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ABSTRACT
Hepatic fibrosis is a major cause of morbidity and mortality for
which there is currently no effective therapy. We previously
showed that 2-(3-pentylphenyl)acetic acid (PBI-4050) is a dual G
protein–coupled receptor GPR40 agonist/GPR84 antagonist
that exerts antifibrotic, anti-inflammatory, and antiprolifera-
tive action. We evaluated PBI-4050 for the treatment of liver
fibrosis in vivo and elucidated its mechanism of action on human
hepatic stellate cells (HSCs). The antifibrotic effect of PBI-4050
was evaluated in carbon tetrachloride (CCl4)– and bile duct
ligation–induced liver fibrosis rodent models. Treatment with
PBI-4050 suppressed CCl4-induced serum aspartate amino-
transferase levels, inflammatory marker nitric oxide synthase,
epithelial to mesenchymal transition transcription factor Snail,
and multiple profibrotic factors. PBI-4050 also decreased GPR84
mRNA expression in CCl4-induced injury, while restoring perox-
isome proliferator–activated receptor g (PPARg) to the control

level. Collagen deposition and a-smooth muscle actin (a-SMA)
protein levels were also attenuated by PBI-4050 treatment in the
bile duct ligation ratmodel. Transforming growth factor-b–activated
primary HSCs were used to examine the effect of PBI-4050 and its
mechanism of action in vitro. PBI-4050 inhibited HSC proliferation
by arresting cells in the G0/G1 cycle phase. Subsequent analysis
demonstrated that PBI-4050 signals through a reduction of
intracellular ATP levels, activation of liver kinase B1 (LKB1) and
AMP-activated protein kinase (AMPK), and blockade of mam-
malian target of rapamycin (mTOR), resulting in reduced protein
and mRNA levels of a-SMA and connective tissue growth factor
and restored PPARg mRNA expression. Our findings suggest
that PBI-4050 may exert antifibrotic activity in the liver through a
novel mechanism of action involving modulation of intracellular
ATP levels and the LKB1/AMPK/mTOR pathway in stellate cells,
and PBI-4050may be a promising agent for treating liver fibrosis.

Introduction
Hepatic fibrosis is a major cause of morbidity and mortality

worldwide. Fibrosis, a wound-healing response to chronic liver
injury, is characterized by excessive overproduction and
deposition of extracellular matrix (ECM) (Friedman, 2008;
Schuppan and Kim, 2013). During fibrogenesis, human
hepatic stellate cells (HSCs) are activated and transdiffer-
entiate into proliferative, myofibroblast-like cells, which
are the major cell type responsible for ECM synthesis and

accumulation (Bataller and Brenner, 2005). Transformation
of HSCs to myofibroblasts is characterized by several pheno-
typic changes, such as overexpression of a-smooth muscle
actin (a-SMA); secretion of profibrotic mediators, including
connective tissue growth factor (CTGF) (Friedman, 2000); loss
of expression of peroxisome proliferator–activated receptor g

(PPARg), a transcription factor essential for HSC differenti-
ation (Kweon et al., 2016); and secretion of type I collagen
(Henderson and Iredale, 2007). Therefore, modulating HSC
activation may be a potential antifibrosis therapy.
Recent studies have reported a close relationship between

hepatic fibrosis and AMP-activated protein kinase (AMPK), a
cellular energy sensor (Liang et al., 2017). Lim et al. (2012)
found that AMPK activation inhibits transforming growth
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factor (TGF)-b–mediated activation of cultured HSCs, and
AMPK activation has thus been a target of various antifib-
rosis therapies. Direct AMPK activator 5-aminoimidazole-
4-carboxamide ribonucleotide and indirect AMPK activators
such as metformin, berberine, or cucurbitacin E are reported to
have antifibrotic activity in both activated HSCs and animal
models of hepatic fibrosis, such as the carbon tetrachloride
(CCl4)–induced liver injury or bile duct ligation (BDL) rodent
models (Leclerc et al., 2010; Kumar et al., 2014; Li et al., 2014;
Tripathi et al., 2015; Wang et al., 2016; Wu et al., 2016).
We previously showed that 2-(3-pentylphenyl)acetic acid

