASAIO. Trans., 1990, 36 
(3), M600-M603. 

[281] Okboy, N.; Yegen, C.; Aktan, A.O.; Dosluoglu, H.H.; Sav, A.; 
Yalin, R.; Ercan, S. The effect of iloprost and NDGA in ischemia 
reperfusion injury in rat liver. Prostagl. Leukotr. Essential Fatty. 
Acids., 1992, 47 (4), 291-295. 

[282] Takayama, F.; Egashira, T.; Kawasaki, H.; Mankura, M.; Naka-
moto, K.; Okada, S.; Mori, A. A Novel Animal Model of Nonalco-
holic Steatohepatitis (NASH): Hypoxemia Enhances the Develop-
ment of NASH. J. Clin. Biochem. Nutr., 2009, 45 (2), 335-340. 

[283] Caraceni, P.; Ryu, H.S.; Subbotin, V.; De Maria, N.; Colantoni, A.; 
Roberts, L.; Trevisani, F.; Bernardi, M.; Van Thiel, D.H. Rat hepa-
tocytes isolated from alcohol-induced fatty liver have an increased 
sensitivity to anoxic injury. Hepatology, 1997, 25 (4), 943-949. 

[284] Zardi, E.M.; Dobrina, A.; Amoroso, A.; Afeltra, A. Prostacyclin in 
liver disease: a potential therapeutic option. Expert. Opin. Biol. 

Ther., 2007, 7 (6), 785-790. 
[285] Zardi, E.M.; Zardi, D.M.; Cacciapaglia, F.; Dobrina, A.; Amoroso, 

A.; Picardi, A.; Afeltra, A. Endothelial dysfunction and activation 
as an expression of disease: role of prostacyclin analogs. Int. Im-

munopharmacol., 2005, 5 (3), 437-459. 
[286] Zardi, E. M.; Picardi, A.; Fazio, V. M.; Ambrosino, G.; Dobrina, 

A.; Zullo, M.; Zennaro, D.; Afeltra, A. Improved hepatic perfusion 
after iloprost infusion in patients with HCV chronic infection: a pi-
lot study with possible therapeutic implications. J. Interferon. Cy-
tokine. Res., 2004, 24 (5), 297-300. 

[287] Adeghate, E.; Adem, A.; Hasan, M. Y.; Tekes, K.; Kalasz, H. Me-
dicinal chemistry and actions of dual and pan PPAR modulators. 
Open. Med. Chem. J., 2011, 5 (suppl2-M5), 93-98. 

[288] Oyama, T.; Toyota, K.; Waku, T.; Hirakawa, Y.; Nagasawa, N.; 
Kasuga, J-I.; Hasimoto, Y.; Miyachi, H.; Morikawa, K. Adaptabil-
ity and selectivity of human peroxisome proliferator-activated re-
ceptor (PPAR) pan agonists revealed from crystal structures. Acta. 
Crystallogr. D. Biol. Crystallogr., 2009, 65 (8), 786-795. 

[289] Kuwabara, N.; Oyama, T.; Tomioka, D.; Ohashi, M.; Yanagisawa, 
J.; Shimizu, T.; Miyachi, H. Peroxisome proliferator-activated re-
ceptors (PPARs) have multiple binding points that accommodate 
ligands in various conformations: phenylpropanoic acid-type PPAR 
ligands bind to PPAR in different conformations, depending on the 
subtype. J. Med. Chem., 2012, 55 (2), 893-902. 

 

 

Received: August 08, 2012 Revised: April 28, 2013 Accepted: May 29, 2013 


