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ARTICLE INFO ABSTRACT

Docosahexaenoic acid (DHA) has been found to have a hepatoprotective effect. In this study, we investigated the
role of peroxisome proliferator-activated receptor y (PPARy) in DHA regulation of liver fibrosis. DHA was found
to inhibit hepatic stellate cell (HSC)-LX2 cell viability and downregulate marker proteins of HSC activation.
Furthermore, DHA induced cell cycle arrest at G1 phase in HSCs. Antagonism of PPARy by GW9662 abrogated
the effects of DHA on HSCs. Computer-aided molecular docking predicted that DHA bound to PPARy via hy-
drogen bonding with residues Ser289, His323, Tyr473, and His499. We overexpressed Ser289 mutant PPARy in
HSC-LX2 cells and investigated fibrotic marker modulation, and found that DHA effects on HSCs were dimin-
ished. Thus, bonding with the Ser289 residue might be indispensable for DHA to activate PPARy to exert its
inhibiting effect on activated HSCs. Last, data from a CCl,-treated mouse model confirmed that PPARy activation
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was required for DHA to attenuate liver fibrosis.

1. Introduction

Liver fibrosis is the common pathological stage of chronic liver
diseases. Advanced fibrosis might develop into life-threatening cirrhosis
and hepatocellular carcinoma [1]. During the development of liver fi-
brosis, hepatic stellate cells (HSCs) are activated and convert into fi-
broblasts to produce collagen and thus propagate fibrosis. However,
compelling evidence indicates that liver fibrosis is reversible [2]. It is
believed that HSC reversion is a promising strategy to treat liver fi-
brosis. HSC activation and conversion are modulated by multiple fac-
tors and pathways [3]. Notably, PPARy is highly expressed in quiescent
HSCs of a normal liver. Upon HSC activation, PPARy expression and
activity are dramatically reduced [4]. In contrast, restoration of PPARy
reverses HSC activation to a “quiescent” phenotype [5]. Thus, PPARy is
a key molecule modulating HSC activation.

®-3 polyunsaturated fatty acids (PUFAs) have multiple beneficial
effects such as the reduction of cardiovascular diseases [6] and neu-
roprotection [7]. Previously, we found that DHA free acid attenuates
CCly-induced liver fibrosis in rats [8]. However, little is known about
the effect of DHA on HSCs that are the primary target of antifibrotic
therapies [9].

As a long chain w-3 PUFA, DHA is a natural ligand of PPARy [10].

The role of PPARy in DHA effects on liver fibrosis is not fully under-
stood. Based on our previous study, we hypothesized that DHA might
inhibit HSC activation by activating PPARYy to attenuate liver fibrosis. In
this study, we investigated the molecular mechanism and potential
target of DHA intervention in HSC activation during liver fibrosis by
experimental and molecular simulation approaches.

2. Materials and methods
2.1. Chemicals and antibodies

Docosahexaenoic acid (CyyH300,, purity: > 99%) was obtained
from Nu-chek Prep (Elysian, MN, USA). GW9662 (C;3HoCIN;O3;
purity: > 99.88%) was obtained from Selleck Chemicals (Houston, TX,
USA). Primary antibodies against a-Smooth muscle actin (a-SMA), fi-
bronectin, PPARY, transforming growth factor 3 type I receptor (T(3-RI),
transforming growth factor [ type II receptor (TB-RII), platelet-derived
growth factor B receptor (PDGF-BR) were purchased from Abcam
(Cambridge, MA, USA). Antibodies against p27 and p21 were pur-
chased from Proteintech (Rosemont, IL, USA). An antibody against [3-
actin was purchased from Bioworld (St. Louis Park, MN, USA).
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2.2. Cell culture and DHA treatment of HSC-LX2 cells

The human HSC-LX2 cell line was obtained from the Cell Bank of
the Chinese Academy of Sciences (Shanghai, China). Cells were cul-
tured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal
bovine serum (FBS) and grown in a 5% CO, humidified atmosphere at
37 °C. The cells were subjected to no more than 20 passages. A stock
solution of DHA in ethanol was stored at —20 °C and diluted in com-
plete growth medium before experiments (final concentration of
ethanol: 0.05% v/v). Cells were treated with ethanol as a control or
DHA at various concentrations for 24 h in complete growth medium.