(PBI-4050) is a synthetic agonist of G protein–coupled receptor
GPR40 (EC50 of 288 and 30 mM for activation of GPR40/Gaq and
Gai2, respectively) and an antagonist of GPR84 (IC50 of 398 and
209mMfor inhibition of sodiumdecanoate– and embelin-induced
activation of GPR84/Gai2, respectively) (Gagnon et al., 2018).
GPR40 and GPR84 are both fatty-acid binding receptors;
GPR40 is activated by both medium- and long-chain fatty
acids (Briscoe et al., 2003),whereasGPR84binds only tomedium-
chain fatty acids (Wang et al., 2006). We recently reported that
GPR40 knockout mice are more prone to renal injury–induced
fibrosis,whereasGPR84knockoutmiceareprotected; in addition,
PBI-4050 has antifibrotic activity in various animal models of
tissue fibrosis as well as in fibroblast and epithelial cells (Gagnon
et al., 2018). Moreover, PBI-4050 inhibits TGF-b–induced acti-
vation of normal human dermal fibroblasts to profibrotic myofi-
broblasts, as demonstrated by abrogation of a-SMA, CTGF, and
collagen I expression.
Based on PBI-4050 antifibrotic activity reported previously,

we hypothesized that PBI-4050 may have a protective effect
on hepatic fibrosis. In this study, the antifibrotic activity of
PBI-4050 was evaluated in a CCl4-induced liver injury animal
model, which is extensively used in experimental studies
showing many shared characteristics with human fibrosis
(Weiler-Normann et al., 2007). We also confirmed PBI-4050
antifibrotic activity in a BDL rat model of hepatic fibrosis
(Biecker et al., 2005). Furthermore, we uncovered a novel
mechanism of action of PBI-4050 in activated human HSCs
involving modulation of intracellular ATP levels and the liver
kinase B1 (LKB1)/AMPK/mammalian target of rapamycin
(mTOR) pathway.

Materials and Methods
Reagents. CCl4 was obtained from Sigma-Aldrich (St. Louis, MO).

HSCs and SteCM medium were obtained from ScienCell (Carlsbad,
CA). The Pierce Coomassie protein assay kit was purchased from Bio-
Rad (Hercules, CA). The humanCTGFenzyme-linked immunosorbent
assay kit was from Origene (Rockville, MD). PBI-4050 was synthe-
sized as previously described (Gagnon et al., 2018).

Cell Culture. HSCs were cultured in SteCM medium with 2%
fetal bovine serum (FBS) plus stellate cell growth supplement and
penicillin/streptomycin solution. Cells were starved for 4 hours in
medium with 0.4% FBS and treated with or without 10 ng/ml
recombinant human TGF-b1 (BioLegend, San Diego, CA), 10 ng/ml
platelet-derived growth factor BB (PDGF-BB) (R&D Systems, Minne-
apolis, MN), and different concentrations of PBI-4050 for 24 hours.
Cells were then processed for quantitative polymerase chain reaction
(qPCR) and Western blot analysis, and the supernatants were
collected for the CTGF enzyme-linked immunosorbent assay.

Animal Studies. All animal studies were reviewed and approved
by the Institut National de la Recherche Scientifique–Institut Armand
Frappier Animal Care and Ethics Committee.

CCl4-Induced Liver Fibrosis. Liver fibrosis was induced in
6-week-oldmale C57BL/6mice (Charles River Laboratories, Wilming-
ton, MA) by intraperitoneal administration (twice a week for 58 days)
of 2 mL/kg CCl4 (10% in olive oil). Mice were randomly divided into
four groups. The sham group was injected with an equal volume of
olive oil intraperitoneally and an equal volume of distilled water was
administered orally. The CCl4 group was injected intraperitoneally
with CCl4 and administered an equal volume of vehicle (distilled
water) instead of PBI-4050. PBI-4050 (at either 100 or 200mg/kg) was
administered orally to CCl4-treated mice from days 1 to 58. Mice were
sacrificed at day 59. Livers were collected to evaluate fibrosis, and
blood samples were obtained for the liver enzyme assay.

BDL-Induced Fibrosis. Cholestasis and resulting inflammatory
liver diseasewere induced by a double ligation of the common bile duct
(BDL) of male Wistar rats by abdominal laparotomy under isoflurane
anesthesia. Silk sutures were tied around the isolated BDL at the cranial
and caudal ends and the BDL was transected between the ligatures.
Animals were kept under normal housing conditions for up to 8 weeks.

