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Lipopolysaccharide mediates hepatic stellate cell activation by regulating autophagy

and retinoic acid signaling
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ABSTRACT

Bacterial translocation and lipopolysaccharide (LPS) leakage occur at a very early stage of liver fibrosis in
animal models. We studied the role of LPS in hepatic stellate cell (HSC) activation and the underlying
mechanisms in vitro and in vivo. Herein, we demonstrated that LPS treatment led to a dramatic increase in
autophagosome formation and autophagic flux in LX-2 cells and HSCs, which was mediated through the
AKT-MTOR and AMPK-ULK1 pathway. LPS significantly decreased the lipid content, including the lipid
droplet (LD) number and lipid staining area in HSCs; pretreatment with macroautophagy/autophagy
inhibitors or silencing ATG5 attenuated this decrease. Furthermore, lipophagy was induced by LPS through
the autophagy-lysosomal pathway in LX-2 cells and HSCs. Additionally, LPS-induced autophagy further
reduced retinoic acid (RA) signaling, as demonstrated by a decrease in the intracellular RA level and Rar
target genes, resulting in the downregulation of Bambi and promoting the sensitization of the HSC's fibrosis
response to TGFB. Compared with CCl, injection alone, CCl, plus LPS injection exaggerated liver fibrosis in
mice, as demonstrated by increased Col7al (collagen, type |, @ 1), Acta2, Tgfb and Timp1 mRNA expression,
ACTA2/a-SMA and COLTA1 protein expression, and Sirius Red staining area, which could be attenuated by
injection of an autophagy inhibitor. LPS also reduced lipid content in HSCs in vivo, with this change being
attenuated by chloroquine (CQ) administration. In conclusion, LPS-induced autophagy resulted in LD loss, RA
signaling dysfunction, and downregulation of the TGFB pseudoreceptor Bambi, thus sensitizing HSCs to

ARTICLE HISTORY
Received 3 October 2016
Revised 11 June 2017
Accepted 11 July 2017

KEYWORDS

autophagy; BAMBI; hepatic
stellate cell; liver fibrosis; LPS;
retinoic acid signaling; TGFB

TGFB signaling.

Introduction

Liver fibrosis represents an adaptive response to repeated
chronic liver injuries, which are primarily caused by chronic
viral hepatitis and steatohepatitis associated with either alcohol
consumption or obesity."* Studies using animal models of liver
fibrosis have demonstrated that myofibroblasts, which are not
present in normal liver tissue, play a crucial role in hepatic
fibrogenesis. Myofibroblasts are derived from 3 cellular sources,
liver resident hepatic stellate cells (HSCs), portal fibroblasts and
bone marrow-derived collagen-producing cells, and the com-
position of myofibroblasts varies depending on the etiology of
liver fibrosis.” However, activated HSCs are the predominant
type of myofibroblasts observed during the progression of liver
fibrosis.* Quiescent HSCs, which are located in the space of
Disse and store retinoids in lipid droplets (LDs), transform into
an activated phenotype characterized by the induction of
fibrotic markers and depletion of LDs. However, the mecha-
nisms underlying HSC activation remain unclear. Therefore,
elucidating these HSC activation events could promote new
strategies for preventing and treating liver fibrosis.

Autophagy is an evolutionarily conserved process in
which cytoplasmic constituents, including damaged and dys-
functional proteins and organelles, are delivered to lysosomes

for degradation and recycling of the breakdown products.’
Macroautophagy (hereafter referred to as autophagy)
involves the formation of double-membraned vesicles called
autophagosomes and the subsequent fusion of autophago-
somes with lysosomes for cargo recycling to maintain cellular
homeostasis.’ Defects in autophagy have been closely associ-
ated with many human diseases, including cancer, infection
and neurodegeneration.””” Recent studies have demonstrated
that functional autophagy is involved in lipid clearance in
hepatocytes, a process termed lipophagy.'®'* Previous stud-
ies have shown that autophagy plays a critical role in lipid
clearance and fibrotic activity,">'> and this effect is associ-
ated with the liberation of free fatty acids from LDs and sub-
sequent mitochondrial B-oxidation, which provides energy to
support HSC activation.'®

Bacterial lipopolysaccharide (LPS), a cell wall component
of gram-negative bacteria that is among the strongest known
inducers of inflammation, has been found to be associated
with hepatic fibrogenesis through direct interactions with
HSCs.!” During chronic liver injury caused by CCly injection
or bile duct ligation (BDL), the plasma concentration of LPS
is significantly elevated even at a very early stage due to
changes in the intestinal mucosal permeability and increased
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bacterial translocation.'”'® Consistent with these reports, one
recent study observed that the transplantation of Gram-nega-
tive bacteria affects hepatic fibrogenesis after BDL."” How-
ever, the molecular mechanism underlying the effects of LPS
on HSC activation is poorly understood. Recent studies have
shown that LPS induces autophagy in macrophages, linking 2
ancient processes, autophagy and innate immunity.”?
Here, we hypothesized that the LPS regulates HSC activation
through autophagy and retinoic acid signaling.

Results
LPS treatment induced autophagic markers in LX-2 cells

LX-2 cells were exposed to LPS at a concentration of 0, 0.1, 1,
10 or 100 ng/ml for 24 h, and the expression of the autophagy
marker microtubule-associated protein 1 light chain 3B/LC3B,
a mammalian homolog of yeast Atg8, was assessed. As shown
in Fig. 1A, LPS treatment significantly increased the steady-
state level of LC3B-ILLC3B-I in a concentration-dependent
manner. Disruption of the biological effects of LPS by poly-
myxin B reversed the LPS-induced downregulation of
SQSTM1/p62 (Fig. S1A). We also demonstrated that LPS dra-
matically increased LC3B-II expression and markedly reduced
the expression of SQSTM1 in LX-2 cells pretreated with a com-
bination of retinol and palmitic acid to stimulate lipid accumu-
lation (Fig. S1B and S1C). Furthermore, LPS treatment failed to
affect the cell viability, LX-2 cell death and cellular damage
(Fig. S1D).

