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Abstract

Peroxisome proliferator activator receptors (PPAR) ligands such as 15-A12,13-prostaglandin L(2) [PJ] and all trans
retinoic acid (ATRA) have been shown to inhibit the development of liver fibrosis. The role of ligands of retinoic X
receptor (RXR) and its ligand, 9-cis, is less clear. The purpose of this study was to investigate the effects of
combined treatment of the three ligends, PJ, ATRA and 9-cis, on key events during liver fibrosis in rat primary hepatic
stellate cells (HSCs). We found that the anti-proliferative effect of the combined treatment of PJ, ATRA and 9-cis on
HSCs was additive. Further experiments revealed that this inhibition was due to cell cycle arrest at the G,/G, phase
as demonstrated by FACS analysis. In addition, the combined treatment reduced cyclin D1 expression and increased
p21 and p27 protein levels. Furthermore, we found that the three ligands down regulated the phosphorylation of
mTOR and p705%. The activation of HSCs was also inhibited by the three ligands as shown by inhibition of vitamin A
lipid droplets depletion from HSCs. Studies using real time PCR and western blot analysis showed marked inhibition
of collagen la1 and aSMA by the combination of the three ligands. These findings suggest that the combined use of
PJ, ATRA and 9-cis causes inhibition of cell proliferation by cell cycle arrest and down-regulation of fibrotic markers
to a greater extent compared to each of the ligands alone.
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Introduction

Hepatic fibrosis is a pathological response of the liver to
acute and chronic insults such as viral infection, cholestasis,
toxins and metabolic diseases. Hepatic stellate cells (HSCs)
play a crucial role in liver fibrosis. HSCs are responsible for
excessive deposition of extracellular matrix (ECM) proteins.

The nuclear superfamily of hormone receptors includes
peroxisome-proliferator activated receptor y (PPARYy), retinoic
acid receptor (RAR) and vitamin D receptor (VDR). These
receptors are transcription factors that regulate transcription of
a variety of genes. RAR and PPARYy hetrodimerize with the
retinoic X receptor (RXR) and affect transcriptional activation of
target genes [1].

PPARYy plays a key role in HSCs biology and is involved in
the maintenance of a quiescent HSCs phenotype [2]. PPARy
inhibits AP-1 and profibrogenic gene expression and activation
of HSCs results in loss of PPARYy inhibition [3]. Treatment of
HSCs with synthetic PPARy ligands suppresses the
fibrogenetic potential of HSCs in vitro and in vivo [3-5].
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It has been shown that 15-A12,13-prostaglandin L(2) [PJ], a
PPARYy ligand, inhibited cell proliferation and led to cell cycle
arrest in HSCs cell line [6] and inhibited ECM expression [4,7].
All-trans retinoic acid (ATRA), a RAR ligand, inhibited the
expression of procollagen |, I, IV, fibronectin and laminin, a
Smooth muscle actin (aSMA), transforming growth factor (TGF-
B) and IL-6, but had no effect on HSCs proliferation [8,9]. The
RXR ligand, 9-cis, had a different effect on HSCs: 9-cis
inhibited HSCs proliferation but increased procollagen | mRNA
and had no effect on other ECM proteins [8].

Although each of the ligands has an effect on liver fibrosis,
these effects are minor. We previous demonstrated that rats
with hepatic fibrosis that were treated with PPARy and RAR
agonist led to additive inhibitory effect on proliferation and to
reduced expression of TGF-3 and TNFa [10].

The anti-fibrotic effect of a combination of the three ligands
remains unexplored. Therefore, we investigate the effects of
combined treatment including, PJ, ATRA and 9-cis, on key
events of liver fibrosis in primary HSCs. We found that the
combined treatment inhibited HSCs proliferation via cell cycle
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arrest and inhibition of proteins involved in cell cycle. We also
found that this combination had an inhibitory effect on ECM
protein expression.

Materials and Methods

Animals

Male retired breeder Wistar rats (300-400 g) were
maintained in the animal facility of the Tel Aviv Sourasky
Medical Center on a standard rat chow diet with a 12 hours
light/dark cycle. The use of animals was in accordance with the
NIH Policy on the care and use of laboratory animals and was
approved by the Animal Use and Care Committee, the Ichilov
committee.

Isolation and culture of primary rat HSCs

HSCs were isolated using sequential pronase-collagenase
perfusion followed by Nycodenz (Sigma-Aldrich, Inc., St. Louis,
MO) density gradient centrifugation, as described previously
[11].

Reagents

A 102 M stock solution of PJ, ATRA and 9-cis (Sigma-
Aldrich, Inc., St. Louis, MO) was prepared in DMSO. A stock
solution of 1 pg/ml platelet-derived growth factor (PDGF-BB)
(Peprotech Inc., NJ, USA) was prepared in water. TGF-$ (R&D
Systems Inc. MN) was dissolved in 4mM HCI containing
1mg/ml BSA at a concentration of 1 pg/ml. All stock reagents
were aliquot and stored at -20°C until use.

