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Peroxisome proliferator-activated receptor « activation
attenuates the inflammatory response to protect the
liver from acute failure by promoting the autophagy
pathway

M Jiao"%, F Ren®?%, L Zhou?, X Zhang®, L Zhang', T Wen3, L Wei?, X Wang®*, H Shi®, L Bai?, X Zhang?, S Zheng?, J Zhang? Y Chen?,
Y Han®, C Zhao*' and Z Duan*?

Peroxisome proliferator-activated receptor « (PPAR«) has been reported to induce a potent anti-inflammatory response.
Autophagy is a recently recognized rudimentary cellular response to inflammation and injury. The aim of the present study was
to test the hypothesis that PPAR« activation mediates autophagy to inhibit liver inflammation and protect against acute liver
failure (ALF). PPAR« expression during ALF and the impact of PPAR« activation by Wy-14 643 on the hepatic immune response
were studied in a p-galactosamine/lipopolysaccharide-induced mouse model. Autophagy was inhibited by 3-methyladenine
or small interfering RNA (siRNA) against Atg7. In both the mouse model and human ALF subjects, PPAR« was significantly
downregulated in the injured liver. PPARx activation by pretreatment with Wy-14 643 protected against liver injury in mice. The
protective effect of PPARa activation relied on the suppression of inflammatory mechanisms through the induction of
autophagy. This hypothesis is supported by the following evidence: first, PPAR« activation suppressed proinflammatory
responses and inhibited phosphorylated NF-xBp65, phosphorylated JNK and phosphorylated ERK pathways in vivo. Second,
protection by PPAR« activation was due to the induction of autophagy because inhibition of autophagy by 3-methyladenine
or Atg7 siRNA reversed liver protection and inflammation. Third, PPAR« activation directly induced autophagy in primary
macrophages in vitro, which protected cells from a lipopolysaccharide-induced proinflammatory response. Here, for the first
time, we have demonstrated that PPAR«-mediated induction of autophagy ameliorated liver injury in cases of ALF by attenuating
inflammatory responses, indicating a potential therapeutic application for ALF treatment.
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Acute liver failure (ALF), an inflammation-mediated hepato-
cellular injury process, is a clinical syndrome that results from
hepatocellular apoptosis and hemorrhagic necrosis.! ALF
frequently results from viral hepatitis, ingestion of drugs or
toxic substances, or hepatic ischemia—reperfusion injury,
among others. The prognosis for ALF is extremely poor, and
there is currently no effective therapy for the end stage of the
disease other than liver transplantation.? Although the nature
of ALF has been extensively studied, the mechanisms by
which organ damage occurs are not completely understood.

Peroxisome proliferator-activated receptors (PPARs) are
members of the nuclear hormone receptor superfamily of
ligand-activated transcription factors, with its subfamily con-
sisting of three members: PPARx, PPARfS and PPARy.3*

PPAR« has been reported to be involved in a number of
cellular processes, including lipid and lipoprotein metabo-
lism,® apoptosis® and inflammatory responses.”® Studies
have demonstrated that PPARa exhibits potent anti-inflam-
matory activity through suppressing nuclear factor-«xB
(NF-xB) and/or modulating the activation (phosphorylation)
of signal transducer and activator of transcription1 (STAT1)-
related inflammatory signaling in cultured neuronal cells.”"'°
PPARa-null mice exhibit an aggravated reaction to various
inflammatory stimuli in the skin, blood vessels, intestine and
lung."™'* Recently, in a model of lipopolysaccharide (LPS)-
induced hepatic inflammatory injury, reduced PPARx expres-
sion was shown to be associated with increased tissue
bacterial load in sepsis.'® Additionally, a lack of PPARu
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exacerbates LPS-induced liver toxicity through STAT1
inflammatory signaling and increases oxidative/nitrosative
stress.’® However, the functional role of PPARs in the
pathogenesis of ALF remains elusive. An ALF model induced
by the coinjection of p-galactosamine (p-GalN) and LPS has
been widely used to examine the underlying mechanisms of
ALF."""® |n the present study, we used p-GalN/LPS to induce
ALF in mice and to explore the roles of PPARx in the context of
ALF.

Macroautophagy (referred to hereafter as autophagy) is a
highly evolutionarily conserved process found in virtually all
types of eukaryotic cells. Autophagy involves the sequestra-
tion of regions of cytosol within double-membrane-bound
compartments followed by lysosome-based degradation of
the contents. Previous studies have suggested that autop-
hagy represents an adaptive strategy by which cells can
remove damaged organelles and enhance survival following
bioenergetics-induced stress.'®" In addition, accumulating
evidence has demonstrated multiple roles of autophagy in the
regulation of cell death, differentiation and the anti-microbial
response in mammals.?®2" In recent years, emerging
evidence has indicated that the autophagy process may have
an essential role for the host during bacterial clearance and
may also interact with inflammatory processes, which conse-
quently may impact the outcomes of disease progression.?%:23
There is a complex reciprocal relationship between autophagy
pathway/proteins and inflammation.?*2° Recent observations
have revealed a relationship between autophagy and inflam-
masome-associated proinflammatory cytokine maturation in
macrophages.?6%”

Given the above information, we speculated that PPAR«
activation may serve as a protective function to restrain liver
inflammation in cases of ALF. Moreover, we further hypothe-
sized that PPARax activation attenuates inflammatory
response by regulating autophagy in ALF. In the present
study, PPARux activation protected mice from p-GalN/LPS-
induced ALF and significantly downregulated the expression
of proinflammatory cytokines. Moreover, PPARx activation
resulted in elevated autophagy induced by p-GalN/LPS in
mice, and autophagy inhibition by 3-methyladenine (3-MA) or
Atg7 siRNA reversed the hepatoprotective effect of PPAR«
activation and restored the inflammatory response in ALF
mice. Hence, by orchestrating autophagy signaling, PPAR« is
essential for the inflammation mechanism in the ALF immune
response cascade.