Liver Enzyme Assay. The EnzyChrome Aspartate Transaminase
Assaykit (BioassaySystems,Hayward,CA)wasused to determine serum
aspartate transaminase (AST) activity at the time of sacrifice.

Western Blot Analysis. Total proteins were extracted from liver
tissue and HSCs with lysis buffer. Twenty micrograms of protein was
separated by standard SDS-PAGE techniques and immunoblotted
with the following antibodies: rabbit anti-AMPKa (1:1000), rabbit
anti–phospho-AMPK Thr172 (1:1000), rabbit anti-LKB1 (1:1000),
rabbit anti–phospho-LKB1Ser428 (1:1000), rabbit anti-mTOR (1:1000),
rabbit anti–phospho-mTOR Ser2448 (1:1000), and goat anti-rabbit
secondary antibody (1:1000) (all from Cell Signaling Technology,
Danvers, MA). Rabbit anti–a-SMA antibody (1:200) was from Abcam
(Cambridge, UK), and anti–glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (1:1000) was from Santa Cruz Biotechnology (Dallas,
TX). Chemiluminescence was revealed with a ChemiDoc MP imaging
system (Bio-Rad), and densitometric analyses of Western blots
were performed using ImageLab software (version 5.2.1; Bio-Rad).
Phospho-AMPK, phospho-LKB1, and phospho-mTOR signals were
normalized to their respective total proteins and a-SMA was normal-
ized toGAPDHor on total amount of loaded protein (MemCode protein
stain kit; Fisher Scientific, Waltham, MA).

Cell Cycle. HSCs were treated for 24 hours in complete medium
and then harvested and fixed in ice-cold 70% ethanol for 30minutes at
4°C. HSCs were washed twice in phosphate-buffered saline, centri-
fuged, and resuspended in Krishan buffer containing 0.1% sodium
citrate, 50 mg/ml RNase A, 50 mg/ml propidium iodide, and 0.2%
NP-40. HSCs were incubated for 60 minutes and the cell cycle was
analyzed on a FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ). Results were analyzed using Flowing software (version 2.5.1;
Flowing Software, Turku Centre for Biotechnology, Finland).

Cell Proliferation. HSCswere seeded in complete medium in two
separate 96-well plates at a density of 4� 103 cells/well for attachment
overnight. Resazurin (Sigma) was added to the control plate (time 0)
and fluorescence was read 4 hours later at 535 nm (excitation)/595 nm
(emission) with a gain of 80. HSCs in the other plate were treated with
or without TGF-b1 or PDGF-BB and PBI-4050 for 20 hours before the
addition of resazurin. Four hours later, fluorescence was read at
535 nm (excitation)/595 nm (emission) with a gain of 80. Results were
analyzed and expressed as a percentage of time 0.

Intracellular ATP Measurement. We plated 1 � 106 HSCs in a
100-mm culture dish for attachment overnight. Cells were starved
for 4 hours in medium with 0.4% FBS and treated with or without
recombinant human TGF-b1 and PBI-4050 for 24 hours. An ATP
colorimetric/fluorometric assay (BioVision, Milpitas, CA) was per-
formed per the manufacturer’s recommendations, using 5 � 105 cells.

Real-Time qPCR. RNA was extracted from cultured HSCs and
homogenized liver tissue using TRIzol reagent (Fisher Scientific) and
treated with TURBO DNA-Free DNase (Fisher Scientific) per the
manufacturer’s instructions. Extracted RNA was converted to cDNA
using GoScript Reverse Transcriptase (Promega, Madison, WI) with
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500–1000 ng starting material per reaction. qPCR was performed on
an AB-7900HT real-time cycler using TaqMan gene expression assays
(Life Technologies, Carlsbad, CA). qPCR data were analyzed using the
DD threshold cycle method, with GAPDH or hypoxanthine phosphor-
ibosyltransferase 1 as normalization controls for CCl4 and HSCs,
respectively.

Hydroxyproline Determination. One-hundred milligrams of tis-
sue was homogenized in 1 ml distilled water. We transferred 500 ml
(50mg tissue) to apressure-tight vialwithapolytetrafluoroethylene-lined
cap; 500 ml concentrated hydrochloric acid (12 M) was added and tissues
were hydrolyzed at 120°C overnight. Then 50 ml supernatant of each
sample was transferred to a 96-well plate and evaporated to dryness in a
60°C oven. Samples were oxidized in 1.4% chloramine T solution for
15 minutes at room temperature, after which 100 ml Ehrlich’s solution
was added. After 60-minute incubation at 60°C, the optical density was
read at 560 nm.