Calculations

The theoretical additive inhibitory affect of agents a, b and ¢
was calculated as described before [12] using the following
equations:

l,, = 100 X [1 - (1-1,/100) X (1-1,/100)]

I, is the calculated additive inhibitory effect expressed as
percent inhibition. 1, and |, are the measured inhibitory effects
(%) of each agent acting alone as compared to control.
Equation 1 was derived assuming the inhibitory agents act
independently on the same target population. The nature of the
interaction between agents a and b was assessed by
comparing the inhibitory effect of combined treatment as
determined experimentally to the calculated additive inhibitory
effect.

|nh|b|t0|’y effect (%) =100 X (ODcontrol - ODtreatment) / (ODcontrol -
OD,)

The interaction is synergistic when the experimentally
observed effect is larger than the calculated additive effect.
When the experimentally observed effect is smaller than the
calculated additive effect, the interaction is antagonistic, and
the interaction is additive when there is no difference between
the effects.

Proliferation assay

HSCs proliferation was examined by BrdU method (Exalpha
Biological, Inc. Watertown, MA). Primary HSCs were cultured
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for 14 days, and then 20,000 cells/well were seeded in 96 well
plates. in DMEM + 10% FCS. The cells were incubated for 24h,
and then medium was changed to serum starvation medium
(DMEM+ 0.5% FCS) overnight. The cells were treated with
various stimuli. HSCs were exposed to 30 ng/ml PDGF and
either 10°M PJ, 10-°°M ATRA, 10°*M 9-cis or combination of the
three. After 24 hours the cells were tested for proliferation
following the manufacturer’s instructions.

Western blot

2x10% HSCs were seeded and incubated for 10, 20, 30, 60
min or 24 hrs with different treatments according to the
experiments performed. Total proteins were extracted using
RIPA buffer containing protease inhibitor cocktail (Sigma-
Aldrich, Inc., St. Louis, MO). Proteins were separated on
4-12% BT gels (NuPAGE, Gibco-BRL Life Technologies,
Grand Island, NY) and incubated with antibodies against cyclin
D1, aSMA, B-actin, GAPDH (Santa Cruz Biotechnology, Santa
Cruz, CA), collagen la1 (Affinity Bioreagents, Golden, CO) p21,
p27 (Epitomics), p-mTOR (Cell signaling), mTOR (Epitomics),
p-P708%(Cell signaling), P705¢ (Cell signaling).

Oil Red O staining

Primary HSCs cultured in a 24 well plates were washed with
PBS and fixed with 4% paraformaldehyde. Oil Red O in
prophylene-glycol was added, washed, and lipid droplets were
photographed.

Reverse-transcription and polymerase chain reaction

1.5x10° cells/plate were incubated for 24 hrs with the
different treatments according to the specific experiments.
Total RNA was extracted by EZ-RNA kit (Biological industries
Ltd., Israel) according to the manufacturer’s instructions. 1ug of
total RNA was reversed into cDNA using High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Victoria,
Australia), and analyzed using quantitative real-time PCR to
determine the expression of collagen la1 (Rn01463848_m1)
and aSMA (Rn01502596_m1). Semiquantitative RT-PCR was
done using PPIA (Rn00690933_m1) as an internal control to
normalize for gene expression.

Statistical analysis

The results are presented as fold induction compared to
control values, considered as being 100%, and are presented
as means +SD from at least three separate experiments.
Statistical significance was assessed using Microsoft Excel
software using an unpaired two tailed student t-test with P
values <0.05 considered significant.

Results

The combination of PJ, ATRA and 9-cis is additive

To clarify the effects of combining the three ligands, PJ,
ATRA and 9-cis, we examined the type of interaction between
them. We examined the effect of the three ligands on cell
proliferation and calculated the inhibitory effect. The interaction
is synergistic when the experimentally observed effect is larger

October 2013 | Volume 8 | Issue 10 | 76541



Inhibition of HSC Activation by PPAR-g RAR and RXR

cytotoxicity (%)

ATRA, 9-CIS, PJ (M)

B Observed
E8 calculated additive

Figure 1. The combined anti-proliferative effect of PJ, ATRA and 9-cis is additive. HSCs were plated in 96 well plates. After
24 hrs, the medium was changed to starvation medium (DMEM with 0.5% FCS) overnight. HSCs were incubated for 24 hrs with 30
ng/ml PDGF, PJ, ATRA and 9-cis at doses of 10°-10“M. Cells were quantified by crystal violet staining. The inhibition of cell
proliferation was expressed as % inhibition and calculated according to the following equation: Inhibitory effect (%) = 100 X (ODyqtrol
— ODyeamment) / (OD¢onot — ODy). The interaction is synergistic when the experimentally observed effect is larger than the calculated
additive effect. When the experimentally observed effect is smaller the calculated additive effect, the interaction is antagonistic, and
the interaction is additive when there is no difference between the two effects. Histogram showing average +SE of densitometry

results from 3 independent experiments.
doi: 10.1371/journal.pone.0076541.g001

than the calculated additive effect. When the experimentally
observed effect is smaller than the calculated additive effect,
the interaction is antagonistic, and the interaction is additive
when there is no difference between the two effects.