2.3. MTT assay

LX-2 cells at 1 x 10° cellsmL~' were seeded in 96-well plates and
cultured in DMEM supplemented with 10% FBS. At 60% confluence, the
cells were treated with DHA at the indicated concentrations for 24, 48,
and 72 h. After treatments, the assay was performed according to the
protocol provided by the manufacturer (Promega, Madison, WI).

2.4. Flow cytometric analysis of the cell cycle

HSCs at about 1 x 10° cellsmL ™! were seeded in 6-well plates and
treated with DHA at the indicated concentrations for 24 h. According to
the manufacturer's instructions, the cell cycle was analyzed using a
cellular DNA flow cytometric kit (Nanjing KeyGen Biotech, Nanjing,
China). Percentages of HSCs in each cell cycle phase (G0O/G1, S, and
G2/M) were determined by flow cytometry (FACSCalibur, Becton,
Dickinson and Company, Franklin Lakes, NJ, USA). The data were
analyzed with FlowJo 10 software (Ashland, OR, USA). The experi-
ments were performed in triplicate and representative histogram graphs
are shown.

2.5. Animal procedures and treatments

Five-week-old male ICR mice (Qinglongshan Animal Breeding
Center, Nanjing, China) weighting 18-22g were divided into five
groups randomly (n = 8). All animals were housed in a temperature-
and humidity-controlled environment with a 12 h light/dark cycle and
fed a standard mouse diet. Group 1 was the normal control, in which
mice were intraperitoneally (i.p.) injected with olive oil (6 mL/kg).
Group 2 was the DHA control, in which mice were i.p. injected with
olive oil (6 mL/kg) and intragastrically (i.g.) treated with DHA (20 mg/
kg). Group 3 was the model group, in which the mice were i.p. injected
with CCl; [20% (v/v) in olive oil, 6 mL/kg]. Group 4 was the DHA
treatment group, in which mice received 20% CCl, (i.p.) at 6 mL/kg and
DHA (i.g.) at 20 mg/kg. Group 5 was the DHA + GW9662 group, in
which mice were treated with 20% CCly (6 mL/kg i.p.), GW9662 (3 mg/
kg, i.g.), and DHA (20 mg/kg, i.g.). Groups 3-5 were i.p. injected with
CCly three times a week for 4 weeks to induce liver fibrosis. Groups 2, 4,
and 5 were treated with DHA once daily. Group 5 was treated with
GW9662 at 1 h before DHA treatment once daily. DHA or GW9662 were
dissolved in 0.5% carboxymethylcellulose sodium (CMC-Na) as a stock
solution and suspended in sterile saline to adjust the concentration to
20 or 3mg/kg body weight, respectively, every day before treatment.
After 4 weeks of administration, mice were anaesthetized by inhalation
of ether, and blood was collected via the retro orbital sinus. Then, the
mice were sacrificed by decapitation and then their livers were isolated
by surgery in a separate room from the other animals. Efforts were
made to minimize animal suffering as much as possible. A small portion
of the liver was removed for histopathology. All protocols were ap-
proved by the Institutional and Local Committee on the Care and Use of
Animals of Nanjing University of Chinese Medicine. All mice received
humane care according to the National Institutes of Health (USA)
guidelines.
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2.6. Liver histopathology

Liver tissues were fixed in 10% neutral buffered formalin and em-
bedded in paraffin. Hematoxylin-eosin (HE) staining was performed for
pathological examination by standard methods. Masson staining and
Sirius Red staining were used for collagen assessment according to
standard methods. Images were obtained in a blinded manner in
random fields by a pathologist, and representative views of liver sec-
tions are shown.