Results

Intrahepatic expression of PPARx is suppressed in
p-GalN/LPS-induced ALF. According to the pathologic
characteristics of liver and the levels of serum transaminase,
massive hepatic injury was apparent after 4—6h as deter-
mined by hematoxylin and eosin (H&E) staining (Figure 1a),
which was in agreement with the increased serum alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) enzyme levels (Figure 1b); thus, the mice ALF model
is successfully formatted at 6 h after p-GalN/LPS injection.
Next, we investigated a possible association between
PPAR« and ALF induced by p-GalN/LPS treatment. Accom-
panying the liver injury, PPARz mRNA and protein levels
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gradually declined over the same time period (Figure 1c and
Suplementary Figure 1). These results indicated that PPARx
is suppressed with the gradual progression of p-GalN/LPS-
induced ALF.

PPARu« activation protects against p-GalN/LPS-induced
ALF, which is associated with suppressed hepatic
inflammation. We then evaluated whether PPARo activa-
tion could rescue the injury by applying Wy-14 643, a PPARu
ligand activator. Pretreatment with Wy-14 643 for 2 h before
D-GalN/LPS treatment resulted in complete protection
against ALF. In the survival analysis, the mice in the
p-GalN/LPS control group began to perish 6 h after p-GalN/
LPS injection, and the survival rate of these mice was 30%
(8 of 10 mice) at the 48-h time point. By contrast, the survival
rate after Wy-14643 treatment was 70% (7 of 10mice;
Figure 2a). The gross morphology of the liver after Wy-
14 643 treatment appeared substantially normal, and the liver
architecture was well preserved (Figure 2b). With respect to
liver damage, the mice subjected to Wy-14643 treatment
showed significantly lower sALT and sAST levels compared
with the ALF group (Figure 2c). These results demonstrated
that PPARu is critical for p-GalN/LPS-induced ALF and that
its activation protects mice from liver injury.

To determine the impact of PPAR« activation on the
induction of inflammatory cytokines by p-GalN/LPS-treated
ALF, the livers were harvested 6 h after b-GalN/LPS injection.
Indeed, PPARux activation by Wy-14643 attenuated the
expression of proinflammatory cytokines including tumor
necrosis factor-o. (TNF-x), interleukin-14 (IL-1p), IL-6 and
IL-12p40. Furthermore, we found that PPARx activation
suppressed the expression of several chemokines, including
chemokine (C—C moitif) ligand 1 (CCL-1), CCL-2, chemokine
(C—X-C moitif) ligand-1 (CXCL-1) and CXCL-10, which are
important for the recruitment of neutrophils (Figure 2d).
We also assayed myeloperoxidase (MPQO) activities to
measure neutrophil infiltration. As shown in Figure 2e,
treatment with Wy-14643 significantly decreased MPO
activity-related injury compared with the p-GalN/LPS insult.
Because hepatocyte death is the major cause of ALF, we next
measured the impact of the conditioned medium from bone
marrow-derived macrophages (BMDMs) stimulated with LPS
in the absence or presence of Wy-14 643 on hepatocyte death
in vitro, with actinomycin D used to mimic the effect of b-GalN.
The results showed that conditioned medium of BMDMs
stimulated with LPS in the presence of Wy-14643 led to an
increased number of live hepatocytes and lower LDH levels
(Figure 2f). These results suggest that the protection of liver
injury by PPARu activation is mediated by reducing inflamma-
tion and neutrophil infiltration in the liver in cases of ALF.

NF-xB and mitogen-activated protein kinases (MAPKSs) are
two of the most important transcription factors in the
inflammatory pathways that has major roles in ALF.2® Thus,
we assessed the impact of PPAR« activation on these two
pathways. As shown in Figure 2g and Suplementary Figure 2,
the phosphorylation levels of NF-kBp65 were increased by
p-GalN/LPS insult and suppressed by Wy-14 643 treatment.
In a similar manner, activation of JNK and ERK was also
attenuated by Wy-14 643 treatment in the ALF mouse model.
Furthermore, we found that the phosphorylation levels of Akt
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PPARo: expression is suppressed during ALF progression. Mice were intraperitoneally injected with p-GalN (700 mg/kg) and LPS (10 ug/kg) at 2, 4 and 6h

(10 mice per group). The mice in the control group (n= 8) were injected with PBS only. (a) Representative livers and H&E staining of livers from the control and the 2-, 4- and
6-h groups. (b) Serum AST and ALT enzyme levels from the control and the 2-, 4- and 6-h groups. (¢) Gene expression of PPARx was measured by qRT-PCR in the livers of
the control and the 2-, 4- and 6-h groups. The average target gene/HPRT ratios for each experimental group were plotted. (d) Protein expression levels of PPARo were
measured by western blot assays in the livers of the control and the 2-, 4- and 6-h groups. A representative blot from two samples of every group is shown. Densitometry

analysis of the proteins was performed for each sample

is also increased by p-GalN/LPS insult and suppressed by
Wy-14643 treatment. These results demonstrated that
PPARo activation-mediated suppression of inflammation is
regulated by the NF-xB and MAPK pathways.

PPARa activation protects mice from ALF through
autophagy mechanisms. Because a previous study has
shown that PPARy activation induces autophagy in breast
cancer cells,?® we evaluated whether PPARu activation
promotes autophagy pathways in the context of ALF.
Quantitative reverse transcription-PCR (qRT-PCR) results
showed that, compared with bp-GalN/LPS-treated mice,
PPARa activation by Wy-14643 pretreatment in ALF mice
promoted the expression of Atg7 and Atg5 genes, which are
important genes relating to the autophagy pathway, but did
not influence Beclin-1 (Figure 3a). These alterations were
confirmed by western blot analyses (Figure3b and
Supplementary Figure 3). Moreover, as shown in Figure 3b
and Supplementary Figure 3, PPARo activation by
Wy-14 643 pretreatment not only increased the PPARu
expression but also promoted lipidated LC3 form (LC3II)
conversion and p62 protein degradation in p-GalN/LPS-
induced mice. The results showed that PPARo activation
promotes autophagy during ALF.