As seen in Figure 1, the interaction between PJ, ATRA and
9-cis is additive.

PJ, ATRA and 9-cis inhibited HSCs proliferation

We investigated the effect of PJ, ATRA and 9-cis on PDGF-
induced HSCs proliferation. As expected, incubation of HSCs
with PDGF induced proliferation by 3.5 fold (Figure 2). Addition
of the three ligands resulted in marked inhibition of HSCs
proliferation by 1.75 fold compared to PDGF treatment alone.
The other combinations tested did not have the same inhibitory
effect.

Treatment with PJ, ATRA and 9-cis led to cell-cycle
arrest

Following HSCs inhibition of proliferation, we analyzed the
cell-cycle in the presence of the ligands. As expected, PDGF
decreased cells number in Go/G, phase, and increased the
number of cells in S-G,/M phase (Figure 3B). Addition of PJ,
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ATRA and 9-cis caused cell-cycle arrest, increased the number
of cells in Gy/G, phase and reduced the number of cells in the
S-G,/M phase. Moreover, there was no increase in apoptosis
as demonstrated by low sub G, peak (Figure 3C). The other
combinations tested had no such effect (Figure 3D,E,F). Thus,
combination of the three ligands led to G/G, arrest.

Effect of PJ, ATRA and 9-cis on cell-cycle proteins

We assessed the effects of the combined treatment on
proteins regulates the cell-cycle. We found that treatment with
the three ligands suppressed cyclin D1 expression to the
control levels (Figure 4A).

Determination of p21 and p27 proteins, which are inhibitors
of the cell-cycle, showed an increased expression (by ~50%) in
the presence of the three ligands (Figure 4C,D). These results
support the hypothesis that the combined treatment of PJ,
ATRA and 9-cis lead to cell cycle arrest.

Effect of PJ, ATRA and 9-cis on PDGF’s signaling

We next investigated whether the effects of PJ, ATRA and 9-
cis are mediated through mTOR signaling pathway. We
observed that exposure to PDGF resulted in mTOR
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Figure 2. PJ, ATRA and 9-cis inhibit proliferation of rat primary HSCs in the presence of PDGF. HSCs were plated in 96 well
plates. After 24 hrs, the medium was changed to starvation medium (DMEM with 0.5% FCS) overnight. HSCs were incubated for 24
hrs with 30 ng/ml PDGF, PJ, ATRA and 9-cis at a dose of 10 M. After incubation, cell proliferation was assessed using the BrdU
assay and plates read using an ELISA reader at 450 nm. Histogram showing average +SE of densitometry results from 5

independent experiments. "P<0.05 vs. control, “P <0.05 vs. PDGF.

doi: 10.1371/journal.pone.0076541.9g002

phosphorylation in a time dependent manner (Figure 5A) and
incubation with PJ, ATRA and 9-cis inhibited this
phosphorylation.

We next determined the effect of PJ, ATRA and 9-cis on
p70%%K which is downstream to mTOR. Treatment with the three
ligands decreased p70%% phosphorylation levels (Figure 5B).
These results indicate that the combination PJ, ATRA and 9-cis
suppresses mTOR signaling.

Effect of PJ, ATRA and 9-cis on HSCs content of lipid
droplets

A characteristic feature of HSCs activation is the loss of the
retinoid-containing lipid droplets [13]. To investigate whether
PJ, ATRA and 9-cis effect the release of the lipid droplets, we
examined the HSCs lipid droplets contents. As shown in Figure
6, the untreated cells showed low lipid contents located at the
edges of the cells. On the other hand, HSCs incubated with the
three ligands contained significantly more lipid droplets that
were distributed in the cytoplasm. These results indicate that
only the combined treatment led to inhibition of lipid droplets
release.
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Effect of PJ, ATRA and 9-cis on fibrotic markers

To investigate whether PJ, ATRA and 9-cis has an
antifibrotic effect on HSCs, collagen la1 expression was
examined. TGF-f increased collagen la1 protein expression by
~50%, while the combined treatment of the three ligands
suppressed collagen la1 expression by ~33% compared to
TGF-B (Figure 7A). Similar results were obtained at the mRNA
level (Figure 7B).

When we examined the expression of aSMA, another marker
of HSCs activation, we found that the combined treatment of
the three ligands decreased aSMA protein levels by ~40% but
no effect was observed with each of the ligands alone (Figure
8A). Similar reduction was obtained on aSMA mRNA levels
(Figure 8B).