2.7. Enzyme-linked immunosorbent assays (ELISAs)

TGF- and PDGFbb levels in the culture medium were determined
by ELISA kits purchased from Shanghai Biotechnology (Shanghai,
China). Levels of serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) were determined by ELISA kits from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China), according to the
protocols provided by the manufacturer. Serum levels of hyaluronic
acid (HA), laminin (LN), procollagen type III (PCIII), and type IV col-
lagen (ColIV) were determined using kits purchased from Shanghai
Yuanye Bio-Technology (Shanghai, China). Hydroxyproline (HYP), in-
terleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-a, TGF-B, and
PDGFbb levels in the liver were determined by kits from Shanghai
Yuanye Bio-Technology.

2.8. Immunohistochemistry

Liver tissue sections were incubated with primary antibodies against
CD45 and F4/80 for immunohistochemical evaluation by standard
methods. Images were blindly obtained in random fields under a mi-
croscope (ZEISS Axio vert. Al, Germany). Representative views are
shown.

2.9. Immunofluorescence analyses

Thin sections of liver tissues were blocked with 1% bovine serum
albumin and incubated with primary antibodies overnight at 4 °C. After
washing with PBS, sections on slides were incubated with fluorescent
dye-conjugated secondary antibodies at room temperature for 2h.
Sections incubated with secondary antibodies alone were used as ne-
gative controls. For cell staining, HSC-LX2 cells were seeded in 6-well
plates and treated with vehicle or various reagents at the indicated
concentrations for 24 h. Cells were incubated with primary and sec-
ondary antibodies in succession, similar to the protocol described
above. Finally, DAPI was used to stain the nuclei of cells. Images were
obtained in random fields under a microscope (ZEISS Axio vert. Al).
Representative views are shown.

2.10. Molecular simulation

Molecular docking was performed using GLIDE software
(Schrodinger, LLC, New York, NY, USA). The X-ray crystal structures of
PPARy complexed with rosiglitazone or DHA were retrieved from the
PDB database with PDB code 5J10 or 2VVO, respectively. The Protein
Preparation Wizard in GLIDE software was used to prepare the struc-
ture of PPARy, which included assigning bond orders and water or-
ientations, removing water molecules, adding hydrogens, and creating
zero-order bonds to metals and disulfide bonds. The protein was then
minimized using the OPLS3 force field with a default constraint of
0.30 A root-mean-square deviation. A receptor grid was created before
GLIDE docking. The three-dimensional structure of DHA was generated
using the LigPrep module from Schrodinger with the default settings.
For GLIDE docking, the Standard Precision mode was used. The top 10
ranking conformations for DHA were chosen in the output tab to set the
output numbers. Images of the docking conformations were subse-
quently prepared using Pymol.
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2.11. Site-directed mutagenesis and cell transfection

PCR-based site-directed mutagenesis was carried out to mutate the
Ser289 residue to alanine in the human PPARy gene (NCBI accession:
NM_005037). The PCR product was subcloned between the Xhol and
Kpnl sites of the mammalian expression vector GV230 (element se-
quence: CMV-MCS-EGFP-SV40-Neomycin) provided by Shanghai
Genechem Co., Ltd. (Shanghai, China). PPARy-mutant plasmids were
generated using the QuickChange™ Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA), according to the manufacturer's in-
structions with the following oligonucleotides: 5-TACCGGACTCAG
ATCTCGAGCGCCACCATGACCATGGTTGACACAGAGA-3’ (forward)
and 5-GATCCCGGGCCC GCGGTACCGTGTACAAGTCCTTGTAGATCTC
CTG-3’ (reverse). Mutations were confirmed in positive colonies by
DNA sequencing. Transfection was performed using Lipofectamine
2000 Transfection Reagent (Thermo Fisher Scientific, Waltham, MA,
USA) in medium without serum or antibiotics for 24 h.

2.12. Western blot analyses

Whole cell protein extracts were prepared from HSCs with RIPA
buffer. Protein bands were visualized using a chemiluminescence re-
agent (Millipore, Burlington, MA, USA). Equivalent loading was con-
firmed using the antibody against B-actin. The levels of target proteins
were densitometrically determined by Quantity One 4.4.1 (Bio-Rad
Laboratories, Hercules, CA, USA). Each analysis was performed in three
independent experiments. Representative blots are shown.