Next, we evaluated the time course of autophagy in
response to LPS in LX-2 cells. LX-2 cells were treated with
100 ng/ml of LPS for 0, 3, 8, 12 and 24 h. The LC3B-II:LC3B-
I expression ratio decreased at 3 h and then dramatically
increased at 24 h, whereas SQSTM1 expression increased at
3 h and then significantly decreased at 24 h after LPS treat-
ment (Fig. 1B). Taken together, these data demonstrated that
LPS exposure at the concentration of 100 ng/ml led to a dra-
matic upregulation of autophagy after 24 h; therefore, this
time point and dose were used in the subsequent experiments.

To further confirm that LPS induced autophagy in LX-2
cells, the endogenous LC3B level was determined using confo-
cal microscopy. Incubation of LX-2 cells with LPS increased
the formation of LC3B-II puncta compared with that in the
control (Fig. S1E). Moreover, LX-2 cells were transfected with
an exogenous GFP-LC3B plasmid and then treated with LPS or
vehicle. A significant increase in GFP-LC3B puncta was
observed in the LPS-treated LX-2 cells compared with the vehi-
cle-treated cells, indicating the formation of autophagic vesicles
(Fig. 1C). Similarly, a marked increase in endogenous LC3-II
puncta was demonstrated in primary HSCs exposed to LPS
(Fig. 1D).

LPS exposure promoted autophagic flux in LX-2 cells
and HSCs

Increased autophagosome formation can be attributed to either
induction of autophagy or, alternatively, the inhibition of late
lysosomal fusion or degradation. To investigate whether LPS
induces autophagic flux in stellate cells, chloroquine (CQ),

which attenuates lysosomal acidification and thus blocks the
turnover and degradation of autophagic cargo, was used. Incu-
bation of cells with CQ resulted in significantly increased
LC3B-II expression, and treatment with LPS+CQ revealed a
further increase in LC3B-II expression, as shown in Fig. S3A.
We also confirmed that LPS increased autophagic flux by trans-
fecting LX-2 cells with the GFP-LC3 construct. As GFP-LC3 is
delivered to lysosomes, the LC3 portion is sensitive to hydroly-
sis, whereas the GFP protein is relatively resistant. Therefore,
the cleaved GFP level can be used to monitor autophagic flux.
Incubation of LX-2 cells with LPS resulted in a marked increase
in free GFP, whereas pretreatment with CQ attenuated the
LPS-mediated upregulation of cleaved GFP, as shown in
Fig. S3B. Furthermore, LX-2 cells were transfected with the
dual fluorescent reporter mRFP-EGFP-LC3 and assessed for
the number of red versus yellow puncta. As shown in Fig. S3C
and S3D, LPS exposure increased the numbers of both yellow
(autophagic vesicles) and red (autolysosomes) puncta. The yel-
low signal was generated by overlaying GFP fluorescence and
RFP fluorescence, whereas the “red-only” puncta were gener-
ated from the RFP fluorescence. Similar results were also con-
firmed in primary HSCs pretreated with CQ followed by LPS
(Fig. 1E). Taken together, our findings demonstrate that LPS
exposure increased autophagic flux by increasing the initiation
of autophagy.

The AKT-MTOR signaling pathway mediated LPS-induced
autophagy

The AKT-MTOR cascade is considered a major negative regu-
lator of autophagy in multiple types of cell.'>**»** Therefore, we
examined whether this signaling pathway was also involved in
LPS-induced autophagy. As shown in Fig. 2, LPS treatment led
to significantly decreased phosphorylation of AKT at Thr308
and MTOR at Ser2448, and increased phosphorylation of
AMPK at Thr172and ATG5 expression. It has been reported
that cellular ceramide antagonizes LPS-mediated biological
functions.” Furthermore, phosphorylation of ULKI at differ-
ent sites by MTOR and AMPK is essential for autophagy induc-
tion. We next explored the effect of LPS on ULKI
phosphorylation and the possible role of ceramide in LPS-
mediated autophagy induction. We observed a marked increase
in ULK1 phosphorylation at Ser317 and a significant decrease
in ULK1 phosphorylation at Ser757 in LX-2 cells treated with
LPS, whereas pretreatment with C8 ceramide dramatically alle-
viated these effects (Fig. S4). Next, to investigate whether TLR4
was required for LPS-induced autophagy, LX-2 cells were trans-
fected with a TLR4 siRNA and then treated with LPS. As shown
in Figs. S5A and S5B, TLR4 knockdown had no impact on
LPS-mediated MTOR, AKT and ULK1 phosphorylation. Con-
sistent with these results, we showed that TLR4 knockdown
also had no impact on LPS-induced LC3-II expression
(Fig. S5C and S5D).

