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Abstract

Background and Purpose: Liver fibrosis is one of the leading causes of morbidity and mortality worldwide of which no acceptable
therapy exists. Accumulating evidence supports that glioma-associated oncogene homologue 1(GLI1) is a potentially important
therapeutic target for liver fibrosis. This study investigates the antifibrotic activities and potential mechanisms of Physalin B
(PB), a natural Solanaceae compound. Experimental Approach: Mice subjected to CCl4 challenge and bile duct ligation were
used to study the antifibrotic effects of PB in vivo. Mouse primary hepatic stellate cells (pHSCs) and human HSC line LX-2
also served as an in vitro liver fibrosis model. Liver fibrogenic genes, GLI1 downstream genes were examined using western
blot and real-time PCR analyses. GLI1 acetylation and LAP2o-HDAC]1 interaction were analyzed by coimmunoprecipitation.
Key Results: In animal models, PB administration attenuated hepatic histopathological injury, collagen accumulation, and
reduced the expression of fibrogenic genes. PB dose-dependently suppressed fibrotic marker expression in LX-2 cells and mouse
pHSCs. Mechanistic studies showed PB inhibited GLI activity in a non-canonical Hedgehog signaling. PB blocked lamina-
associated polypeptide 2 o (LAP2a)/ histone deacetylase 1 (HDAC1) complex formation thereby inhibited HDAClmediated
GLI1 deacetylation. PB downregulated the acetylation and expression of GLI1, and subsequently inhibiting HSC activation.
Conclusions and Implications: PB exerted potent antifibrotic effects in vitro and in vivo by disrupting the LAP2o¢/HDAC1
complex, increasing GLI1 acetylation and inactivating GLI1. This indicates that PB may be a potential therapeutic candidate

for the treatment of liver fibrosis.
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Bullet point summary:

What is already known?

GLI1 is a crucial factor in the pathogenesis of liver fibrosis.

LAP2q forms an activating complex with HDACI to deacetylate/activate GLI1.

What this study adds?

The first observation that Physalin B attenuates liver fibrosis in two rodent models.

Physalin B blocks the interaction between LAP2a and HDAC1 and promotes GLI1 acetylation.
What is the clinical significance?

PB may be a potential therapeutic candidate for liver fibrosis.

Blocking the interaction of LAP2a and HDACT1 could be a new strategy for liver fibrosis therapy.
Abstract



Background and Purpose: Liver fibrosis is one of the leading causes of morbidity and mortality worldwide
of which no acceptable therapy exists. Accumulating evidence supports that glioma-associated oncogene
homologue 1(GLI1) is a potentially important therapeutic target for liver fibrosis. This study investigates
the antifibrotic activities and potential mechanisms of Physalin B (PB), a natural Solanaceae compound.

Experimental Approach: Mice subjected to CClychallenge and bile duct ligation were used to study
the antifibrotic effects of PB in vivo . Mouse primary hepatic stellate cells (pHSCs) and human HSC line
LX-2 also served as an in vitro liver fibrosis model. Liver fibrogenic genes, GLI1 downstream genes were
examined using western blot and real-time PCR, analyses. GLI1 acetylation and LAP20-HDAC1 interaction
were analyzed by coimmunoprecipitation.

Key Results: In animal models, PB administration attenuated hepatic histopathological injury, collagen
accumulation, and reduced the expression of fibrogenic genes. PB dose-dependently suppressed fibrotic
marker expression in LX-2 cells and mouse pHSCs. Mechanistic studies showed PB inhibited GLI activity
in a non-canonical Hedgehog signaling. PB blocked lamina-associated polypeptide 2 o (LAP2x)/ histone
deacetylase 1 (HDAC1) complex formation thereby inhibited HDAClmediated GLI1 deacetylation. PB
downregulated the acetylation and expression of GLI1, and subsequently inhibiting HSC activation.