2.13. Statistical analyses

Results were obtained from at least triplicate experiments. Data are
presented as means = SEM and were analyzed using SPSS 16.0 soft-
ware. The significance of differences was determined by one-way
ANOVA with Dunnett's post-hoc test. Values of P < 0.05 were con-
sidered to be statistically significant. Histograms were created using
GraphPad Prism 5 software (San Diego, CA, USA).

3. Results
3.1. DHA suppresses LX-2 cell viability and inhibits their activation

Proliferation is a critical event of HSC activation [11]. We initially
examined the effects of DHA on the viability of LX-2 cells, a well-vali-
dated immortalized human HSC line [12]. The MTT assays showed that
DHA dose- and time-dependently reduced the viability of LX-2 cells
(Fig. 1A). Furthermore, we examined the protein abundance of key
markers of HSC activation, a-SMA [13] and fibronectin [14]. The re-
sults showed that DHA dose-dependently diminished their expression
(Fig. 1B). TB-RI, TR-RIIL, and PDGF-BR are receptors that transmit pro-
fibrogenic signals [15,16]. Our western blot results showed that, except
for TP-RII, DHA dose-dependently downregulated a-SMA, fibronectin,
TB-RI, and PDGF-PR expression (Fig. 1B & C). Consistently, immuno-
fluorescence showed that expression of a-SMA, fibronectin, T3-RI, and
PDGF-BR was reduced by DHA treatment (Fig. 1D). Collectively, DHA
suppressed LX-2 cell viability and inhibited their activation.

3.2. GW9662 abrogates the effects of DHA on LX-2 cell activation

Because DHA is a PPARy ligand, we used the selective PPARy in-
hibitor GW9662 to assess the involvement of PPARy in the current
experimental context. We found that addition of GW9662 (1 uM)
abolished the inhibitive effects of DHA on the expression of a-SMA,
fibronectin, TP-RI, and PDGF-BR (Fig. 2A). PDGFbb and TGF-f} are
considered to be the most potent cytokines that stimulate the pro-
liferation and fibrogenesis of HSCs [17,18]. Therefore, we also detected
their abundance in the culture medium. Interestingly, DHA did not
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significantly modulate PDGFbb or TGF-f} levels in the culture medium,
but their levels were highly elevated by GW9662 (Fig. 2B). We also
observed that DHA enhanced PPARy translocation, which was abro-
gated by GW9662 (Fig. 2C). Taken together, these findings indicated a
PPARy activation-dependent mechanism underlying DHA suppression
of HSC activation.

3.3. DHA induces LX-2 cell cycle arrest at G1 phase in a PPARY-dependent
manner

The inhibition of cell viability could have been caused by cell cycle
arrest. Therefore, we investigated the effect of DHA on the cell cycle of
LX-2 cells by flow cytometry. We found that DHA dose-dependently
induced accumulation of cells in G1 phase (Fig. 3A), but this effect was
abolished by GW9662 (Fig. 3C). Moreover, cyclin-dependent kinase
inhibitors p27 and p21 were upregulated by DHA (Fig. 3B), which was
also abrogated by GW9662 (Fig. 3D). Taken together, these data sug-
gested that DHA treatment inhibited LX-2 cell growth by growth arrest
in G1 phase with involvement of p27 and p21 via PPARy.

3.4. Ligand binding to PPARY via a direct interaction with residues
including Ser289, might be required for DHA to inhibit LX-2 cell activation