Histologic Image Analysis. Liver injury was assessed in a
blinded manner. Paraffin slides were deparaffinized, rehydrated,
and stained with Masson’s trichrome or Picrosirius red. Based on
the distinctive density and color of staining in digital images, the area
of collagen in the tissue was quantified using Image-Pro Premier 9.1
software (Media Cybernetics, Rockville, MD). Sections from at least
four regions of each organwere analyzed, and the average was used as
data from one animal sample.

Statistical Analysis. Data are expressed as the mean6 S.E.M. for
each treatment compared with the control. Statistical analysis was
performed using one-way analysis of variancewith theDunnett post-test
formultiple comparisons. All datawere analyzed usingGraphPad Prism
software (version 7 for Windows; GraphPad Inc., San Diego, CA).

Results
PBI-4050 Decreases Collagen Deposition in the Liver

and AST Serum Levels in Mice With CCl4-Induced
Injury. To evaluate the degree of liver fibrosis in mice with

CCl4-induced injury, collagen in liver tissue was determined
by Masson’s trichrome staining (Fig. 1, A and B). Whereas
CCl4 induced collagen accumulation (blue staining) compared
with the sham group, PBI-4050 significantly decreased the
area of collagen in the liver. These results were confirmed by
quantification of hydroxyproline levels (Fig. 1C) and collagen I
gene expression (Fig. 1D) in liver tissues, in which PBI-4050
remarkably protected against CCl4-induced collagen accumula-
tion. Moreover, CCl4 administration resulted in an increased
level of AST (Fig. 1E), indicative of liver damage. Treatmentwith
200 mg/kg PBI-4050 completely prevented the increase of this
enzyme in mice compared with the CCl4 group.
PBI-4050 Attenuates CCl4-Induced a-SMA Activation

in Mice. Previous studies have shown that elevated expres-
sion of a-SMA is a marker of activated HSCs (Weiler-Normann
et al., 2007) and is upregulated by CCl4 treatment (Fan et al.,
2017). Indeed, a-SMA staining was strongly increased in
CCl4-treated mice compared with the sham group, whereas it
was markedly reduced in the liver of PBI-4050–treated mice
(Fig. 2A). Protein levels of a-SMA in liver tissues were also
analyzed by Western blot and corroborated that PBI-4050
treatment significantly decreased a-SMA compared with CCl4
control mice (Fig. 2B). Moreover, PBI-4050 treatment also
decreased expression of the a-SMA gene compared with
CCl4-treated mice, as shown in Fig. 2C.
PBI-4050 Regulates Gene Expression of Fibrosis/

Inflammation Markers in the Liver of CCl4-Treated
Mice. We next investigated the changes in mRNA levels of
fibrotic/matrix remodeling markers matrix metalloproteinase
(MMP)-2, tissue inhibitor of metalloproteinase (TIMP)-1, and
Snail1. A marked elevation of MMP-2, TIMP-1, and Snail1
mRNA levels was observed inCCl4-treatedmice and PBI-4050
suppressed the expression of these genes to the level of sham

Fig. 1. PBI-4050 reduces CCl4-induced liver fibrosis. (a) Representative histologic images of liver sections stained with Masson’s trichrome of sham,
CCl4-, or CCl4- and PBI-4050 (200 mg/kg)–treated mice. (b) Quantification of Masson’s trichrome stain of liver collagen deposition. (c) Hydroxyproline
levels in liver tissue. (d and e) Hepatic collagen I mRNA expression assessed by qPCR (D) and AST serum levels (e). Column bar graphs represent the
mean6 S.E.M. (sham, n = 4; 100 or 200 mg/kg CCl4 and 100 or 200 mg/kg CCl4 + PBI-4050, n = 10 each). *P, 0.05; **P, 0.01; ***P, 0.001, by one-way
analysis of variance. Scale bar, 100 mm.
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animals (Fig. 3, A–C). Large amounts of nitric oxide are
generated by the proinflammatory marker inducible nitric
oxide synthase (iNOS) in many liver diseases, including liver
fibrosis, and iNOS inhibition has been considered as a thera-
peutic strategy in several diseases (Iwakiri, 2015). Indeed,
CCl4-treated mice showed higher iNOS expression, which was
reduced by PBI-4050 treatment (Fig. 3D). PPARg downregula-
tion is a well known marker of stellate cell activation (Hazra
et al., 2004). Interestingly, PPARg gene expression decreased
by CCl4 treatment was restored to the level of the sham group
by PBI-4050 (Fig. 3E). We previously showed that PBI-4050,
through binding toGPR40andGPR84, significantly attenuated
fibrosis in various renal fibrosis models (Gagnon et al., 2018).
mRNA expression levels of GPR40 andGPR84 in the liver were
thus examined. GPR84 gene expression, which was upregulated
inCCl4-treatedmice, was returned to normal levels by treatment