LPS stimulated HSC lipophagy

Because LD depletion is a salient feature of HSC activation and
because lipophagy has been observed in hepatocytes both in
vitro and in vivo,'” we explored whether the LPS-mediated
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Figure 1. LPS-induced autophagosome formation in LX-2 cells. (A) Immunoblot analysis of the LC3 protein expression in LX-2 cells exposed to the indicated concentra-
tions of LPS. The results from quantitative analyses of LC3 expression are shown in the lower panel. “p < 0.05, **p < 0.001 compared with vehicle. (B) Immunoblot anal-
ysis of the LC3 and SQSTM1 proteins in LX-2 cells treated with LPS at various time points. The results from quantitative analyses are shown in the lower panel. *p < 0.05,
“*p < 0.01 compared with vehicle. (C) LX-2 cells were transfected with the plasmid GFP-LC3B for 24 h and then stimulated with LPS or vehicle for an additional 24 h. Rep-
resentative images of GFP-LC3B puncta are shown. *#p < 0.001 versus vehicle. Scale bar: 25 m. (D) LC3 staining was performed in LPS-treated HSCs and visualized by
confocal microscopy. Representative images and the results of quantitative analyses of LC3-Il puncta are shown in the upper and lower panels, respectively. “#p < 0.001
versus vehicle. Scale bar: 25 um. (E) Freshly isolated MmHSCs were pretreated with CQ for 3 h and then stimulated with LPS for another 24 h. The upper panel depicts
the LC3-Il levels. The lower panel shows the results of quantitative analyses of LC3-Il expression. “p < 0.05, **p < 0.01 compared with vehicle.
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Figure 2. Expression of AKT-MTOR signaling proteins in LX-2 cells treated with LPS or vehicle for 24 h. (A-D) Representative western blots depicting total and phosphory-
lated (p- Thr308) AKT, total and phosphorylated (Ser2448) MTOR, total and phosphorylated (Thr172) AMPK and ATGS. (E) Quantitative analyses of the ATG5, MTOR and
ATGS5 expression ratios are shown. Data represent mean =4 SEM. Open bar: control; closed bar: LPS group. “p < 0.05 versus control.

induction of autophagy contributed to a reduction in lipid con-
tent in LX-2 cells. We observed a significant reduction in the
lipid content of LX-2 cells pretreated with retinol and palmitic
acid, followed by LPS treatment (Fig. S6A). LPS exposure also
increased the amount of acridine orange staining, which is
indicative of the formation of acidic organelles that character-
izes autolysosomal activity (Fig. 3A). Furthermore, increased
colocalization of LC3 and Bodipy following LPS treatment
revealed a direct involvement of autophagy in LD metabolism
(Fig. 3B). Additionally, we also observed an increased overlap
between Bodipy 493 and LysoTracker Red staining in LX-2 cells
treated with LPS, indicating the induction of lipophagy
(Fig. S6B).

Next, to investigate whether LPS also induced lipophagy in
primary Mus musculus (mouse) HSCs (MmHSCs), we treated
MmHSCs with LPS for 24 h either immediately or on day 2
after isolation. LPS treatment resulted in significantly decreased
lipid content (Fig. 3C-E), whereas pretreatment with the auto-
phagy inhibitors CQ or LY294002 completely blocked the
reduction of LDs, indicating the involvement of autophagy in
LPS-induced lipid clearance (Fig. S7A-C and S7D-F). Addition-
ally, transfecting HSCs with siAtg5 almost totally reversed the
LPS-induced reduction of LDs (Fig. 3F-H). In contrast to
the results for LX-2 cells, we did not observe any difference in
the overlap between autophagosomes and LDs after LPS treat-
ment in MmHSCs (Fig. S7G). However, the colocalization of

lysosomes and LDs was significantly augmented in MmHSCs
exposed to LPS (Fig. 31).

LPS mediated the downregulation of Bambi through
autophagy and the subsequent promotion of the HSC
fibrotic response to TGFB signaling

Previous studies have shown that LPS downregulates the TGFB
pseudoreceptor Bambi, thus sensitizing HSCs to TGFB activa-
tion.'®***” Here, we revealed that autophagy activation was
involved in the LPS-mediated reduction of Bambi expression.
First, the autophagy inhibitors CQ and bafilomycin A; (BAF)
significantly reversed the LPS-induced reduction of Bambi
mRNA expression in primary HSCs (Fig. 4A). Second, treat-
ment with the autophagy inducers rapamycin and Earle’s bal-
anced salt solution (EBSS) strongly decreased the BAMBI
mRNA expression in LX-2 cells and HSCs (Fig. S8A). Further-
more, the marked decrease in BAMBI mRNA expression
observed in LX-2 cells and HSCs in response to LPS was signifi-
cantly reversed by ATG5 depletion. (Fig. 4B-D and Fig. S8B).
To explore whether LPS-induced autophagy altered the sen-
sitization of human LX-2 cells to TGFB, a genetic approach
was used. ATG5 siRNA knockdown prevented the LPS-medi-
ated promotion of fibrosis in the presence of TGFB (Fig. S8C-
E), indicating that LPS-induced autophagy was involved in aug-
menting the fibrotic response to TGFB. Additionally, HSCs
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Figure 3. LPS modulated lipophagy via the autophagy-lysosomal pathway in LX-2 cells and HSCs. (A) AO staining showed that LPS increased lysosomal acidification in LX-
2 cells. (B) LX-2 cells were pretreated with retinol + palmitic acid (iii-vi) or 0.2% ethanol (i, i) overnight before LPS or vehicle stimulation for an additional 24 h. Represen-
tative images are shown, with (v) and (vi) showing the enlarged area of the white boxes enclosed in (iii) and (iv), respectively. Arrow indicates the colocalization of LDs
and LC3. Scale bar: 25 um for (i-iv) and 7.5 um for (v-vi). (C-E) LDs staining (green) in freshly isolated HSCs treated with LPS. Nuclei were counterstained with DAPI (blue).
Scale bar: 25 ;um. Representative images (C) and results from the quantitative analysis of the number (D) and diameter distribution (E) of LDs are shown. ##n < 0.001
compared with control. Scale bar: 25 m. (F-H) Freshly isolated HSCs were transfected with siAtg5 or scrambled siRNA for 24 h and then stimulated with LPS for another
24 h. LDs were stained with Bodipy. Representative images and quantitative results for the total number and area of LDs are shown in (F-H). Scale bar: 25 um. (I) Repre-

sentative images of LD staining (green) and lysosome (red) in isolated HSCs plated on dishes for 1, 5, and 7 d, followed by LPS or vehicle treatment of 24 h. Scale bar:
25 pm.
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Figure 4. Role of autophagy in LPS-induced Bambi downregulation and HSC activation. (A) HSCs were pretreated with CQ and BAF for 3 h and subsequently treated with
***p < 0.001 compared with control,’p < 0.05 compared with the LPS group. (B) BAMBI mRNA expression in LX-2 cells