The above findings suggested that PPARy might be a direct target of
DHA in HSCs. We used a molecular simulation approach to test this
hypothesis. The docking data showed that DHA could be embedded into
the canonical ligand-binding cavity of PPARy, which is the exact
binding pocket of thiazolidinedione agonists represented by rosiglita-
zone. Interestingly, in the crystal binding cavity of PPARy, DHA phy-
sically interacted with residues Ser289, His323, Tyr473, and His499,
and rosiglitazone interacted with residues GIn286, Ser289, His323,
Tyr473, and His499 (Fig. 4A). These results suggested that DHA and
rosiglitazone may have very similar binding actions to activate the re-
ceptor. Therefore, the canonical thiazolidinedione-binding cavity could
be responsible for DHA activation of PPARy. Subsequently, we used
site-directed mutagenesis strategies to confirm whether the interaction
with the Ser289 residue was necessary for DHA to exert its effects on
HSCs. Western blotting showed that the PPARy plasmid transfection
was successful (Fig. 4B). We observed that DHA suppression of a-SMA
and fibronectin expression was significantly abrogated in HSC-LX2 cells
transfected with the PPARy plasmid bearing the Ser289 mutation to
alanine (Fig. 4C). Taken together, these data suggested a ligand-binding
pattern for DHA activation of PPARy, leading to the currently observed
biological consequences.

3.5. DHA protects the mouse liver from CCly-induced injury in a PPARYy-
dependent manner

The in vitro results strongly suggested PPARy dependency of DHA
actions on HSC activation. Therefore, we further investigated DHA ef-
fects on the CCl,-treated mouse model with and without PPARy an-
tagonism. As shown in Fig. 5A, the livers of the normal control (group
1) and DHA control (group 2) had a reddish-brown color and smooth
surface, whereas the liver of CCls-injected mice (group 3) had a pale
color and fine particles on the rough surface. Liver morphology was
ameliorated by DHA treatment (group 4), which was abolished by
GW9662 addition (group 5). Furthermore, as shown by HE staining in
Fig. 5B, DHA treatment resulted in obvious improvement in liver his-
tology of CCly-injected mice as evidenced by ameliorated hepatic
structural damage, ballooning degeneration, and necrosis. However,
GW9662 abolished the improvement of liver histology by DHA. Fur-
thermore, the results of determining serum enzyme levels of ALT and
AST verified the role of GW9662 in the interruption of the protective
effects of DHA against liver injury (Fig. 5C). Taken together, these re-
sults showed that DHA protected the liver from CCl4-induced injury and
suggested its dependence of PPARy.
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Fig. 1. DHA reduces HSC viability and inhibits HSC activation. (A) MTT assay results. LX-2 cells were treated with the control (0.05% ethanol, v/v) or DHA at the
indicated concentrations (10-200 uM) for 24 h (upper panel). *P < 0.05, **P < 0.01, and ***P < 0.001 vs. control. LX-2 cells were also treated with DHA (50 uM)
for 24, 48, or 72 h (lower panel). **P < 0.01 vs. O h, ***P < 0.001 vs. 0 h, and #P < 0.05vs. 24 h. (B) Western blot analyses of a-SMA and fibronectin. (C) Western
blot analyses of TB-RI, TB-RII, and PDGF-BR. (D) Immunofluorescence analyses (magnification: X 400) of a-SMA, fibronectin, TB-RI, and PDGF-fR. LX-2 cells were
treated with the control (0.05% ethanol, v/v) or DHA at 50 uM for 24 h. For western blotting, B-actin was used as an invariant control for equal loading. *P < 0.05,

**p < 0.01, ***P < 0.001, and ****P < 0.0001 vs. control.

3.6. DHA ameliorates hepatic fibrogenesis in CCl,-treated mice in a PPARY-
dependent manner

The main component of the extracellular matrix (ECM) in the fi-
brotic liver is collagen. We used Masson staining and Sirius Red staining
to evaluate the collagen deposition in liver tissue. Both stainings
showed severe collagen deposition in the livers of CCl,-treated mice,
typically around the portal area and between lobules. DHA treatment
effectively improved the collagen deposition and reduced the formation
of fibrous septum (Fig. 6A & B). We also observed that GW9662

diminished the effect of DHA on hepatic fibrogenesis in mice. The
content of HYP (almost exclusively in collagens) is an important index
to measure collagen production. The results showed that DHA sig-
nificantly rescued the elevated HYP level in the CCly-treated mouse
liver, and GW9662 largely abrogated the effect (Fig. 6C). Liver fibrotic
indices, including HA, LN, PCIII, and CollV, in CCly-treated mouse
serum were also significantly reduced by DHA treatment, which were
abolished by GW9662 consistently (Fig. 6D). Immunofluorescence
showed that DHA upregulated the level of PPARy and downregulated
the level of a-SMA in HSCs of the mouse liver (Fig. 6E). Collectively,
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GW9662 inhibited the DHA effect on improving fibrogenesis in the liver
of CCly-treated mice, suggesting a role of PPARy activation in DHA
reducing fibrogenesis of the mouse liver.