Next, we sought to confirm that PPAR« activation leads to
the induction of autophagy to protect the liver from injury. First,
we applied a specific inhibitor, 3-MA, to block autophagy.
Next, we used siRNA to knockdown Atg7. The inhibition of
liver Atg7-specific siRNA in vivo was confirmed by the

reduced Atg7 levels in the mice (Figure 3c); furthermore, the
Atg7 downregulation and 3-MA treatment also decreased the
lipidation of LC3l to LC3Il (Suplementary Figure 4). The
results showed that hepatic protection by Wy-14 643 in ALF
was completely negated by the inhibition of autophagy, which
was evident by the decreased survival (Figure 3e), the
significantly higher sALT and sAST levels (Figure 3d), the
relatively worse gross morphology and the relatively less
preserved liver architecture by histology (Figure 3f). We also
verified whether pharmacologic treatment with 3-MA and Atg7
siRNA affects PPARo expression. The results showed that
there were no differences in PPARx gene expression levels
between p-GalN/LPS-treated mice and 3-MA- or Atg7 siRNA-
treated mice, but the gene expression of PPARu is increased
in Wy-14643-treated mice (Figure 3g). Autophagic flux in
p-GalN/LPS-treated mice was monitored after treatment with
Wy-14 643 in the presence or absence of chloroquine (CQ).
As shown in Figure 3h and Suplementary Figure 5, Wy-14 643
pretreatment induced the lipidation of LC3I to LC3Il and the
degradation of p62 in p-GalN/LPS-induced mice; the CQ
pretreatment increased LC3Il and p62 accumulation com-
pared with mice treated with Wy-14643 and p-GalN/LPS.
Thus, these results demonstrated that hepatoprotective
mechanisms of PPARo activation depend on autophagy
pathways.

PPAR« activation promotes autophagy to suppress the
inflammatory response in vivo. Given the ability of PPAR«
activation to suppress liver inflammation and promote

w

Cell Death and Disease



PPARu« protects against ALF by promoting autophagy

1 X
@ M Jiao et al
a b Control D-GalN/LPS Wy+D-GalN/LPS c f
ALT =0.0406
= ,D__. 150 ,MTT
o
3 am g £=u.a|3 0%
1 5 1w
. DGANLPS P ™
-+ Wy+D-GalNLPS i 100 £
3
FRLE o o0 [
§ 1""1- . w0 JAST
5 E £=0.0368 5 osqLDH
54 2 e | =0.0076
5 EH = 5
& 2 03
2 a0
4 2
‘— £ am ;
] 0 @ 0 H o
hours LG g
& & &
& s & f ﬁfﬁ.@"
F o > &
eﬁ«
&

Q
2
o
o

. pe004 oL L .z Gl DGES  WpeogaNuUs
) P08 % i
£ g " i ow 4 pAFEBpES
E E o H L o
i H i 8w ¢, MPO 0013 pNMBRSS[pacn 0113002 26RO 0ASE004
2 it B - A
= 2w 2 4, | g
pERK !
e
. : v wl 5 ¢ m
E PRI fBach  QOTHODD  OGSHO0S  01H0E
p=0018 oxeL 2 ‘ pri
L. o 5o LOLE — ] L §=0.0055 14 CXCL10 - g . PINK —— D - s
I — &
g 5t ;‘ " § ; PINKL/pacth 401 Wty st
t, K z g o e ————————
2 3 g . 3 %k
g 8 . i 8 & & (d
8 & ;,:‘* I PO /bacin 0104001 03005 0354006
. o ol s ol <
¢ PP s i d & P “_ em— _.._.I
& B Vi # S8 K
o F E & ¢ & o &
& & o o o pAit [factin - 0.0940.01 L7023 032tom
.

Figure 2 Wy-14 643 protects against p-GalN/LPS-induced liver injury and suppresses liver inflammation. Wy/p-GalN/LPS-treated mice were administered Wy-14 643
(6 mg/kg) via tail vein injection 2 h before p-GalN/LPS exposure (n=10); p-GalN/LPS-treated mice were pretreated with vehicle (dimethylsulfoxide (DMSQ)) 2 h before
p-GalN/LPS exposure (n= 10). Control mice were pretreated with vehicle (DMSO) 2 h before PBS injection (n = 8). The mice were killed 6 h after p-GalN/LPS treatment, and
the liver and serum samples were collected (apart from a). (a) The survival rate of mice was measured in the Wy/p-GalN/LPS-treated group and the p-GalN/LPS-treated group
(10 mice per group). (b) Representative livers and H&E staining of livers from different groups. (¢) Serum AST and ALT enzyme levels from different groups. (d) Gene
expression of TNF-o, IL-13, IL-6, CCL-1, CCL-2, CXCL-1 and CXCL-10 at 6 h after o-GalN/LPS injection and IL-12p40 at 2 h after p-GalN/LPS injection (n = 8). The average
target gene/HPRT ratios for each experimental group were plotted. (e) Liver MPO levels 6 h after o-GalN/LPS injection. (f) BMDMs were stimulated with LPS for 24 h in the
absence or presence of Wy-14 643, and then the BMDM-conditioned media were collected. The primary hepatocytes stimulated with actinomycin D in the absence or
presence of BMDM-conditioned media for 12 h. The MTT assay and LDH assays were measured. (g) The levels of phosphorylated MAP kinases, including JNK, ERK, p38 and
phosphorylated NF-xBp65, phosphorylated Akt and f-actin, were measured by western blotting. A representative blot from three samples of every group is shown.
Densitometry analysis of the proteins was performed for each sample