Discussion

Nuclear receptors control a large variety of metabolic
pathways including hepatic lipids metabolism, inflammation,
fibrosis, cell differentiation and tissue repair including liver
regeneration [14,15].

October 2013 | Volume 8 | Issue 10 | 76541



Inhibition of HSC Activation by PPAR-g RAR and RXR

Sub G1: 3.9%
G0/G1:85.1%
S-G2/M: 11%

Count

50 100 150 200 250
PE-A (x 1,000)

A, 28-7-11 RAT2-C B . 28-7-11 RAT2-PDGF
2 Sub G;: 2.9% S Sub G,: 6.4%
s G,/G;: 84.5% s Gy/G;: 67.7%
<] S-G,/M: 12.4% e S-G,/M: 25.8%
g g
=~ = oo~
o9 [ = |
O O
Q Q
= =
50 100 150 200 250 50 100 150 200 250
PE-A (x 1,000) PE-A (x 1,000)
C 28-7-11 RAT2-P+ALL D 28-7-11 RAT2-P+PJ+ATRA

Sub G,: 7.5%
Gy/Gy: 79.9%
S-G,/M: 12.5%

Count

28-7-11 RAT2-P+9-CIS+PJ

Sub G1: 7.1%
G0/G1: 65.6%
S-G2/M: 27.2%

Count

50 100 150 200 250
PE-A (x 1,000)

50 100 150 200 250
PE-A (x 1,000)
F o 28-7-11 RAT2-P+9-CIS+ATRA
2 Sub G1: 7.6%
a G0/G1: 67.7%
2 S-G2/M: 24.7%
=5
=0 ™
o099
O &
Q

50 100 150 200 250
PE-A (x 1.000)

Figure 3. Combined treatment of PJ, ATRA and 9-cis led to cell cycle arrest in primary HSCs. HSCs were incubated 24 hrs
with 30 ng/ml PDGF, PJ, ATRA and 9-cis at a dose of 10 M. Cellular DNA was stained with propidium iodide and flow cytometric

analysis was preformed.
doi: 10.1371/journal.pone.0076541.g003

The present study was undertaken to investigate the
interaction between PJ, ATRA and 9-cis and especially their
potential anti-fibrotic effects in rat primary HSCs, since each of
the ligands alone showed only a modest effect on liver fibrosis
in HSCs as well as in vivo models [3,4,9,16].
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We showed that exposure of HSCs to combined treatment of
the three ligands resulted in significant inhibition of cell
proliferation. Interestingly, combined treatment with only two
ligands did not lead to such a reduction in proliferation. In our
previous study, we found that combined treatment of 9-cis and
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Figure 4. Combined treatment of PJ, ATRA and 9-cis effect cell cycle protein expression in primary HSCs. A. Combined
treatment of PJ, ATRA and 9-cis decreased cyclin D1 expression in primary rat HSCs. B. Combined treatment of PJ, ATRA and 9-
cis increased P21 expression in primary rat HSCs. C. Combined treatment of PJ, ATRA and 9-cis increased P27 expression in
primary rat HSCs. HSCs were incubated for 24 hrs with 30 ng/ml PDGF, PJ, ATRA and 9-cis at a dose of 10 M. Total lysate was
separated by western blot analysis. Histogram showing average +SE of densitometry results from 3 independent experiments.

'P<0.05 vs. PDGF.
doi: 10.1371/journal.pone.0076541.g004

PJ or ATRA and PJ also decreased HSCs cell line proliferation
[10].

In this study, we found that the effect of the three ligands on
HSCs proliferation was additive. Previous studies showed that

PLOS ONE | www.plosone.org

ligands of PPARy, RAR and RXR had similar effects in other
cell lines. Combined treatment of ligands of PPARy and RAR
led to proliferation inhibition, cell-cycle arrest and increased
PTEN expression in HL-60 cells [17]. PPARy and RAR ligands
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Figure 5. Combined treatment of PJ, ATRA and 9-cis inhibit mTOR. (A) and p705% (B) phosphorylation in primary HSCs.
HSCs were incubated for 10, 20, 30 and 60 mins with 30 ng/ml PDGF, PJ, ATRA and 9-cis at a dose of 10-°° M. Total lysate was
separated by western blot analysis. Histogram showing average +SE of densitometry results from 3 independent experiments.
'P<0.05 vs. PDGF.

doi: 10.1371/journal.pone.0076541.g005

inhibited human breast cancer cells proliferation, cell invasion, bind to the RARE as a PPARy-RXR heterodimer and regulated
MMP-9 activity and up regulation of TIMP-1 expression [16]. its expression in lung and breast cancer cell line [19].