3.7. DHA suppresses proinflammatory cytokines caused by CCl, in a
PPARy-dependent manner

We found that secretion of TGF-B and PDGFbb was elevated by
GW9662 in LX-2 cell culture medium (Fig. 2B), suggesting a role of
PPARYy in cytokine production. In the in vivo experiments, we found
that DHA significantly reduced the elevation of TGF- and PDGFbb
induced by CCl,, whereas GW9662 abrogated the decreasing effect of
DHA on TGF-f3 and PDGFbb levels in liver tissue (Fig. 7A). TNF-a, IL-6,

and IL-8 are critical regulatory factors in liver fibrosis. TNF-a is a cy-
tokine involved in systemic inflammation and stimulates acute in-
flammation. In the liver, TNF-a is mainly produced by Kupffer cells
[19]. Continuous activation of IL-6 can promote collagen production
and liver fibrosis [20]. IL-8 is a key proinflammatory cytokine strongly
activated in chronic liver diseases [21]. The expression of TNF-a, IL-6,
and IL-8 in the liver of CCl,-treated mice was significantly higher than
that in the normal control group. DHA tended to decrease TNF-a pro-
duction and significantly inhibited the expression of IL-6 and IL-8.
GW9662 essentially abolished the inhibitory effect of DHA on the ex-
pression of TNF-a, IL-6, and IL-8 (Fig. 7B). CD45 is a common antigen
of immune cells, while F4/80 is a marker of macrophages. Therefore,
we detected CD45 and F4/80 in liver tissue by immunohistochemistry
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Fig. 3. DHA induces cell cycle arrest in HSCs at G1 phase in a PPARy-dependent manner. (A) Cell cycle analysis by flow cytometry. LX-2 cells were treated with the
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an invariant control for equal loading. *P < 0.05, **P < 0.01, ***P < 0.001, and

to investigate the effect of DHA on immune cells. We observed that
DHA alleviated the infiltration of immune cells and reduced the number
of CD45+ and F4/80+ cells in liver tissue, whereas GW9662 con-
siderably diminished these DHA effects (Fig. 7C).

4. Discussion

The safety of DHA has been well studied and confirmed, including
the effects of DHA on platelet functions, lipid levels, oxidative potential,
glycemic control, and immune functions [22]. In this study, the DHA
control group was set to ensure the safety of DHA in the liver. We

‘P < 0.0001 vs. control.

observed that the livers of DHA-treated mice showed basically no dif-
ferences from those of normal control mice in terms of morphology and
biochemical indicators. Therefore, our study further supported the
safety of DHA administration. A study in 2013 showed that fish ®-3
fatty acid supplementation tended to increase liver fibrosis in bile duct
ligation rats [23]. However, the fish oil dosage was 0.4% of the rat body
weight (i.g.), which was unusually high. It has been suggested that the
beneficial effect of DHA is obtained by a daily intake of at least 100 mg
for humans [24]. In the current study, we set the dosage (i.g.) for mice
at 20 mg/kg, which is equivalent to 1.62 mg/kg in humans [25]. For a
man weighting 60kg, the daily intake would be 97.2mg, which is
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slightly lower than the recommendation. Therefore, our data supported
that a relatively low dosage of DHA provides a hepatoprotective effect.