autophagy, we sought to determine whether an autophagy stimulated by LPS in the absence or presence of Wy-14 643
pathway is required for PPARx-mediated suppression of the by western blot analysis. As shown in Figure 5¢, compared
inflammatory response. In the context of PPARx activation in with only LPS treatment, PPARo expression levels were
the ALF mice, 3-MA- or Atg7-specific siRNA restored the higher in BMDMs stimulated by LPS in the presence of
gene expression of TNF-o, IL-1f, IL-6 and IL-12p40 Wy-14643. These results indicated that PPARx activation
(Figure 4a). Furthermore, autophagy inhibition increased indeed suppresses the LPS-triggered expression of proin-
neutrophil infiltration in mouse livers (Figure 4b) and flammatory cytokines and chemokines in vitro.
upregulated the gene expression of chemokines
(Figure 4c). These results demonstrated that the autophagy PPARu activation suppresses proinflammatory response
pathways induced by PPARq activation may contribute to the by promoting autophagy in vitro. We then sought
suppression of liver inflammation in the context of ALF. to confirm the role of autophagy in vitro in the PPARu-
activated macrophage response. Western blot results
PPARax activation regulates the primary macrophage showed that Wy-14 643 treatment promoted the expression
TLR4 response in vitro. To further confirm our in vivo level of LC3II/I, Atg7, Beclin-1 and Atg5 proteins; meanwhile,

experimental findings, we investigated the cellular mechan- Wy-14 643 treatment also increased the degradation of p62
ism of the effects of PPARx activation on macrophages in (Figure 6a). Moreover, we transfected the GFP-LC3 plasmid
response to toll-like receptor 4 (TLR4) stimulation by LPS. into BMDMs to observe the formation of autophagosomes.

BMDMs were stimulated by LPS in either the absence or the As shown in Figure 6b, the GFP-LCS signal was weak in the
presence of Wy-14643 (10, 25 and 50 uM). Remarkably, the control cells, but was bright and punctate after Wy-14 643
expression levels of cytokines (Figure 5a) and chemokines treatment, in a dose-dependent manner. To confirm that
(Figure 5b) by LPS-stimulated macrophages were attenu- autophagy induction by Wy-14643 was exclusively due to
ated by Wy-14 643 treatment in a dose-dependent manner. PPARx activation and not to a nonspecific effect of this
We also measured the PPARx expression levels in BMDMs agonist, we examined the effect of Wy-14 643 treatment on
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Figure3 PPARu activation protects mice from ALF through autophagy mechanisms. SiAtg7/Wy/b-GalN/LPS-treated mice were pretreated with Atg7 siRNA (50 uM/kg) for
48 h via tail vein injection and then administered Wy-14 643 (6 mg/kg) 2 h before p-GalN/LPS exposure (n= 8); control sIRNA/Wy/b-GalN/LPS-treated mice were pretreated
with control SiRNA (50 «M/kg) for 48 h via tail vein injection, and then administered Wy-14 643 (6 mg/kg) 2 h before p-GalN/LPS exposure (n=9); 3-MA/Wy/p-GalN/LPS-
treated mice were coadministered 3-MA (10 mg/kg) and Wy-14 643 at 2 h before p-GalN/LPS exposure (n = 7). Mice were killed 6 h after o-GalN/LPS treatment, and liver and
serum samples were collected (apart from (d). (a) Gene expression levels of autophagy-related proteins, including Atg7, Atg5 and Beclin-1, were measured by gRT-PCR in
livers from control mice, p-GalN/LPS-treated mice and Wy/b-GalN/LPS-treated mice. The average target gene/HPRT ratios for each experimental group were plotted.
(b) Protein expression levels of autophagy-related proteins, including LC3B, Atg7, Atg5, Beclin-1, p62 and PPARe, were measured by western blotting in livers from control
mice, b-GalN/LPS-treated mice and Wy/p-GalN/LPS-treated mice. A representative blot for three samples from each group is shown. Densitometry analysis of the proteins was
performed for each sample. (c) Protein expression levels of Atg7 and f3-actin were measured by western blotting. A representative blot for two samples from every group is
shown. (d) Serum AST and ALT enzyme levels from different groups. (e) The survival rate of mice was measured in different groups (10 mice per group). (f) Representative
livers and H&E staining of livers ( x 200) from different groups. (g) Gene expression levels of PPARx were measured by gRT-PCR in control mice (n = 8), o-GalN/LPS-treated
mice (n=10), siAtg7/p-GalN/LPS-treated mice (n=8), 3-MA/p-GalN/LPS-treated mice (n=9) and Wy-14 643/p-GalN/LPS-treated mice (n=28). (h) Protein expression
levels of LC3B, p62 and f-actin were measured by western blotting in livers from p-GalN/LPS-treated mice (n = 6), Wy/p-GalN/LPS-treated mice (n= 8) and CQ/Wy/p-GalN/
LPS-treated mice (n=8). A representative blot for two samples from each group is shown. Densitometry analysis of the proteins was performed for each sample

autophagy-related gene expression using an RNA interfer-
ence approach to downregulate PPARx expression in macro-
phages. As shown in Figure 6¢c, PPARx siRNA reduced the
Wy-14 643 treatment-induced upregulation of Afg7, Atg5 and
Beclin-1 genes. Furthermore, we tested the effect of Atg7
siRNA or 3-MA treatment in DMEM on autophagy. As shown
in Figure 6d, compared with LPS-treated cells, Wy-14643
treatment increased the ratio of LC3II/I, the expression levels
of Atg7 and PPARz, and also increased the degradation of
p62; moreover, compared with Wy-14 643-treated cells, Atg7
siRNA or 3-MA treatment decreased the ratio of LC3Il/I, the
expression levels of Atg7, decreased the degradation of p62
and almost no change of PPARu.