LPS for 24 h. Bambi mRNA expression is shown.

transfected with ATG5 siRNA and scrambled siRNA before LPS treatment. (C) The effect of siAtg5 knockdown was confirmed in HSCs. (D) Bambi, Rbp1 and Rarb mRNA
expression in freshly isolated HSCs transfected with Atg5 siRNA and scrambled siRNA followed by LPS stimulation. (E) HSCs were pretreated with CQ before LPS treatment
and then stimulated with TGFB. The mRNA expression of Col7aT is shown. **p < 0.01 versus TGFB, *p < 0.01 versus TGFB + LPS. (F-G) Col1a7 and Acta2 mRNA expres-
sion in HSCs transfected with siAtg5 or control siRNA and then stimulated with LPS followed by TGFB treatment. “p < 0.05 versus control, *p < 0.05, #p < 0.01 versus

TGFB, ¥p < 0.01, **p < 0.001 versus TGFB+-LPS.




were pretreated with the autophagy inhibitor CQ and subse-
quently treated with LPS before TGFB stimulation. LPS treat-
ment alone did not affect the mRNA expression of Collal but
did sensitize HSCs to TGFB stimulation; this effect was attenu-
ated by CQ pretreatment (Fig. 4E). These results were further
confirmed in HSCs transfected with siAfg5, in which LPS-
mediated enhancement of Collal and Acta2 expression in the
presence of TGFB was significantly attenuated (Fig. 4F-G).

LPS-induced RA signaling dysfunction inhibited Bambi
expression and promoted HSC activation

Previous studies have shown that there are similar amounts of
retinyl esters and triglycerides contained in the LDs of
HSCs.**** We investigated whether LPS-induced autophagy
also contributed to retinoid depletion during HSC activation.
Staining experiments showed a marked increase in retinyl ester
and lysosome colocalization in LPS-treated MmHSCs com-
pared with vehicle-treated cells, suggesting a possible role of
autophagy in retinoid hydrolysis during HSC activation
(Fig. S9). Additionally, LPS markedly reduced the mRNA
expression of Rarb and Rarg in HSCs, and pretreatment with
autophagy inhibitors restored the Rarb and Rarg expression
without altering the Rara expression (Fig. 5A). By contrast, pre-
treatment with autophagy inhibitors dramatically suppressed
the LPS-induced downregulation of RARA and RARG expres-
sion in LX-2 cells (Fig. S10A). Furthermore, ATG5 silencing
abolished the LPS-mediated decrease in RARA expression in
LX-2 cells (Fig. S10B). Next, treatment of HSCs with the auto-
phagy inducer rapamycin and EBSS led to dysfunctional RA
signaling, as indicated by a marked decrease in the expression
of Rara, Rarb and Rarg mRNA, indicating a direct effect of
autophagy on RA signaling (Fig. 5B). We also demonstrated
that Atg5 depletion reversed LPS-mediated downregulation of
the expression of the RAR target genes, RbpI and Rarb in HSCs
(Fig. 4E). Direct quantitative measurement of RA showed a sig-
nificantly reduced intracellular RA level in HSCs treated with
LPS, while pretreatment with autophagy inhibitors almost
completely prevented this effect (Fig. 5C). Similar colocaliza-
tion of RA receptors (RARs) and lysosomes was observed in
both LPS- and vehicle-treated HSCs (Fig. S11), thus excluding
the possibility that RARs degradation contributed to the
decreased induction of RAR target genes and confirming that
the decreased RA concentration caused by LPS-mediated auto-
phagy induction was responsible for the downregulation of
RAR signaling.

Next, to investigate the role of RA signaling in Bambi
expression, HSCs and LX-2 cells were pretreated with the RAR
activators RA or Am580, followed by LPS. A significant
decrease in the expression of Bambi mRNA and protein was
observed in both HSCs and LX-2 cells treated with LPS, and
this effect could be totally abolished by RA or Am580 pretreat-
ment (Fig. 5D and Fig. S10C). RA or Am580 pretreatment also
markedly inhibited the LPS-induced decease in the expression
of Rbp1, Rarb and Rarg mRNA (Fig. 5E-G). There were no sig-
nificant changes in the expression of Rara mRNA (Fig. S10D).
These results imply that RA signaling plays an upstream role in
Bambi regulation in LPS-treated HSCs. To clarify the mecha-
nisms by which RA signaling increased BAMBI expression,
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HSCs were treated with RA or Am580 in the presence or
absence of cycloheximide (CHX), a protein synthesis inhibitor.
Similar levels of Bambi mRNA induction were observed in
HSCs treated with CHX, RA plus CHX or Am580 plus CHX
(Fig. S$12), indicating that RA signaling regulated Bambi expres-
sion at least in part through transcriptional effects. Decreased
Bambi mRNA expression may be due to a decrease in either
the intracellular RA concentration or Rars mRNA expression.
To this end, we transfected HSCs with siRarb or scrambled
siRNA. Rarb knockdown ameliorated the induction of Bambi
mRNA expression by the RARs activator Am580 (Fig. S13),
demonstrating that RA signaling regulated Bambi mRNA
expression through RARs.