Nuclear receptors are ligand-activated transcription factors that act
as sensors for a broad range of natural and synthetic ligands [26].
Targeting nuclear receptors offers exciting new perspectives for the
treatment of liver diseases [27]. PPARs are nuclear hormone receptors
that act as transcription factors in response to endogenous messengers.
They have been found to be important targets in metabolic diseases

Liver morphology

including obesity, metabolic syndrome, diabetes, and liver diseases
[28]. Because DHA might be a potent PPARa agonist [29], we used an
irreversible and selective PPARy inhibitor, GW9662 [30], to investigate
the dependence of DHA effects on PPARy. GW9662 at 10 uM in culture
medium has been well established to study the role of PPARy in several
cell lines [31-33]. Therefore, in our in vitro experiments, we used
GW9662 at 1 uM to exclude the interference of other PPARs.

In the current study, we observed that DHA activated PPARy by
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stimulating its nuclear translocation in HSCs (Fig. 2C). It is been re-
ported that PPARy activation inhibits TGF-f3 induced corneal myofi-
broblast transformation [34] and PDGF-induced vascular smooth
muscle cell proliferation [35]. In this study, we found that DHA
downregulated Tp-RI and PDGF-PR in HSC-LX2 cells. However, we did
not observe an obvious alteration of the production of TGF-B or
PDGFbb induced by DHA. Interestingly, the PPARYy selective inhibitor
GW9662 significantly elevated TGF- and PDGFbb levels in the HSC
culture medium (Fig. 2B). Our data implied that DHA might interfere
with PPARy/TGF-B and PPARy/PDGF signaling by downregulating
their receptors, Tf-RI and PDGF-3R, in HSCs. Furthermore, our data
indicated that PPARy antagonism not only abolishes DHA effects on the
cytokine-transmitting receptors, but also strongly enhances the profi-
brogenic signals by increasing cytokine expression, suggesting a role of
endogenous PPARy in modulating profibrogenic cytokines.

DHA has been reported to have a hepatoprotective effect through
multiple mechanisms [36-39]. HSC activation is now well established
as a central driver of liver fibrosis [40]. However, DHA effects on HSCs
were largely unknown.

In this study, we first aimed to confirm whether DHA has a direct
effect on HSCs. As shown by our data, 50 pM DHA significantly reduced
LX-2 cell viability in vitro. DHA also downregulated the expression of
marker proteins of HSC activation. Furthermore, we found that DHA

treatment increased p27 and p21 levels, and arrested the LX-2 cell cycle
at G1 phase. These evidences demonstrated that inhibiting HSC acti-
vation is one of the mechanisms underlying DHA-mediated attenuation
of liver fibrosis. More importantly, with pharmaceutic antagonism of
PPARy, DHA effects on HSCs were largely abolished, suggesting that
PPARYy activation in HSCs is vital for DHA to exert its effect. Based on
the above observations, we further speculated a direct interaction be-
tween DHA and PPARy. This speculation was supported by molecular
docking evidence showing that DHA could bind to the canonical ligand-
binding pocket of PPARy via hydrogen bonding with Ser289, His323,
Tyr473, and His499, which were largely overlapped with the bonding
residues of rosiglitazone. Interestingly, it is reported that rosiglitazone
inhibits HSC activation in vitro and in vivo [41,42], characterized by
decreased HSC proliferation and a-SMA expression, similar to DHA.
Therefore, we wanted to further confirm the role of the bonding re-
sidues in DHA activating PPARy. The virtual docking data were then
verified by mutagenesis assays, the data of which suggested that
bonding with Ser289 was required for DHA to activate PPARy to inhibit
HSC activation. Considering that rosiglitazone also interacted with
Ser289, we speculated that the interaction with Ser289 was conserved
for ligand activation of PPARy. It is noteworthy that GW9662 inhibits
PPARy by covalently reacted with the Cys285 residue in the PPARy
ligand-binding domain [30], which is closely adjacent to the Ser289
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residue. Accordingly, we inferred that the covalent modification of
Cys285 might interrupt the hydrogen bonding of DHA and Ser289,
resulting the loss of DHA-mediated suppression of PPARy activation.
These data confirmed the important role of Ser289 in DHA activating
PPARYy. The role of the other residues needs to be verified in our future
studies. We subsequently used a classical CCly-induced liver fibrosis
model in mice to establish the in vivo correlation. As a result, liver
fibrosis in CCly-treated mice was attenuated by chronic DHA adminis-
tration evidenced by the ameliorated liver histological state, decreased
collagen deposition, and suppressed inflammation. Furthermore, the
DHA actions on liver fibrosis were abrogated by GW9662 in vivo, which
is consistent with the in vitro data. Taken together, these results in-
dicated the dependency of PPARy for DHA actions on liver fibrosis.