with PBI-4050 (Fig. 3F). No significant level of GPR40 mRNA
was detected in the liver samples.
PBI-4050 Attenuates Hepatic Fibrosis Induced by

BDL in Rats. To confirm results observed in the CCl4 fibrosis
mouse model, we investigated the effect of PBI-4050 in
BDL-induced hepatic fibrosis in rats. Histologic analysis
revealed that administration of PBI-4050 significantly de-
creased collagen deposition induced by BDL in rat livers
(Fig. 4, A and B), as seen in the CCl4 mouse model (Fig. 1).
Protein levels of a-SMA in liver tissues were also analyzed by
Western blot, and PBI-4050 treatment considerably decreased
a-SMA compared with BDL rats (Fig. 3, C and D). Moreover,
we also observed a strong upregulation of GPR84 gene
expression after BDL (Supplemental Fig. 1).
PBI-4050 Inhibits Cell Proliferation and Cell Cycle

Progression in Activated HSCs. HSCs are considered the
most prominent cell type involved in liver fibrogenesis (Bataller

Fig. 2. PBI-4050 reduces hepatic a-SMA in a CCl4-induced liver fibrosis model. (a) Representative immunohistochemical staining of a-SMA in liver
sections. (b) Representative Western blot and densitometry analysis of a-SMA levels in liver lysates. (c) Hepatic a-SMA mRNA expression in liver
tissue extracts. Column bar graphs represent the mean6 S.E.M. (sham, n = 4; 200 mg/kg CCl4 and 200 mg/kg CCl4 + PBI-4050, n = 10 each). *P, 0.05;
**P , 0.01, by one-way analysis of variance. Scale bar, 200 mm.
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andBrenner, 2005; Iredale, 2007;Wynn, 2007). ActivatedHSCs
exhibit strong proliferative activity (Puche et al., 2013). In our
hands, TGF-b increased HSC proliferation by only 10%, as
shown in Fig. 5A; this might be due to partial activation of
HSCs when they are grown on plastic substrate in tissue
culture plates (Gutiérrez-Ruiz and Gómez-Quiroz, 2007).

Nevertheless, 24-hour treatment with 500 mM PBI-4050
inhibited TGF-b–activated HSC proliferation. This decreased
cell proliferation was not associated with PBI-4050 cytotoxic-
ity, as proliferation of PBI-4050–treated HSCs was above the
time 0 baseline of untreated cells. To confirm these results, cell
cycle analysis was performed onHSCs cultured for 24 hours in

Fig. 3. Effect of PBI-4050 on expression of fibrosis and oxidative stress markers and receptors in liver tissue. (a–f) Hepatic mRNA expression of MMP2
(a), TIMP-1 (b), Snail1 (c), iNOS (Nos2) (d), PPARg (e), and GPR84 (f) assessed by qPCR. Data represent the mean 6 S.E.M. (sham, n = 4; 100 or
200 mg/kg CCl4 and 100 or 200 mg/kg CCl4 + PBI-4050, n = 10 each). *P , 0.05; **P , 0.01; ***P , 0.001, by one-way analysis of variance.