To determine whether restoring RA signaling through RA
and Am580 treatment could inhibit the LPS-induced sensitiza-
tion of HSCs to TGEFB, freshly isolated HSCs were pretreated
with RA or Am580, treated with LPS and then stimulated with
TGEFB. LPS plus TGFB markedly enhanced the mRNA expres-
sion of Collal and Acta2 compared with TGFB treatment
alone, and pretreatment with both RA and Am580 suppressed
the enhancement (Fig. 5H-I). Overall, these data suggested that
the decreased retinoid storage caused by LPS-induced auto-
phagy in HSCs led to dysfunctional RA signaling, further
reducing the expression of the TGFB pseudoreceptor BAMBI
and increasing the sensitization of HSCs to TGFB.

Autophagy is involved in the LPS-mediated augmentation
of the fibrotic response in CCl,-treated mice

To elucidate whether autophagy also plays a role in the LPS-
mediated exaggeration of liver fibrosis in an animal model,
mice were randomly assigned to 8 groups: control, LPS alone,
CQ alone, LPS+CQ, CCl, alone, CCl,+LPS, CCl,+CQ, and
CCl4+LPS+CQ. Mice treated with CCl, developed liver fibro-
sis as expected. Compared with CCl,, LPS plus CCl, signifi-
cantly increased the Sirius Red staining area (an indication of
fibrosis) in liver sections, whereas co-treatment with CQ
markedly inhibited this effect (Fig. 6A). Consistent with this
finding, the hepatic mRNA expression levels of Collal, Acta2,
Tgfb and Timpl were significantly higher in LPS-treated mice
than in controls in the CCl-induced liver fibrosis model
(Fig. 6B-C and Figs. S14A, S14B). This effect was dramatically
ameliorated by CQ injection. Furthermore, the hepatic ACTA2
and COL1A1 protein expression was markedly increased in
CCly+LPS-treated mice compared with that in mice treated
with CCl, alone, whereas CQ co-treatment significantly sup-
pressed the LPS-induced effect (Fig. 6D-E). Collectively, these
data indicate an important role of autophagy in the LPS-aggra-
vated fibrotic response of mice treated with CCl,.

LPS induced autophagy and decreased RA signaling
in HSCs in vivo

To explore the effect of LPS on lipid storage and RA signaling
in HSCs in vivo, mice were subjected to 3 intraperitoneal injec-
tions of CQ, followed by a single tail vein injection of LPS. After
4 h, HSCs were isolated and assessed to determine the lipid
content and RAR target gene expression. As shown in Fig. 7A,
the HSCs from saline-treated mice contained several large LDs,
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TGFB treatments. “p < 0.05, **p < 0.001 versus control, *p < 0.05 versus LPS+TGFB.
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a characteristic feature of quiescent HSCs. LPS treatment of
these mice resulted in the disappearance of large LDs and an
increase in small LDs in the HSCs, whereas pretreatment with
CQ restored the lipid content to a level similar to that of con-
trol. Moreover, the Bambi, Cyp26al, Rbpl and Rarg expression
was dramatically decreased in the HSCs from LPS-treated mice
relative to that of the control, whereas CQ pretreatment
reversed this change (Fig. 7B-E). However, CQ treatment failed
to reverse the LPS-induced downregulation of Rarb mRNA
expression, and no significant difference in the expression of
Rara mRNA was observed (Fig. S15). We also performed
experiments determining whether RA depletion by LPS-
induced autophagy occurred in HSCs isolated from mice
injected with CQ followed by LPS. The results showed a
remarkable reduction of the RA level in HSCs in response to
LPS, whereas pretreatment with CQ partly restored the RA
concentration (Fig. 7F).

Next, to demonstrate that LPS induced autophagic flux in
HSCs in vivo, mice were injected with CQ and then adminis-
tered LPS, and HSCs were isolated. As shown in Fig. 7G, CQ
alone blocked LC3-II turnover, with a further increase in the
LC3-II level in the LPS+CQ group, suggesting that LPS stimu-
lated autophagic flux in HSCs in vivo. We confirmed these
findings in liver sections of mice injected with CQ followed by
LPS. The liver sections were double immunostained for the
autophagy marker LC3 and the HSC marker GFAP. The coloc-
alization of GFAP with LC3-II was higher in the liver sections
of LPS-treated mice, than in those of the control mice and was
further increased by CQ pretreatment (Fig. 7H). Taken
together, these results demonstrate that LPS can also induce
autophagy in HSCs in vivo.

Discussion

In this study, we revealed a novel mechanism underlying the
HSC activation mediated by LPS-induced autophagy. Treat-
ment of HSCs with LPS induced autophagy that stimulated tri-
glyceride and retinyl ester hydrolysis, which contributed to a
reduction in the retinoid content and RA signaling. Further-
more, LPS downregulated the TGFB pseudoreceptor gene
Bambi and sensitized HSCs to TGFB signaling, thus promoting
HSC fibrosis in vitro and in vivo. The schematic of the signaling
pathway in LPS-treated HSCs is shown in Fig. 71.

MTOR (mechanistic target of rapamycin [serine/threonine
kinase]), as a critical negative regulator of autophagy, phos-
phorylates ULK1 at Ser757, thus inhibiting ULKI1, while
AMPK promotes autophagy by directly phosphorylating and
activating ULK1 at Ser317 and Ser777.*° The phosphoinositide
3-kinase-activated kinase AKT phosphorylates the MTOR
repressor TSC2 (tuberous sclerosis 2), leading to MTOR activa-
tion and subsequent inhibition of autophagy activity.>' In keep-
ing with these studies, our results demonstrated that LPS
induced autophagy at least in part through suppressing AKT-
induced ULK1 Ser757 phosphorylation by MTOR and stimu-
lating ULK1 Ser317 phosphorylation by AMPK.