Autophagic flux in primary mouse hepatocytes was
monitored after treatment with Wy-14 643 in the presence or
absence of CQ. The influence of Wy-14 643, with or without
CQ, on LC3l/Il levels and p62 was assessed by western

blotting. As shown in Figure 6e, Wy-14643 induced the
lipidation of LC3I to LC3Il and the degradation of p62. The
addition of CQ further increased LC3II conversion, and also
decreased the degradation of p62 compared with cells treated
with Wy-14 643 only. Taken together, analysis of the level of
LC3-1l/I and p62/-actin ratio showed that PPARo activation
can directly induce autophagic flux in BMDMs.

To further examine the notion of the PPAR«-mediated
autophagy in the macrophages activated by TLR4 signaling,
we added 3-MA in Wy-14 643-treated macrophage cultures or
transfected siRNA Atg7 into macrophages before Wy-14 643
treatment. Indeed, the LPS-induced proinflammatory cytokine
and chemokine levels were restored after inhibition of
autophagy (Figures 6f and g). Thus, we concluded that
PPARo activation promotes autophagy to regulate macro-
phage TLR4 response by downregulating the gene expres-
sion of proinflammatory markers and chemokines.
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Figure4 PPARx promotes autophagy to suppress liver inflammation in ALF. (a) Gene expression levels of TNF-o, IL-1/3 and IL-6 at 6 h after p-GalN/LPS injection in livers
from the above groups (the same as Figure 3) and IL-12p40 at 2 h after p-GalN/LPS injection in livers from the above groups (n= 8). The average target gene/HPRT ratios for
each experimental group were plotted. (b) Liver MPO levels at 6 h after p-GalN/LPS injection in livers from the above groups (the same as Figure 3). (c) Gene expression levels
of CCL-1, CCL-2, CXCL-1 and CXCL-10 at 6 h after p-GalN/LPS injection in livers from the above groups (the same as Figure 3). The average target gene/HPRT ratios for
each experimental group were plotted
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Figure 5 PPARx activation regulates the primary macrophage TLR4 response in vitro. BMDMs were stimulated with LPS for 1h (for IL-12p40) or 6 h (for TNF-o, IL-13,
IL-6, inducible nitric oxide synthase (INOS), CCL-1, CCL-2, CXCL-1 and CXCL-10) in the absence or presence of Wy-14 643 (10, 25 or 50 :M). (a) Gene induction of TNF-g;, IL-1p3,
IL-6, IL-12p40 and iNOS was measured by gRT-PCR. The average target gene/HPRT ratios for each experimental group were plotted. (b) Gene induction of CCL-1, CCL-2,
CXCL-1 and CXCL-10 was measured by qRT-PCR. The average target gene/HPRT ratios for each experimental group were plotted. (c) Protein expression levels of PPARx were
measured by western blotting in BMDMs stimulated by LPS in the absence or presence of Wy-14 643 (50 «M). Densitometry analysis of the proteins was performed

Decreased expression of PPAR« in the liver of ALF measure the changes in PPARx among normal subjects,
patients with HBV infection. To determine whether PPAR« chronic hepatitis B (CHB) patients and ALF patients with
participates in the progression of ALF in patients with HBYV infection. Relative to the normal controls, the qRT-PCR
hepatitis B virus (HBV) infection, we used liver tissues to results showed that PPARx gene expression levels were not
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Figure 6 PPARu activation suppresses proinflammatory response by promoting autophagy in vitro. (a) BMDMs were stimulated with or without Wy-14 643 (10, 25 or
50 uM). Total cell lysates were analyzed for LC3B, p62, Atg7, Beclin-1 and Atg5, as well as total f-actin protein levels by western blotting. Densitometry analysis of the proteins
was performed for each sample. Data are shown as mean + S.E.M (n=3). *P<0.05 or *P < 0.01, compared with dimethylsulfoxide (DMSO)-treated BMDMs. (b) Transfected
GFP-LC3 plasmid for 12 h, BMDMs were preincubated with Wy-14 643 (10, 25 or 50 um) for 24 h to observe the formation of autophagosomes. The percentage of cells with
GFP-LC3 puncta in the groups receiving different concentrations. GFP-positive cells were defined as cells that display bright, punctate staining. Approximately 50 cells were
counted, and the experiment was repeated at least three times. (c) After transfection of PPARx siRNA or control siRNA (3 mg/ml) for 36 h, BMDMs were incubated with or
without Wy-14 643 (50 M) for 6 h. Gene induction of Atg7, Atg5 and Beclin-1 was measured by gRT-PCR. The average target gene/HPRT ratios for each experimental group
were plotted. (d) After transfection of Atg7 siRNA (3 mg/ml) for 36 h or preincubation with 3-MA (10 mM/I) for 2 h, BMDMSs were incubated with or without Wy-14 643 (50 M) for
2h and then incubated in LPS (20 ng/ml) for 6 h. Western blot analysis shows the LC3BII/I ratio, Atg7, PPARx and p62 degradation. -Actin is shown as a loading control;
densitometry analysis of the proteins was performed for each sample; data are shown as mean £ S.E.M (n=3). (e) Wy-14 643 activates autophagic flux in the primary
hepatocytes of mice. Hepatocytes were treated with 50 M Wy-14 643 in the absence or presence of CQ (10 uM) for 24 h. Western blot analysis shows the LC3BII/I ratio and
p62 degradation. S-Actin is shown as a loading control; densitometry analysis of the proteins was performed for each sample; data are shown as mean + S.E.M (n=3).
(fand g) After transfection of Atg7 siRNA (3 mg/ml) for 36 h or preincubated 3-MA (10 mM/l) for 2 h, BMDMs were incubated with or without Wy-14 643 (50 M) for 2 h and then
incubated with LPS (20 ng/ml) for 6 h. Cytokine and chemokine gene induction was measured by qRT-PCR. The average target gene/HPRT ratios for each experimental group
were plotted

inhibit hepatocyte apoptosis and, consequently, result in liver
protection (as depicted in Figure 7d).