Fig. 4. PBI-4050 reduces BDL-induced hepatic fibrosis in rats. (a) Representative histologic images of liver sections stained with Sirius red. (b) Digital
image analysis of liver fibrosis area. (c and d) Western blot (c) and densitometry (d) analysis of a-SMA levels in liver lysates (sham, n = 5; BDL, n = 7;
BDL + PBI-4050, n = 6). *p , 0.05; *P , 0.05; **P , 0.01; ***p , 0.001 by one-way analysis of variance. Scale bar, 200 mm.
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the presence or absence of TGF-b1 and PBI-4050. Figure 5B
shows that PBI-4050 dose-dependently arrested HSCs at the
G0/G1 phase without inducing apoptosis. Similarly, PBI-4050
also blocked HSCs stimulated with the potent proliferative
agent PDGF-BB at the G0/G1 phase (Supplemental Fig. 2).
PBI-4050 Regulates the Expression of Fibrosis

Markers in Activated HSCs. Stimulation of HSCs with
TGF-b has been shown to induce a strong increase in the
expression of the profibrotic marker CTGF, leading to an
increase in a-SMA (a myofibroblast marker) (Huang and
Brigstock, 2012; Li et al., 2015). Therefore, CTGF and a-SMA
expression was examined in PBI-4050–treated HSCs. TGF-b
activation led to a robust increase of a-SMA and CTGF, both

at the mRNA and protein levels. PBI-4050 treatment signif-
icantly and dose-dependently reduced the mRNA expression
of these markers (Fig 6A). In addition, protein levels of
a-SMA and CTGF (Fig. 6, B and C, respectively) were
drastically reduced by PBI-4050 treatment, returning to
the level detected in untreated cells. Moreover, HSC activa-
tion and differentiation has been associated with transcrip-
tion factor PPARg. Expression of PPARg, detectable in
quiescent HSCs, is lacking in activated HSCs and myofibro-
blasts (Friedman, 2008; Bennett et al., 2017). As shown in
Fig. 6A, TGF-b1 reduced PPARg expression in HSCs
and PBI-4050 restored its expression in a dose-dependent
manner.

Fig. 5. Antiproliferative effect of PBI-4050 on activated HSCs. (a) Cell proliferation of HSCs treated for 24 hours with 10 ng/ml TGF-b1 and 250 or
500 mM PBI-4050 was assessed by Resazurin reduction at 0 and 24 hours. Results are the mean 6 S.E.M. of three independent experiments. *p, 0.05;
*P , 0.05; ***P , 0.001, by one-way analysis of variance. (b) HSCs were treated as described above and the cell cycle was analyzed by flow cytometry.
Percentages of cells in the G0/G1, S, G2/M, and apoptosis phases of the cell cycle are shown.
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PBI-4050 Modulates the LKB1/AMPK/mTOR Signaling
Pathway in Activated HSCs. To further elucidate the
mechanismof action ofPBI-4050 in vitro,we studied its signaling
pathway. GPR40 and GPR84 mRNA were below the detection
level in cultured quiescent or TGF-b–stimulated HSCs, and we
thus investigated alternativemechanisms of action in these cells.
PBI-4050 did not modulate the TGF-b–induced canonical
Smad2/3 signaling pathway in HSCs (Supplemental Fig. 3).
AMPK was previously shown to modulate proliferation and
inhibit TGF-b–induced fibrogenic properties of HSCs (da Silva
Morais et al., 2009). Based on our results, we investigated
whether the inhibitory effect of PBI-4050 on HSC activation
and proliferation could involve phosphorylation of AMPK. As
shown in Fig. 7A, treatment with 500 mMPBI-4050 significantly
promoted phosphorylation of AMPK in TGF-b–activated HSCs.
To further elucidate the upstream signaling mechanism of
AMPK activation by PBI-4050, phosphorylation of LKB1
(a major upstream kinase in the AMPK cascade) was examined
(Fu et al., 2008). Our results show that PBI-4050 treatment
increased LKB1 phosphorylation levels (Fig. 7B). Herzig and

Shaw (2018) showed that AMPK activation leads to the modu-
lation of the master regulator of growth, mTOR. Consistent with
the literature and AMPK activation by PBI-4050 treatment,
we also demonstrated an inhibition of mTOR phosphorylation
(Fig. 7C). Activation of AMPK by LKB1 depends on the
intracellular AMP/ATP ratio (Hardie, 2003, 2004) Thus, we
next measured the ATP concentration in TGF-b–activated
HSCs treated with PBI-4050. PBI-4050 significantly decreased
intracellular ATP at doses of 250 and 500 mM (Fig. 7D). Taken
together, these results suggest that the inhibitory effect of PBI-
4050 on HSC activation and proliferation is mediated by
reduced intracellular ATP concentrations, LKB1/AMPK acti-
vation, and mTOR inhibition.