Combination of PPARy and RAR ligands led to cell-cycle arrest PJ, ATRA and 9-cis can lead to cell-cycle arrest in many cell
in human glioblastoma cell line [18]. In addition, PPARy can types [3,16,20-23]. In pancreatic cancer cell line, 9-cis together
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doi: 10.1371/journal.pone.0076541.g006

with troglitazone (a PPARYy ligand) decreased proliferation and
led to cell-cycle arrest in Gy/G, phase [24,25]. In the present
study, we observed cell-cycle arrest associated with an
increase in Gy/G, and decrease in S phase in HSCs treated
with PJ, ATRA and 9-cis, but not with other combinations of
ligands. We also found down-regulation of cyclin D1 and up-
regulation of p21 and p27 protein levels in HSCs that were
treated with the three ligands. These results are supported by
previous studies showing that PPARy ligands can down-
regulate the expression of cyclin D1 [26] as well as up-regulate
the expression of p21 [27]. ATRA down-regulated cyclin D1
expression [28,29] and induced p27 [30]. In addition, combined
treatment of 9-cis and troglitazone, decreased cyclin D1
expression in pancreatic cancer (20).

One of the critical pathways to proliferation and survival in
many cell types, including HSCs [31] is the mTOR/p70S%,
When studied the signaling pathway of mTOR and p70S%K in
HSCs, we found that PJ, ATRA and 9-cis reduced
phosphorylation of mTOR and p70%%, leading to interruption of
the mitogenic PDGF signaling pathways. These results suggest
that PJ, ATRA and 9-cis might mediate the effect of mTOR/
p708% signaling pathways on HSCs growth inhibition. Our

PLOS ONE | www.plosone.org

findings are consistent with Lee et al studies demonstrating
that combined administration of 9-cis and PJ to hepatocytes led
to down-regulation of mTOR and p708%, resulting in TGF-B
inhibition [26].

Under physiological conditions, HSCs store about 80% of the
total body content of vitamin A in lipid droplets and play a
pivotal role in the regulation of vitamin A homeostasis [32].
Activation of cultured HSCs correlates with depletion of vitamin
A droplets [33]. In our study, the only treatment that prevented
the depletion of the lipid droplets was the combined treatment
of PJ, ATRA and 9-cis.

We also examined the effect of the combined treatment of
PJ, ATRA and 9-cis on fibrosis markers, i.e. collagen la1 and
aSMA. The combined treatment of the three ligands
significantly inhibited the expression of these fibrosis markers
at the protein and the mRNA levels. PJ and ATRA are known
to down regulate fibrotic markers while 9-cis can increase
procollagen | mRNA but has no effect on other matrix proteins
[6,8]. In a previous study, we showed that combined treatment
of ATRA and rosiglitazone reduced aSMA and collagen content
in a rat model of liver fibrosis [10].
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Figure 7. Suppression of collagen la1 protein expression and mRNA by combined treatment of PJ, ATRA and 9-
cis. Western blot analysis of primary cultured HSCs that were incubated for 24 hrs with 10 ng/ml TGF-B, PJ, ATRA and 9-cis at a
concentration of 10> M (A). Total RNA was isolated from HSCs treated overnight with 10 ng/ml TGF-B, PJ, ATRA and 9-cis at a
concentration of 10® M and analyzed by quantitative real-time PCR using primers specific to collagen la1. The results were
normalized to B-actin mMRNA expression levels. Data are expressed as mean + SE 'p<0.05 vs. TGF-B (B).

doi: 10.1371/journal.pone.0076541.g007

Taken together, our results suggest that combination of the proliferation by cell cycle arrest and down-regulation of fibrotic
three ligands PJ, ATRA and 9-cis caused inhibition of HSCs markers to a much greater extent compared to each of the
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doi: 10.1371/journal.pone.0076541.g008
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ligands alone. Additional studies may be necessary to reveal
the exact mechanism(s) responsible to the vigorous inhibitory
effect of the three ligands on HSCs proliferation compared to
each agent alone.

References

. Glass CK, Ogawa S (2006) Combinatorial roles of nuclear receptors in

inflammation and immunity. Nat Rev Immunol 6: 44-55. doi:10.1038/
nri1748. PubMed: 16493426.

. Hazra S, Xiong S, Wang J, Rippe RA, Krishna V et al. (2004)

Peroxisome proliferator-activated receptor gamma induces a
phenotypic switch from activated to quiescent hepatic stellate cells. J
Biol Chem 279(12): 11392-11401. doi:10.1074/jbc.M310284200.
PubMed: 14702344,

. Marra F, Efsen E, Romanelli RG, Caligiuri A, Pastacaldi S et al. (2000)

Ligands of peroxisome proliferator-activated receptor gamma modulate
profibrogenic and proinflammatory actions in hepatic stellate cells.
Gastroenterology 119: 466-478. doi:10.1053/gast.2000.9365. PubMed:
10930382.

. Pratt MAC, Niu M, White D (2003) Differential regulation of protein

expression, growth and apoptosis by natural and synthetic retinoids. J
Cell Biochem 90: 692-708. doi:10.1002/jcb.10682. PubMed: 14587026.