Increasing reports in the literature indicate that the
systemic inflammatory response, whether through hepatic
inflammation and/or sepsis, has a major role in determining
the outcome of ALF patients.®>*® Kupffer cells (macro-
phages in the liver) not only contribute to the early phase of
the disease but also cause sustained inflammation.3”:8
Moreover, immune-mediated liver injury is a consequence
of the recruitment of effector leukocytes to the liver where

different in the cases of CHB, but were significantly reduced
in the cases of ALF (Figure 7a). Similar results were obtained
by western blot analyses (Figure 7b) and immunofluores-
cence staining in liver tissue (Figure 7c). These results
indicated that PPARa expression is also depressed in
patients with ALF induced by HBV infection.

Discussion
Although PPARo activation exerts strong anti-inflammatory
properties in various animal models of liver injury,2®=34 its role

in the context of ALF has not yet been explored. The main
findings of the present study were that PPARx activation
promotes autophagy, which may depress liver inflammation to

they mediate tissue damage.®® Leukocyte migration from
the vascular lumen into the surrounding extravascular
tissue makes a significant contribution to liver injury in
ALF 2840 gtydies have shown that neutrophil accumulation
in a liver with ALF can be triggered by a variety of
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Figure7 PPARo expression is decreased in the liver of ALF patients with HBV infection. (a) Gene expression of PPARx was measured by qRT-PCR in the livers of normal
subjects (n=8), CHB patients (n=12) and ALF patients (n= 12). The average target gene/HPRT ratios for each experimental group were plotted. (b) Protein expression
levels of PPARx were measured by western blotting in the livers of normal subjects (n=8), CHB patients (n= 12) and ALF patients (n= 12). A representative blot from two
samples of every group is shown. Densitometry analysis of the proteins was performed for each sample. (¢) Immunofluorescence staining for PPARx (red) in the liver of
normal subjects, CHB patients and ALF patients with HBV infection. Representative images of each experiment are shown. Original magnification, x 400. (d) In the p-GalN/
LPS-induced ALF mice, PPARx was suppressed, which promotes downregulation of autophagy and increases the expression of proinflammatory cytokines and chemokines.
These events lead to incremental neutrophil infiltration and inflammation in the liver and ultimately induce the development of ALF. Red arrows indicate PPARx agonist;

Wy-14 643 induced changes in ALF mice relative to their DMSO-injected counterparts

proinflammatory mediators and chemokines.*'**2 Our
results showed that PPAR« activation significantly reduced
the p-GalN/LPS-induced acute liver damage by reducing the
expression of proinflammatory cytokines and chemokines,
regulating the activities of the NF-xB and MAPK pathways.
Therefore, we speculate that one of the protective mechan-
isms of PPAR« activation is the reduced activation of the
NF-xB and MAPK pathways in the liver in cases of ALF. In
one regard, this mechanism can repress the cascade
activation of inflammatory cytokines and directly control
liver inflammation. By contrast, PPARa activation signifi-
cantly decreased the expression of chemokines, which
resulted in mitigating neutrophil migration and infiltration in
the liver, further indirectly alleviating inflammation. Taken
together, our results confirmed that PPAR« activation can
effectively treat liver injury due to ALF. This finding
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implicates PPARo as an important target for the effective
intervention of ALF.

What is the underlying mechanism mediating the effect of
PPARu activation on liver inflammation? The regulation of
autophagy via PPARu signaling is a novel finding. Auto-
phagy is an intracellular degradation process through which
long-lived cytosolic proteins and organelles are degraded
by lysosomes and recycled. Autophagic flux can be
monitored by combining the measurement of LC3Il and
p62 levels. An increase of LC3Il conversion with the
degradation of p62 indicates the induction of autophagic
flux, whereas the increase of LC3Il conversion without the
degradation of p62 indicates the inhibition of autophagic
flux.*2 Our results demonstrated that PPARx activation can
upregulate the autophagy-related genes Atg5 and Atg7,
more importantly, PPARo activation increase LC3II



conversion and p62 degradation in vivo and in vitro. In
conclusion, our study revealed that PPARo activation
promotes autophagic flux in the progression of p-GalN/
LPS-induced ALF.

Because autophagy affects the effector cells of innate and
adaptive immunity, which mediate the inflammatory response,
its activity in these cells influences the anti-microbial
response, and the development of an effective cognate
immune defense. Loss or decreased autophagy may lead to
necrotic death that can initiate an inflammatory reaction in
phagocytes through their surface and cytosolic receptors;
thus, autophagy can shape inflammatory responses.*® Our
preliminary research found that autophagy is promoted in the
early phase of p-GalN/LPS-induced ALF and inhibited in the
later phase of bp-GalN/LPS-induced ALF, and it has a
protective role in ALF (Ren Feng et al., unpublished paper).
We further explored the role of autophagy in the protection of
PPARo activation-treated ALF. We found that inhibition of
autophagy reversed the protective effect of PPAR« activation
on ALF, restored the upregulation of gene expression of the
inflammatory cytokines and chemokines and reversed the
decreased infiltration and migration of neutrophils in the liver.
We demonstrated a new pathogenic mechanism of ALF that
PPARu activation attenuates the inflammatory response to
protect against p-GalN/LPS-induced ALF in mice by promot-
ing autophagy.