PPARYy activation was also reported to upregulate p27 and p21 and
cause GO/G1 arrest in several human hepatoma cancer cell lines [43]. It
was found that p27 upregulation induced by PPARy agonist might occur
by reduced proteosomal degradation and accumulation of p27 via
downregulation of Skp2 [43,44], which is required for the ubiquitin-
dependent degradation of p27 [45]. Serval studies found that PPARy
activation increases p21 mRNA level [46-48]. In human lung carci-
noma cells, the induction of p21 gene expression by PPARy ligands was
found mediated through increased transcriptional activation [48].
Further, it was reported that PPARy activation enhances nuclear loca-
lization of p21 [43].

It was observed that PPARy activation inhibits cytokine synthesis
pre-translationally. The accumulation of TNF-a mRNA in human per-
ipheral blood monocytes was found inhibited by PPARy agonists. Also,
the TNF-a promoter activity was significantly inhibited by 15d-PGJ2
and troglitazone in U937 cells [49]. A trans-repression mechanism ex-
plaining an intranuclear crosstalk between PPAR and transcription
factors on the promoters of inflammatory genes was proposed and
verified by preponderance of evidence [50]. Synthetic and natural
PPARYy agonists block transactivation of transcription factors NF-kB and
5’-CCAAT/enhancer-binding protein  (C/EBPp) to interfere with IL-6
transcription and production [51]. Thus, we assumed that DHA acti-
vated PPARy to inhibit cytokine productions in HSC probably via a
trans-repression mechanism.

The relationship between PUFA and non-alcoholic steatohepatitis
(NASH) was also studied by several groups. It was found that well-de-
fined subjects with either healthy liver, simple steatosis, or NASH
showed distinct hepatic gene expression profiles (GEO accession
number: GSE89632) including genes involved in unsaturated fatty acid
metabolism, which suggested that gene expression influences PUFA
content differently depending on disease severity [52]. Another group
reported a significant enrichment of genes involved in the multi-step
catalysis of long-chain PUFA, including A-5 and A-6 desaturases in
human NASH patients (GEO accession number: GSE37031), resulting in
an increased w-6 to w-3 ratio [53]. Further, they also found that both
the endogenous conversion of w-6 into w-3 fatty acids (in a fat-1
transgenic mice model) and an exogenous w-3-enriched diet produced
significant reduction in steatosis, necroinflammation and lipid perox-
idation, accompanied by attenuated expression of genes involved in
inflammation, fatty acid uptake and lipogenesis in mice. Therefore, ®-3
fatty acids supplement might be a strategy for NASH treatment.

We also tried to address the relationship between DHA-dependent
and PPARy-dependent gene expression by Coremine Medical online
(http://www.coremine.com/medical/), which is designed to seek in-
formation on health, medicine, and biology. 276 genes were found
significantly correlated to both DHA and non-alcoholic fatty liver dis-
ease (NAFLD) (Table S1); 335 genes were found significantly correlated
to both rosiglitazone (represents PPARYy activation) and NAFLD (Table
$2). Surprisingly, 169 genes were overlapped (Table S3) among them.
Those overlapped genes were mainly related to lipid metabolic process
(Fig. S1) according to a functional annotation analysis with DAVID
Bioinformatics Resources 6.7 [54]. Thus, these findings also implied a
role of PPARYy in regulating lipid metabolism in NAFLD.

10

International Immunopharmacology 75 (2019) 105816

In summary, we found that DHA activates PPARy in a classical
thiazolidinedione agonist-binding mode to inhibit HSC activation,
leading to the attenuation of liver fibrosis. Our findings reveal new
mechanisms of the hepatoprotective actions of DHA and provide novel
evidence of PPARy activation with therapeutic implications for liver
fibrosis.
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