. Galli A, Crabb DW, Ceni E, Salzano R, Mello T et al. (2002)

Antidiabetic thiazolidinediones inhibit collagen synthesis and hepatic
stellate cell activation in vivo and in vitro. Gastroenterology 122:
1924-1940. doi:10.1053/gast.2002.33666. PubMed: 12055599.

. Toyota M, Miyazaki Y, Kitamura S, Nagasawa Y, Kiyohara T et al.

(2002) Peroxisome proliferator-activated receptor gamma reduces the
growth rate of pancreatic cancer cells through the reduction of cyclin
D1. Life Sci 70(13): 1565-1575. doi:10.1016/S0024-3205(01)01524-7.
PubMed: 11895107.

. Da Silva Morais A, Abarca-Quinones J, Horsmans Y, Starkel P,

Leclercq LA (2007) Peroxisome proliferated-activated receptor y ligand,
Piolitazone, does not prevent hepatic fibrosis in mice. Int J Mol Med 19:
105-112. PubMed: 17143554.

. Hellemans K, Grinko I, Rombouts K, Schuppan D, Geerts A (1999) All-

trans and 9-cis retinoic acid alter rat hepatic stellate cell phenotype
differentially. Gut 45: 134-142. doi:10.1136/gut.45.1.134. PubMed:
10369717.

. Hisamori S, Tabata C, Kadokawa Y, Okoshi K, Tabata R et al. (2008)

All-trans-retinoic acid ameliorates carbon tetrachloride-induced liver
fibrosis in mice through modulating cytokine production. Liver Int 28:
1217-1225. PubMed: 18397230.

. Bruck R, Weiss S, Aeed H, Pines M, Halpern Z et al. (2009) Additive

inhibitory effect of experimentally induced hepatic cirrhosis by agonists
of peroxisome proliferator activator receptor y and retinoic acid
receptor. Dig Dis Sci 54: 292-299. doi:10.1007/s10620-008-0336-5.
PubMed: 18594976.

. Mangelsdorf DJ, Evans RM (1995) The RXR heterodimers and orphan

receptors. Cell 83: 841-850. doi:10.1016/0092-8674(95)90200-7.
PubMed: 8521508.

. Sun K, Wang Q, Huang XH (2006) PPAR gamma inhibits growth of rat

hepatic stellate cells and TGF beta-induced connective tissue growth
factor expression. Acta Pharm Sinicia 27(6): 715-723. doi:10.1111/j.
1745-7254.2006.00299.x. PubMed: 16723090.

. Blaner WS, O’Byrne SM, Wongsiriroj N, Kluwe J, D’Ambrosio DM et al.

(2009) Hepatic stellate cell lipid droplets: a specialized lipid droplet for
retinoid storage. Biochim Biophys Acta 1791(6): 467-473. doi:10.1016/
j-bbalip.2008.11.001. PubMed: 19071229.

. Karpen SJ (2002) Nuclear receptor regulation of hepatic function. J

Hepatol 36: 832-850. doi:10.1016/S0168-8278(02)00129-0. PubMed:
12044537.

. Glass CK, Rosenfeld MG (2000) The coregulator exchange in

transcriptional functions of nuclear receptors. Genes Dev 14: 121-141.
PubMed: 10652267.

. Liu H, Zang C, Fenner MH, Possinger K, Elstner E (2003) PPARy

ligands and ATRA inhibit the invasion of human breast cancer cells in
vitro. Breast Cancer Res Treat 79: 63-74. doi:10.1023/A:
1023366117157. PubMed: 12779083.

. Lee YR, Yu HN, Noh EM, Kim JS, Song EK et al. (2007) Peroxisome

proliferator-activated receptor y and retinoic acid receptor
synergistically up-regulate the tumor suppressor PTEN in human

PLOS ONE | www.plosone.org

11

Inhibition of HSC Activation by PPAR-g RAR and RXR

Author Contributions

Conceived and designed the experiments: ES SA SR RB.
Performed the experiments: ES SA. Analyzed the data: ES SA
SR RB. Contributed reagents/materials/analysis tools: ES SA.
Wrote the manuscript: ES.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

promyeloid leukemia cells. Int J Hematol 85: 231-237. doi:10.1532/
1JH97.A30615. PubMed: 17483060.

. Miyahara T, Schrum L, Rippe R, Xiong S, Yee HF Jr et al. (2000)

Peroxisome proliferator-activated receptors and hepatic stellate cell
activation. J Biol Chem 275: 35715-35722. doi:10.1074/
jbc.M006577200. PubMed: 10969082.

. Miyahara T, Schrum L, Rippe R, Xiong S, Yee HF Jr et al. (2000)

Peroxisome proliferator-activated receptors and hepatic stellate cell
activation. J Biol Chem 275: 35715-35722. doi:10.1074/
jbc.M006577200. PubMed: 10969082.