A previous study demonstrated that reductions in PPARx
levels resulted in a significant inhibition of HBV replication in
HepG2 cells.** However, the role of PPARx expression in the
progression of ALF patients with HBV infection remains
unclear. Our studies further explored this role and showed that
PPARu levels are not influenced in CHB patients compared
with normal subjects, whereas it is downregulated in ALF
patients with HBV infection. It can be speculated that PPARx
may have an important role in the pathogenesis of HBV
infection-induced ALF, especially in the regulation of liver
inflammation; however, the mechanisms may differ between
mouse ALF induced by p-GalN/LPS and human ALF induced
by HBV. Based on our findings, we speculate that PPAR«
levels can be considered an early warning sign of ALF with
HBV infection. Additional in-depth research for these ques-
tions is needed.

A limitation of our study is that we could not assess exactly
how PPARo« regulates the autophagy pathway. We have
found that PPARo activation significantly inhibits the phos-
phorylation levels of Akt in p-GalN/LPS-induced ALF, and
previous studies have shown that activation of the PI3K-Akt
pathway significantly inhibits the autophagic pathway.*®*
Therefore, we hypothesize that PPARo activation may
regulate autophagy through the PI3K-Akt pathway signaling
pathway in the progression of ALF. At present, this hypothesis
is under further exploration.

In summary, this study adds to the general understanding of
mechanisms of ALF and provides new insight into the
importance of PPARu in regulating liver inflammation, partially
through an autophagy pathway. Therefore, PPAR« activation
represents a potent strategy to ameliorate ALF pathology.
Further preclinical studies on PPARx agonists are warranted
for the development of a clinically applicable therapeutic
strategy against ALF.

PPAR« protects against ALF by promoting autophagy
M Jiao et a/

Materials and Methods

Animal experiments. Male wild-type (C57BL/6) mice (aged 8-12 weeks)
were purchased from Capital Medical University (Beijing, China) and housed in the
Capital Medical University animal facility under specific pathogen-free condition
and received humane care according to Capital Medical University Animal Care
Committee guidelines.

The mice were intraperitoneally injected with p-GalN (700 mg/kg; Sigma,
St. Louis, MO, USA) and LPS (10 ug/kg; InvivoGen, San Diego, CA, USA) to induce
ALF or with saline in the control animals. The PPARe activator Wy-14 643 (6 mg/kg;
Sigma) was administered via injection into the tail vein 2h before p-GalN/LPS
exposure. Suppression of autophagy was achieved by tail vein injection of 3-MA
(10mg/kg; Sigma) or siRNA for Atg7 (50 uM/kg). CQ (C6628; Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in normal saline solution. Mice were pre-treated
with CQ (50 mg/kg, intraperitoneally) 2 h before p-GalN/LPS exposure. The mice
were killed at various time points after o-GalN/LPS treatment, and liver and serum
samples were collected for future analysis.

Human specimens. Normal liver samples were collected from eight patients
undergoing hepatic resection for liver transplantation. CHB samples were obtained
from the livers of 12 patients undergoing liver puncture biopsy. ALF samples were
obtained from the livers of 12 patients with HBV infection undergoing liver
transplantation. This study meets the ethical guidelines of the 1975 Declaration of
Helsinki, and the study protocol was approved by the Medical Ethics Committee of
Beijing YouAn Hospital. Informed consent was obtained from all patients. The
clinical characteristics and details of the patients included in the study are shown
in Table 1.

Hepatocellular damage assay, liver histology and MPO assay.
Serum aminotransferase, liver histology by H&E staining and MPO assays were
performed as described previously.*”*®

Quantitative real-time PCR analysis and primer sequences. Total
RNA was isolated from hepatic samples using Trizol reagent according to the
manufacturer's protocol. A total of 2.5 ug of RNA was reverse transcribed into
cDNA using SuperScript Il First-Strand Synthesis System (Invitrogen, Carlsbad,
CA, USA). Quantitative PCR was performed using the DNA Engine with Chromo 4
Detector (MJ Research, Waltham, MA, USA). The following were added to a final
reaction volume of 20 ul: 1 x SuperMix (Platinum SYBR Green gPCR Kit;
Invitrogen); cDNA (2 ul); and 0.5 uM of each primer. The amplification conditions
were as follows: 50 °C for 2min and 95 °C for 5min, followed by 50 cycles of
95°C for 15s and 60 °C for 30s. The primers used to amplify the specific mouse
gene fragments are listed in Table 2.

Western blot analyses. Protein was extracted from liver tissue in RIPA
buffer together with phosphatase and protease inhibitors. Proteins in SDS-loading
buffer were subjected to SDS-12% polyacrylamide gel electrophoresis and
transferred to a PVDF membrane (Bio-Rad, Hercules, CA, USA). Antibodies
against PPARx (Abcam, Cambridge, MA, USA), phosphorylated ERK, phos-
phorylated JNK, phosphorylated p38, phosphorylated NF-xBp65, LC3B, Atg7,
Atgb, Beclin-1, Lamp1 and f-actin (Cell Signaling Technology Inc., Santa Cruz,
CA, USA) were used for western blot analysis. The membranes were probed with
primary antibodies (1:500-1000) in 10 ml of blocking buffer overnight at 4 °C. After
washing, the membranes were further probed with the appropriate horseradish
peroxidase-conjugated secondary antibody (1:2000) in 10 ml of blocking buffer for
1h at room temperature. SuperSignal West Pico chemiluminescent substrates
(Thermo Fisher Scientific, Rockford, IL, USA) were used for chemiluminescence
development.

Atg7 siRNA treatment in vivo. Autophagy was inhibited through the
siRNA against Atg7 (50 uM/kg; Jima, Suzhou, China); its sequence is
5'-GCAUCAUCUUCGAAGUGAATT-3'. Atg7 knockdown was achieved by siRNA
using an Entranster in vivo transfection reagent (Engreen Biosystem Co., Beijing,
China) via hydrodynamic tail vein injection in mice. Scrambled siRNA (50 nM/kg)
was used as a control. The processes were performed following the
manufacturer’s instructions.