LPS upregulates autophagy in multiple animal tissues and
cell lines. In human primary macrophages and the murine
macrophage RAW264.7 cell line, LPS triggers autophagy via
the TLR4 signaling pathway,*"** and activation of autophagy
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by LPS in macrophages limits the inflammatory response in
the livers of mice.”>** Similarly, LPS stimulates autophagy in
HL-1 cardiomyocytes, neonatal rat cardiomyocytes and mouse
hearts.** In the present study, we used multiple approaches to
demonstrate that LPS stimulation promoted autophagy activ-
ity during HSC activation as assessed by increasing levels of
LC3B-II and cleaved GFP-LC3B, thus enhancing the autopha-
gic flux in vitro and in vivo.

Degradation of LDs via lysosomal lipases that have access to
intracellular stores is termed lipophagy, which was first identi-
fied in mouse hepatocytes subjected to starvation.'>*> Thereaf-
ter, other studies also implicated autophagy in the LD
degradation in hepatocytes treated with caffeine'® or thyroid
hormone.'" As LD loss is an important hallmark of HSC activa-
tion, it is plausible to propose that LPS-induced autophagy
might contribute to LD depletion in HSCs. As expected, we
found that LPS caused a dramatic reduction in the LD content
in LX-2 cells and primary HSCs; inhibiting autophagy using
either pharmacological inhibitors or genetic ablation prevented
this reduction. We further demonstrated that the autophagy-
lysosomal pathway was involved in the LD depletion in LPS-
mediated HSCs. We also found that LPS increased the colocali-
zation between retinyl esters and lysosomes in HSCs, indicating
that increased autophagy activity might be involved in retinyl
ester hydrolysis in lysosomes. This might result in a reduction
of basal retinyl esters and RA level in LX-2 cells and primary
HSCs. We also examined the RA target genes, including Rbp1,
Rara, Rarb and Rarg, as they are usually indicative of the RA
level in cells.’>*” RA target genes were significantly decreased
by LPS in HSCs, and this effect was reversed by autophagy inhi-
bition in vitro and in vivo. Direct measurement of RA concen-
tration in vitro and in vivo revealed that autophagy was
involved in LPS-mediated reduction of RA levels. Pretreatment
with RA and the RAR agonist Am580 reversed the LPS-induced
reduction of Bambi and Rar expression, further demonstrating
that LPS-induced autophagy contributed to the decreased RA
signaling in HSCs. In agreement with our results, a previous
study showed that autophagy was responsible for the mainte-
nance of retinoid levels in the retinal pigment epithelium to
support vision.*®

One of the most important findings in our study is that
LPS linked 2 salient features of HSC activation, LD deple-
tion and enhanced Collal and Acta2 expression, as pre-
sented in a diagrammatic sketch in Fig. 7G. Typically, LD
loss occurs simultaneously with obvious upregulation of
Collal and Acta2 expression. Our results demonstrated that
LPS treatment caused lipid loss in vitro and in vivo but did
not affect the Collal or Acta2 expression, suggesting that
LPS-induced lipid loss may not be a prerequisite for Collal
and Acta2 expression. However, our findings did not indi-
cate complete and total independence of the pathophysio-
logical processes. A significant reduction in retinyl ester
content during lipid loss leads to lower all trans-retinoic
acid levels and downstream RAR signaling. BAMBI func-
tions as a decoy type I receptor that negatively modulates
TGFB-BMP- activin signaling by stably associating with
type II receptors, which prevents the formation of active
receptor complexes.”® Because RA signaling positively regu-
lated BAMBI expression, the decrease in RA signaling
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resulted in reduced BAMBI expression, thereby exacerbating
fibrosis in response to TGFB signaling in vitro and CCl,
administration in vivo. This study is the first to demonstrate
that RA, or more accurately the RA signaling, decreases
HSC activation only in the presence of TGFB through
Bambi upregulation but does not induce or inhibit liver
fibrosis. By contrast, a previous study reported that RA
markedly reduced liver fibrosis in rats subjected to BDL,*°
whereas other studies indicated that RA promoted HSC acti-
vation and liver fibrosis.””*' These discrepancies may be due
to the different experimental designs and HSC activation
conditions.*>**

Importantly, we demonstrated that LPS decreased Bambi
expression and sensitized HSCs to TGFB treatment by regulat-
ing autophagy. In other words, autophagy mediated the LPS-
induced downregulation of BAMBI, thus making HSCs more
susceptible to TGFB activation. Liver fibrosis often occurs with
a concomitant increase in intestinal permeability and bacterial
translocation. In particular, the Gram-negative bacterial prod-
uct LPS leaks into the bloodstream and is delivered to the liver,
where it activates HSCs. This process obviously exacerbates
existing liver damage. Our study showed that autophagy inhibi-
tion likely attenuated LPS-induced HSC activation. We also
hypothesized that any factors that promote intestinal perme-
ability and bacterial translocation have the potential to increase
the risk of enhanced liver fibrosis if another type of liver dam-
age is present, such as chronic viral hepatitis infection or steato-
hepatitis associated with either alcohol consumption or obesity.
Under physiologic conditions, HSC autophagy results in partial
self-digestion to maintain energy homeostasis and recycle dys-
functional proteins and organelles. However, in pathophysio-
logical situations, LPS, as a form of stress, causes increased
autophagy in HSCs. In the hyperfunctional state, LPS-induced
autophagy may impair BAMBI signaling, which promotes HSC
fibrosis.