Fujiyoshi M, Ozaki M (2011) Molecular mechanisms of liver
regeneration and protection for treatment of liver dysfunction and
diseases. J Hepatobiliary Pancreat Sci 18: 13-22. doi:10.1007/
s00534-010-0304-2. PubMed: 20607568.

Hao LS, Zhang XL, An JY, Karlin J, Tian XP et al. (2009) PTEN
expression is down-regulated in liver tissues of rats with hepatic fibrosis
induced by biliary stenosis. APMIS 117: 681-691. doi:10.1111/j.
1600-0463.2009.02515.x. PubMed: 19703128.

Hao LS, Zhang XL, An JY, Karlin J, Tian XP et al. (2009) PTEN
expression is down-regulated in liver tissues of rats with hepatic fibrosis
induced by biliary stenosis. APMIS 117: 681-691. doi:10.1111/j.
1600-0463.2009.02515.x. PubMed: 19703128.

Wynn TA (2008) Cellular and molecular mechanisms of fibrosis. J
Pathol 214: 199-210. doi:10.1002/path.2277. PubMed: 18161745.
Tsujie M, Nakamori S, Okami J, Takahashi Y, Hayashi N et al. (2003)
Growth inhibition of pancreatic cancer cells through activation of
peroxisome proliferator-activated receptor gamma’/retinoid X receptor
alpha pathway. Int J Oncol 23(2): 325-331. PubMed: 12851681.

White ES, Thannickal VJ, Carskadon SL, Dickie EG, Livant DL et al.
(2003) Integrin 04B1 regulates migration across basement membranes
by lung fibroblasts: a role for phosphatase and tensin homologue
deleted on chromosome 10. Am J Respir Cril Care Med 168(4):
436-442. doi:10.1164/rccm.200301-0410C.

Lee SJ, Yang EK, Kim SG (2006) Peroxisome proliferators-activated
receptor-y and retinoic acid X receptor a represses the TGF31 gene via
PTEN-mediated p70 ribosomal S6 kinase-1 inhibition: role of Zf9
dephosphorylation. Mol Pharm 70: 415-425.

Zhou Y, Zheng S, Lin J, Zhang QJ, Chen A (2007) The interruption of
PDGF and EGF signaling pathways by cucrumin stimulates gene
expression of PPARYy in rat activated hepatic stellate cell in vitro. Lab
Inves 87: 488-498.

Ravid A, Koren R, Narinsky R, Rotem C, Novogrodsky A et al. (1990)
1,25-dihydroxyvitamin D, and agents that increase intracellular
adenosine 3',5'-monophosphate synergistically inhibit the mitogenic
stimulation of human lymphocytes. J Clin Endocrinol Metab 70:
1687-1692. doi:10.1210/jcem-70-6-1687. PubMed: 1693374.

Cang Q, Chen Z, You J, McNutt MA, Zhang T et al. (2007) All-trans-
retinoic acid induce cell growth arrest in a human medulloblastoma cell
line. J Neuro Oncol 84(3): 263-267. doi:10.1007/s11060-007-9380-9.
Zang C, Wachter M, Liu H, Posch MG, Fenner MH et al. (2003)
Ligands for PPARy and RAR cause induction of inhibition and
apoptosis in human glioblastomas. J Neuro Onco 65: 107-118. doi:
10.1023/B:NEON.0000003728.80052.a8.

Gabele E, Reif S, Tsukada S, Bataller R, Yutaka Y et al. (2005) The
role of p70%% in hepatic stellate cell collagen gene expression and cell
proliferation. J Biol Chem 280(14): 13374-13382. doi:10.1074/
jbc.M409444200. PubMed: 15677443.

Imai K, Sato M, Kojima N, Miura M, Sato T et al. (2000) Storage of lipid
droplets in and production of extracellular matrix by hepatic stellate
cells (vitamin A-storing cells) in long-evans cinnamon-like colored
(LEC) rats. Anat Rec 258: 338-348. doi:10.1002/
(SICI)1097-0185(20000401)258:4. PubMed: 10737852.

Friedman SL, Wei S, Blaner WS (1993) Retinol release by activated rat
hepatic lipocytes: regulation by kupffer cell-conditioned medium and
PDGF. Am J Physiol 264: G947-G952. PubMed: 8498521.