Discussion
In this study, we clearly demonstrate the potential thera-

peutic effect of PBI-4050 in liver fibrosis. It is well known that
liver fibrogenesis is accompanied by increased collagen deposi-
tion in the perisinusoidal and periportal spaces (Chu et al., 2016).

Fig. 6. PBI-4050 abrogates fibrogenic markers in activated HSCs. (a) mRNA expression of activated stellate cell markers a-SMA, profibrotic marker
CTGF, and PPARg were determined in TGF-b1–stimulated HSCs treated with 250 or 500 mM PBI-4050 for 24 hours. (b) Representative Western blot
and densitometry analysis of a-SMA protein levels. (c) Secreted protein levels of profibrotic CTGF were measured in the cell supernatant by an enzyme-
linked immunosorbent assay. Data represent the mean 6 S.E.M. of three independent experiments. *p , 0.05; **p , 0.01; ***p , 0.001; **P , 0.01;
***P , 0.001, by one-way analysis of variance.
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During hepatic fibrogenesis, the TIMP-MMP balance is dis-
turbed and TIMPs are overexpressed, contributing to ECM
deposition and the development of fibrosis (Iredale et al., 2013).

Increased expression of TIMP-1 has been observed in both
liver tissue and serum of patients with liver disease and in
animal models of liver fibrosis (Thiele et al., 2017). PBI-4050

Fig. 7. PBI-4050 increases AMPKandLKB1 phosphorylation and inhibitsmTORactivation and intracellular ATP levels inHSCs.HSCswere treated for 24 hours
withTGF-b1 (10ng/ml) in the presence or absence of PBI-4050. (a–c)Western blot analysiswas performed to quantify total and phosphorylated (p) AMPK (a), LKB1
(b), andmTOR (c) protein levels. Ratios of p-AMPKa/AMPK, p-LKB1/LKB1, and p-mTOR/mTORwere determined. (d) Intracellular ATP levels. Column bar graphs
represent the mean 6 S.E.M. of three independent experiments. *p , 0.05; ***p , 0.001; *P , 0.05; **P , 0.01; ***P , 0.001, by one-way analysis of variance.
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was efficacious in reducing collagen and other fibrotic markers
(a-SMA and CTGF) at the mRNA expression and protein
levels in the CCl4-induced hepatotoxicitymurinemodel, and it
reduced collagen deposition and a-SMA in the BDL rat model.
In addition, PBI-4050 induced a marked inhibition of ECM
remodeling markers MMP2 and TIMP-1 in CCl4-treated
animals as well as negative modulation of the epithelial to
mesenchymal transition–related transcription factor Snail1.
Expression of the proinflammatory mRNA marker iNOS was
also returned to normal in PBI-4050–treated livers. Several
natural compounds such as Morin, a plant-derived flavonoid,
have been shown to ameliorate liver fibrosis by suppressing
iNOS (Dhanasekar and Rasool, 2016). Finally, treatment with
PBI-4050 improved liver function, as observed with the
reduction of AST activity in mice with CCl4-induced liver
injury.
In the liver, HSCs are the major cellular source of ECM. In

response to liver injury, hepatocytes, Kupffer cells, and
platelets secrete TGF-b, which activates HSCs in a paracrine
fashion (Gressner and Weiskirchen, 2006). Quiescent HSCs
undergo a process of trans-differentiation into activated
HSCs/myofibroblasts expressing a-SMA (Weiler-Normann
et al., 2007). In our study, PBI-4050 induced a strong re-
duction of a-SMA expression at both protein andmRNA levels
inactivatedHSCs.These results further strengthen the observed
antifibrotic activity of PBI-4050 in preclinical models.
Subsequent signaling analysis in activated HSCs demon-

strated that PBI-4050 modulated intracellular ATP and the
LKB1/AMPK/mTOR pathway. PBI-4050 displayed more po-
tent effects on lowering intracellular ATP and mTOR phos-
phorylation than it did on increasing LKB1 and AMPK
phosphorylation (only the 500 mM dose of PBI-4050 signifi-
cantly modulated the latter). These results suggest that
inhibition of mTOR activation could be a consequence of
several pathways that are dependent on PBI-4050 concentra-
tion, including activation of the LKB1/AMPK pathway and