In summary, the present study demonstrates that LPS expo-
sure promotes HSC fibrosis through increased autophagy activ-
ity and dysfunctional RA signaling. This novel mechanism
underlying the LPS-induced fibrotic response of HSCs is associ-
ated with LDs loss and downregulation of the TGFB pseudore-
ceptor BAMBL

Materials and methods
Reagents

Reagents were obtained as follows: LPS (L4524), chloro-
quine (C6628), LY294002 (L9908), rapamycin (V900930),
acridine orange (AO; 318337), polymyxin B (P1004),
Am580 (A8843) and all-trans retinoic acid (A2625) were
from Sigma. Bafilomycin Al (11038) was from Cayman.
Antibodies to ATG5 (12994), LC3 (2775; recognizes LC3B
and possibly other isoforms), p-MTOR (5536), MTOR
(2972), p-AKT (13038), AKT (4685), p-ULK1 (S757;
14202), p-ULK1 (S317; 12753), ULK1 (8054), p-AMPK
(2535) and AMPK (2532) were from Cell Signaling Tech-
nology. RARs (sc-773), GAPDH (sc-25778) and secondary
anti-rabbit and anti-mouse antibodies (sc-2004; sc-2005)
were from Santa Cruz Biotechnology. LC3 (ab48394), GFAP

(3670), SQSTM1/p62 (ab109012), COL1A1/COLLAGEN I
(ab34710) and GFP (ab290) antibodies were purchased
from Abcam. ACTA2/a-SMA (A2547) was from Sigma.
TGFB/TGF-8 (240-B) was obtained from R&D System.
Bodipy 493/503 (D3922), LysoTracker Red (L7528), Alexa
Flour 546 anti-rabbit secondary antibody (A10040), Alexa
Flour 633 anti-mouse secondary antibody (A21050), Pro-
long Gold Antifade Reagent (P36931), Lipofectamine 2000
(1668019), Lipofectamine RNAIMAX (13778150), CellLight
lysosome-GFP (C10507), collagenase IV (17104019) and
Earle’s balanced salt solution (EBSS; 24010043) were from
Life Technologies. ATG5 siRNA (sc41445), Atg5 siRNA (sc-
41446), TLR4 siRNA (sc-40260) and scramble siRNA (sc-
37007) were from Santa Cruz Biotechnology. Rarb siRNA
(siQ0001) and non-target control siRNA was purchased
from Ribobio. DNase I (10104159001) was from Roche.
Pronase E (7433) was obtained from Milliopre. Mobile
phase solvents acetonitrile, acetic acid, methanol, hexane
and 2-propanol were from Fisher. BAMBI antibody (bs-
12418) was obtained from Bioss. Other chemicals were pur-
chased from Sigma unless otherwise specified.

Animals

All experimental protocols were approved by the animal care
and use committee of Sun Yat-Sen University. Eight-wk-old
Balb/c mice were purchased from the animal center of Sun Yat-
Sen University and housed under controlled temperature and
light conditions (20°C~22°C and 12 h:12 h light:dark cycle),
and were also allowed ad libitum access to water and diet. For
induction of liver fibrosis, mice were randomly divided and
administrated CCl4 (20% in maize oil) or maize oil at a dose of
0.5 ul/g body weight 2 times a wk for 4 wk, during which mice
underwent CQ peritoneal injection or saline at a dose of
60 mg/kg 2 times a week in the last 2 wk. Finally, mice were
subjected to intravenous LPS (10 mg/kg) and killed 4 h later.**
In other experiment, mice were intraperitoneally injected with
CQ or saline daily for 3 d following LPS administration. Four h
later, HSCs were isolated and assessed for lipid content, retinoic
acid concentration, protein and mRNA expression.

HSC isolation and cell culture

HSCs were isolated from male Balb/c mice as described previ-
ously.* Briefly, after in situ perfusion of the liver with 2-step
pronase-collagenase digestion, HSCs were separated from other
nonparenchymal cells by density-gradient centrifugation using
OptiPrep (Axis-Shield, 1114542). HSCs were maintained in
Dulbecco’s modified Eagle’s medium (Gibco, C11995500BT)
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin at 37°C in a humidified atmosphere with 5%
CO,. Cell purity was identified by retinoid autofluorescence
when excited by ultraviolet light and was found to be above
95% (Fig. S2). All treatments were initiated 12 h after isolation
unless otherwise indicated. LX-2 cells were kindly provided by
Dr. Scott Friedman and cultured in Dulbecco’s modified Eagle’s
medium supplemented with 2% fetal bovine serum and 1%
penicillin/streptomycin. All experiments were repeated at least
3 times.



Liver histology

Liver tissues were fixed with 10% buffered formalin for 24 h
and embedded in paraffin. Five-pum-thick sections were cut
and stained with hematoxylin and eosin, and Sirius Red (Sigma,
365548). Quantification of Sirius Red-positive area:total area
was performed using Image]. At least 10 fields of each slide
were measured.

Plasmid preparation and transfection

Plasmids GFP-LC3B (Addgene, 11546; deposited by Karla Kir-
kegaard) and mRFP-GFP-LC3B (Addgene, 21074; deposited by
Tamotsu Yoshimori) were extracted by using PureLink HiPure
plasmid midiprep kit (Invitrogen, K210004), dissolved into TE
buffer (10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA) and quanti-
fied by Biophotometer (Eppendorf, Biophotometer 6131). For
transfection experiments, LX-2 cells were cultured on glass cov-
erslips and transfected with 2 pg of plasmids. After being
treated with LPS, cells were observed by confocal microscopy
(Leica SP5) for exogenous GFP-LC3B and tandem fluorescent
LC3B. Quantification of autophagosomes and autolysosomes
dots were performed using Image] software.