October 2013 | Volume 8 | Issue 10 | 76541


http://dx.doi.org/10.1038/nri1748
http://dx.doi.org/10.1038/nri1748
http://www.ncbi.nlm.nih.gov/pubmed/16493426
http://dx.doi.org/10.1074/jbc.M310284200
http://www.ncbi.nlm.nih.gov/pubmed/14702344
http://dx.doi.org/10.1053/gast.2000.9365
http://www.ncbi.nlm.nih.gov/pubmed/10930382
http://dx.doi.org/10.1002/jcb.10682
http://www.ncbi.nlm.nih.gov/pubmed/14587026
http://dx.doi.org/10.1053/gast.2002.33666
http://www.ncbi.nlm.nih.gov/pubmed/12055599
http://dx.doi.org/10.1016/S0024-3205(01)01524-7
http://www.ncbi.nlm.nih.gov/pubmed/11895107
http://www.ncbi.nlm.nih.gov/pubmed/17143554
http://dx.doi.org/10.1136/gut.45.1.134
http://www.ncbi.nlm.nih.gov/pubmed/10369717
http://www.ncbi.nlm.nih.gov/pubmed/18397230
http://dx.doi.org/10.1007/s10620-008-0336-5
http://www.ncbi.nlm.nih.gov/pubmed/18594976
http://dx.doi.org/10.1016/0092-8674(95)90200-7
http://www.ncbi.nlm.nih.gov/pubmed/8521508
http://dx.doi.org/10.1111/j.1745-7254.2006.00299.x
http://dx.doi.org/10.1111/j.1745-7254.2006.00299.x
http://www.ncbi.nlm.nih.gov/pubmed/16723090
http://dx.doi.org/10.1016/j.bbalip.2008.11.001
http://dx.doi.org/10.1016/j.bbalip.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19071229
http://dx.doi.org/10.1016/S0168-8278(02)00129-0
http://www.ncbi.nlm.nih.gov/pubmed/12044537
http://www.ncbi.nlm.nih.gov/pubmed/10652267
http://dx.doi.org/10.1023/A:1023366117157
http://dx.doi.org/10.1023/A:1023366117157
http://www.ncbi.nlm.nih.gov/pubmed/12779083
http://dx.doi.org/10.1532/IJH97.A30615
http://dx.doi.org/10.1532/IJH97.A30615
http://www.ncbi.nlm.nih.gov/pubmed/17483060
http://dx.doi.org/10.1074/jbc.M006577200
http://dx.doi.org/10.1074/jbc.M006577200
http://www.ncbi.nlm.nih.gov/pubmed/10969082
http://dx.doi.org/10.1074/jbc.M006577200
http://dx.doi.org/10.1074/jbc.M006577200
http://www.ncbi.nlm.nih.gov/pubmed/10969082
http://dx.doi.org/10.1007/s00534-010-0304-2
http://dx.doi.org/10.1007/s00534-010-0304-2
http://www.ncbi.nlm.nih.gov/pubmed/20607568
http://dx.doi.org/10.1111/j.1600-0463.2009.02515.x
http://dx.doi.org/10.1111/j.1600-0463.2009.02515.x
http://www.ncbi.nlm.nih.gov/pubmed/19703128
http://dx.doi.org/10.1111/j.1600-0463.2009.02515.x
http://dx.doi.org/10.1111/j.1600-0463.2009.02515.x
http://www.ncbi.nlm.nih.gov/pubmed/19703128
http://dx.doi.org/10.1002/path.2277
http://www.ncbi.nlm.nih.gov/pubmed/18161745
http://www.ncbi.nlm.nih.gov/pubmed/12851681
http://dx.doi.org/10.1164/rccm.200301-041OC
http://dx.doi.org/10.1210/jcem-70-6-1687
http://www.ncbi.nlm.nih.gov/pubmed/1693374
http://dx.doi.org/10.1007/s11060-007-9380-9
http://dx.doi.org/10.1023/B:NEON.0000003728.80052.a8
http://dx.doi.org/10.1074/jbc.M409444200
http://dx.doi.org/10.1074/jbc.M409444200
http://www.ncbi.nlm.nih.gov/pubmed/15677443
http://dx.doi.org/10.1002/(SICI)1097-0185(20000401)258:4
http://dx.doi.org/10.1002/(SICI)1097-0185(20000401)258:4
http://www.ncbi.nlm.nih.gov/pubmed/10737852
http://www.ncbi.nlm.nih.gov/pubmed/8498521

	Amplified Inhibition of Stellate Cell Activation Pathways by PPAR-γ, RAR and RXR Agonists
	Introduction
	Materials and Methods
	Animals
	Isolation and culture of primary rat HSCs
	Reagents
	Calculations
	Proliferation assay
	Western blot
	Oil Red O staining
	Reverse-transcription and polymerase chain reaction
	Statistical analysis

	Results
	The combination of PJ, ATRA and 9-cis is additive
	PJ, ATRA and 9-cis inhibited HSCs proliferation
	Treatment with PJ, ATRA and 9-cis led to cell-cycle arrest
	Effect of PJ, ATRA and 9-cis on cell-cycle proteins
	Effect of PJ, ATRA and 9-cis on PDGF’s signaling
	Effect of PJ, ATRA and 9-cis on HSCs content of lipid droplets
	Effect of PJ, ATRA and 9-cis on fibrotic markers

	Discussion
	Author Contributions
	References