decreased direct binding of ATP to mTOR. Indeed, mTOR
has an ATP binding pocket and is an ATP sensor (Dennis
et al., 2001; Yang et al., 2013). Previous studies also showed
that phosphorylation of mTOR at Ser2448, measured in
this study, can be regulated as a feedback signal to mTOR
from its major downstream target, p70S6 kinase (Chiang
and Abraham, 2005).
Interestingly, the inhibition of HSC proliferation through

a G0/G1 cell cycle arrest induced by PBI-4050 corroborates
with previous work showing that activation of AMPK could
suppress HSC proliferation (Gressner and Weiskirchen,
2006). Previous studies have also reported that AMPK
stimulation negatively controls the expression of a-SMA
and other markers of fibrosis in HSCs (da Silva Morais
et al., 2009; Lee et al., 2016), which is in agreement with our
results in PBI-4050–treated HSCs. There is increasing
evidence showing a beneficial role of AMPK activation in
reducing hepatic fibrosis, improving liver function, and
lowering hepatocytotoxicity (Liang et al., 2017). In addition,
several novel drug candidates for the treatment of hepatic
fibrosis, including metformin, betulin, berberine, cucurbi-
tacin E, and curcumin, have been shown to act via increased
AMPK signaling (Xu et al., 2003; Fu et al., 2008; Yang et al.,
2015; Wu et al., 2016; Liang et al., 2017). Moreover, AMPK
signaling is known to negatively regulate mTOR, an
atypical serine/threonine kinase shown to play an impor-
tant role in the regulation of cell growth, differentiation,
migration, and survival through transcription factors
S6K1, 4EBP1, and PPARg. mTOR inhibitors have become a
target to suppress the activation of HSCs and liver fibrosis
(Zhai et al., 2015).
Studies show that PPARg is a critical transcription factor

involved in the inhibition of HSC activation (Hazra et al.,
2004; Zhai et al., 2015). Interestingly, PBI-4050 restored PPARg
expression, which was downregulated in TGF-b–activated HSCs
and in CCl4 liver extracts. Upregulation of PPARg was also

Fig. 8. A schematic representation show-
ing the protective effect of PBI-4050 on
hepatic fibrosis. PBI-4050 decreases intra-
cellular ATP levels and activates LKB1, one
of the upstream kinases phosphorylating
AMPK. In turn, activated AMPK and low
ATP levels can inhibit the cell growth
master regulatormTORand thereby restore
PPARg expression, leading to inhibition of
HSC activation and proliferation. Conse-
quently, fibrotic and remodeling markers
are decreased by PBI-4050, resulting in
improvement of hepatic fibrosis.
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associated with increased phospho-AMPK and decreased
phospho-mTOR (Zhong et al., 2018). Additional studies are
required to further elucidate the mechanism of action of
PBI-4050 in TGF-b–activated HSCs, especially by investi-
gating downstream effectors of mTOR that control cell
growth and protein synthesis as well as autophagy;
however, PBI-4050 did not have any effect on canonical
TGF-b signaling through Smad2/3 phosphorylation in
HSCs (Supplemental Fig. 3).
Furthermore, although GPR40 and GPR84 were not

expressed in cultured quiescent or TGF-b–stimulated HSCs,
other stimuli such as tumor necrosis factor-a and lipopolysac-
charide (which could be found in an in vivo pathologic context)
induced mRNA expression of GPR84 in HSCs (Supplemental
Fig. 4). Our previous work showed an upregulation of renal
GPR84 expression and a profibrotic role of GPR84 in kidney
fibrosis models (Gagnon et al., 2018). Increased GPR84
expression was also observed in the CCl4 model and may be
linked to the increase in fibrosis, as PBI-4050 treatment
decreased both GPR84 expression and fibrosis in this model.
Further work is required to determine the precise role of
GPR84 in liver fibrogenesis.
Figure 8 summarizes the preliminary novel signaling

pathway of PBI-4050 extracted from the data obtained in
HSCs and the CCl4-induced liver fibrosis model. The anti-
fibrotic and antiproliferative activity of PBI-4050 on acti-
vated HSCs seemed to be mediated through the modulation
of intracellular ATP and the LKB1/AMPK/mTOR/PPARg
signaling axis, resulting in regulation of hepatic ECM de-
position and remodeling and in decreased liver fibrosis.
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