BMDM cell culture and treatment. Murine BMDMSs, differentiated from
bone marrow cells, were prepared by culturing cells in DMEM containing 10%
fetal bovine serum, 1% penicillin/streptomycin and 20% L929 conditioned medium

o
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Table 1 General clinical characteristics of the different study groups

Normal subjects (n=28) Chronic hepatitis B Acute liver failure P-value
patients (n=12) patients (n=12)
Age (years) 39.413.6 324141 416+53 0.11
Gender (male/female) 6/2 7/5 8/4 0.437
Alanine aminotransferase (U/l) 35.1+6.1 93.3+18.3 210.4+£76.3 0.026
Aspartate aminotransferase (U/l) 30.6+3.9 62.6+15.4 305.8+44.6 0.038
Serum bilirubin (umol/l) 8.8+2.9 20.9+6.3 196.1+50.6 0.01
Prothrombin time (s) 9+24 15+5.2 344+72 0.022
Albumin (g/1) 46.216.9 32.6+10.8 26.7+5.7 0.039
Creatinine (umol/l) 73.6t215 80.1+£29.0 95.4+32.8 0.042
Hepatic encephalopathy score — — 1.7+0.3 —
Child—Pugh score — 6+0.6 13.7t24 0.031
Model for end-stage liver disease score — — 28.2+4.2 —
HBsAg test — Positive Positive —

Table 2 Sequences of the primers for SYBR Green real-time RT-PCR

Target gene

Forward primers

Reverse primers

HPRT
TNF-o.
IL-1p
IL-6
IL-12p40
iNOS
CcCL-1
CcCL-2
CcXcL1
CXCL10
Atg7
Atgs
Beclin-1
Lamp1

5'-TCAACGGGGGACATAAAAGT-3

5-GCCTCTTCTCATTCCTGCTTGT-3

5'-TTGACGGACCCCAAAAGAT-3

5'-GCTACCAAACTGGATATAATCAGGA-3
5'-CAGCTTCTTCATCAGGGACAT-3

5'-CACCTTGGAGTTCACCCAGT-3'
5'-GTACCTGAACCGGCATCTG-3
5'-TGACCACCTAGAGCCTTGGA-3'
5-ACTTCAAGAACATCCAGAG-3
5'-GCTGCCGTCATTTTCTGC-3'
5-TCCGTTGAAGTCCTCTGCTT-3
5-AGATGGACAGCTGCACACAC-3
5'-GGCCAATAAGATGGGTCTGA-3
5'-GATGAATGCCAGCTCTAGCC-3

5-TGCATTGTTTTACCAGTGTCAA-3
5'-TTGAGATCCATGCCGTTG-3
5-GATGATCTGAGTGTGAGGGTCTG-3
5-CCAGGTAGCTATGGTACTCCAGAA-3
5'-CTTGAGGGAGAAGTAGGAATGG-3
5-ACCACTCGTACTTGGGATGC-3
5'-GCTGAGCAGGGTCTTCAGAG-3'
5-TGTTCCCGTAGAGATCCACAA-3
5'-CTTTCCAGGTCAGTTAGC-3
5'-TCTCACTGGCCCGTCATC-3'
5-CCACTGAGGTTCACCATCCT-3
5'-GCTGGGGGACAATGCTAATA-3
5-GCTGCACACAGTCCAGAAAA-3
5-CTGGACCTGCACACTGAAGA-3

for 6 days. LPS (20 ng/ml) was used to activate cells, Wy-14643 (50 uM) was
used to activate PPARx, siRNA PPARo: (5'-GAGAUCGGCCUGGCCUUCUAAA-
CAU-3') was used to inhibit PPARe and 3-MA (10 mM) or Atg7 siRNA (3 mg/ml)
was used to inhibit autophagy in the macrophages. Transient transfection was
performed with a GFP-LC3 plasmid or Atg7 siRNA using Fugene HD (Roche,
Shanghai, China) according to the manufacturer’s instructions.

For macrophage-conditioned media, BMDMs were seeded in six-well plates at a
density of 4 x 10° cells per well in 3 ml of complete medium and incubated for 12 h.
BMDMs were stimulated with LPS (20 ng/ml) in the absence or presence of
Wy-14 643 (50 M) for 24 h. The BMDM-conditioned media were collected, clarified
by centrifugation at 400 x g and stored at — 20 °C until use.

Isolation and treatment of primary mouse hepatocytes. The
mouse livers were perfused with Hank’s solution containing collagenase at 7
weeks of age, and viable hepatocytes were isolated by Percoll isodensity
centrifugation as described.® The primary hepatocytes stimulated —with
actinomycin D (1 pg/ml; Sigma) in the absence or presence of BMDM-conditioned
media for 12h. The MTT assay (Amersco, Solon, OH, USA) was used as a
qualitative index of cell proliferation, and apoptosis was evaluated at 12 h by LDH
assays (Biochain Institute, Hayward, CA, USA). The processing was conducted
according to the manufacturer’s instructions.

Immunofluorescence staining. Paraffin sections were treated with xylene
for 10min three times. The sections were hydrated through a graded alcohol
series and then rinsed three times with distilled water. The slides were incubated
for 20 min in 10% goat serum in PBS and then a PPARw. rabbit polyclonal antibody
(Abcam) overnight at 4 °C. The slides were incubated with Alexa Fluor 568 goat
anti-rabbit IgG (1:200; Invitrogen, Grand Island, NY, USA) for 45 min. After three
washes with PBS, the nuclei were stained with 4’,6-diamidino-2-phenylindole
(1 pg/ml; Shizebio, Shanghai, China) for 10 min. The images were examined on a
Nikon Eclipse E800 fluorescent microscope (Nikon Corp., Tokyo, Japan).

Cell Death and Disease

Statistical analyses. The results are shown as the mean+ S.E.M. The
statistical analyses were performed using an unpaired Student's ttest, and
P<0.05 (two tailed) was considered significant.
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