Real-time quantitative polymerase chain reaction analysis

Total RNA was extracted from HSCs or LX-2 using Trizol
reagent (Invitrogen, 15596026), according to the manufac-
turer’s instructions. After reverse transcription, real-time PCR
was performed to quantify mRNA expression using an ABI
ViiA 7 real time PCR system (Applied Biosystems), and Pow-
erup SYBR Green Master Mix (Applied Biosystems, A25778).
Gene expression values were normalized against the house-
keeping genes RNA18S. Fold changes were calculated using the
delta delta Ct method. Gene-specific primers are described in
Table S1.

Western blot

Total protein concentrations were determined using the BCA
protein assay kit (Pierce, 23225). Equal amounts of total pro-
teins were separated using SDS-PAGE and then transferred to
PVDF membrane (Millipore, IPVH00010). After blocking with
5% nonfat milk in TBST (TBS + 0.1% Tween-20) for 1 h, the
blots were incubated with primary antibodies to LC3B,
SQSTM1, GAPDH, p-AKT, AKT, p-MTOR, MTOR, ATGS, p-
AMPK, AMPK, p-ULK1l, ULK1, BAMBI, COL1Al and
ACTA2 overnight followed by 3 washes in TBST for 5 min
each. HRP-conjugated secondary anti-rabbit, and anti-mouse
antibodies were applied for 1 h, followed by 3 washes in TBST
for 5 min each. Blots were then incubated with ECL (Pierce,
32109). The intensity of bands was quantified using software
Image].

Immunocytochemistry and immunohistochemistry

After treatment, LX-2 or HSCs were fixed with 4% paraformal-
dehyde in phosphate-buffered saline (PBS; Boster, AR0030) for
10 min at room temperature followed by overnight incubation
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with endogenous anti-LC3 (1:200) at 4°C or Bodipy 493/503
(1:200) to stain lipid droplets at room temperature for 30 min.
For LC3 staining, an Alexa Fluor 546 donkey anti-rabbit sec-
ondary antibody (1:250) was added to detect LC3 followed by 3
washes in PBS. Cells were mounted with ProLong Gold anti-
fade reagent with DAPI (Life Technologies, P36931) before
being observed with confocal microscopy. Quantification of
LC3 puncta and number of lipid droplets were performed using
software image].

AO and LysoTracker Red DND 99 staining was performed
as described previously. Briefly, cells were incubated with either
1 pug/mL of AO or 100 nM of LysoTracker Red for 15-30 min
at 37°C followed by 3 PBS washes, and then immediately
observed under confocal microscopy. HSCs were transduced
with a LAMP1-eGFP construct according to the manufacturer’s
instruction (Life Technologies, C10507), then transfected with
siAtg5 siRNA for 24 h, followed by LPS treatment. Cells were
fixed, and immunostained with antibodies to RARs (1:100).

For immunohistochemistry, liver sections were fixed with
10% formaldehyde for 10 min followed by 3 washes with PBS.
Then, sections were incubated with anti-GFAP (1:200) and
anti-LC3B (1:300) at 4°C overnight. The next day, sections
were washed with PBS and then incubated with Alexa Fluor
546 donkey anti-rabbit secondary antibody (1:250) or Alexa
Fluor 633 goat anti-mouse secondary antibody (1:250) for 1 h.
Cells were mounted with ProLong Gold antifade reagent with
DAPI before being observed with confocal microscopy.

siRNA transfection

LX-2 cells were plated into 6-well plates to grow to approxi-
mately 80% confluency. Then cells were transfected with ATG5
siRNA, TLR4 siRNA or scramble siRNA (100 nM) using Lipo-
fectamine 2000 (Life Technologies, 1668019) for 5 h before
addition of normal medium. Thereafter, medium was removed
and cells were incubated with LPS for 24 h followed by protein
and mRNA detection. HSCs were transfected with siAtg5
siRNA (50 nM), Rarb siRNA (50 nM) or scramble siRNA using
Lipofectamine RNAIMAX (Life Technologies, 13778150) for
24 h before other treatment.

HPLC

HSCs were quantified and retinoic acid was extracted as
described previously.* Reverse-phase chromatography was
performed on an Agilent 1200 HPLC system equipped with a
UV detector and analytical column (Symmetry C18, 5-pum par-
ticle size, Waters). The chromatographic conditions described
previously were as follows:*” mobile phase, 57.5% acetonitrile-
25% acetic acid (diluted to 2% with water)-17.5% methanol;
flow rate, 0.8 ml/min, UV detection wavelength, 354 nm. Aci-
tretin (Sigma, 44707) was used as an internal standard. All
manipulations with light-sensitive retinoids were performed
under red light.

Statistical analysis

All data are presented as the means + standard error of the
mean. Statistical analyses were performed using an unpaired
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Student ¢ test for comparisons between 2 groups or one-way
analysis of variance for more than 3 groups, which was fol-

lowe
ered

d by a comparison of 2 groups. The results were consid-
significantly different at p < 0.05.

Abbreviations

BAF bafilomycin A;

BAMBI BMP and activin membrane-bound inhibitor
BDL bile duct ligation

CHX cycloheximide

GFAP glial fibrillary acidic protein

HSCs hepatic stellate cells

LDs lipid droplets

LPS lipopolysaccharide

MAPILC3B microtubule-associated protein 1 light chain 3 8

MmHSC Mus musculus (mouse) HSC

MTOR mechanistic target of rapamycin (serine/threo-
nine kinase)

RARA retinoic acid receptor, o

RARB retinoic acid receptor, 8

RARG retinoic acid receptor, gamma

RBP1 retinol binding protein 1, cellular

tfLC3 tandem fluorescent mRFP-GFP-LC3

TGFB transforming growth factor, 8
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