Conclusions and Implications: PB exerted potent antifibrotic effects in vitro and in vivo by disrupting
the LAP20/HDAC1 complex, increasing GLI1 acetylation and inactivating GLI1. This indicates that PB
may be a potential therapeutic candidate for the treatment of liver fibrosis.

Introduction

Liver fibrosis, a wound-healing response to chronic liver injury, is characterized by excessive deposition of
extracellular matrix (ECM) in the liver. During chronic liver damage, HSCs are continuously activated
and converted into myofibroblasts, which are the major source of ECM and the principal cell type in liver
fibrogenesis(Friedman, 2008). This transient response must be tightly controlled, otherwise, it would become
persistent and lead to excessive matrix accumulation and fibrosis(Lee, Wallace & Friedman, 2015). Thus,
potential therapies for these pathologies should ideally possess pro regenerative and antifibrotic properties,
for example, the ability of controlling hepatocyte proliferation and inactivating activated HSC(Hernandez-
Gea & Friedman, 2011). Currently, there are no approved drugs that can effectively reverse liver fibrosis,
further highlighting the urgent clinical need for novel antifibrotic therapies.

GLI (glioma-associated oncogene homologue) was identified as a gene that is amplified in gliomas(McMillin
et al., 2014), and it is one of the strongest transcriptional activators of Hh signaling pathway, can also be
regulated independent of the canonical Hh signaling pathway. The TGFp signaling pathway activates GLI1
even in the presence of SMO antagonist (Dennler et al., 2007). In injured organs, resident GLI1T cells were
committed to the myofibroblast lineage, which directly regulates HSC fate (Machado & Diehl, 2018). Genetic
ablation of GLI1™" cells ameliorated fibrosis and improved organ function, providing a proof of principle for
therapeutic targeting of GLI1™T cells in fibrotic disease (Kramann et al., 2015). The aforementioned reports
emphasize the importance of the mechanisms that terminate GLI1 activity and that may be impaired in
disease. Hence, GLI1 is a potential biomarker and therapeutic target aiming at controlling activation of
HSCs during liver fibrogenesis.

GLI1 acetylation, a modification that limits the activity of this transcription factor (Miele et al., 2017).
Acetylation represents a key transcriptional event, finely tuned by histone acetyltransferases (HATSs) and
histone deacetylases (HDACs). It has been observed that loss of class I HDAC disrupts the transcriptional
response to Hh activation, HDAC1 is shown to deacetylate the transcription factor GLI1 (Canettieri, Di
Marcotullio, Coni, Greco & Gulino, 2010), which allows GLI1 to associate with chromatin and initiate
transcription (Canettieri et al., 2010; Coni et al., 2013). Such deacetylation mechanisms are involved in
GLI1-dependent cell proliferation, migration, differentiation, and survival.

Currently, few antifibrotic treatment strategies are available. Thus, there is an urgent clinical need for
the development of antifibrotic candidates specifically targeting HSCs. Our study is engaged in evaluating



the antifibrotic activities of natural compounds. We have utilized a high-throughput drug screening model
based on the COL1A1 promoter to filtrate potential anti-hepatic fibrosis agents from natural substances.
Physalin B (PB), a natural component derived from one of the best-known traditional Chinese medicinal
plants, Physalis species, Solanaceae, was speculated having potential therapeutic effect for liver fibrosis by us.
Previous studies have described the biological functions of PB, including anti-inflammatory (Hsu et al., 2012;
Yang, Yi, Wang, Xie, Sha & Dong, 2018), antimalarial(Magalhaes et al., 2006), proapoptotic(Soares et al.,
2006), antinociceptive (Vandenberghe et al., 2008), and antitumor activities(Hsu et al., 2012; Ma, Han, Li,
Hu & Zhou, 2015), but the effects of PB on liver fibrosis have not been reported thus far. We investigated the
anti-fibrotic effects of PB on human stellate cell line LX-2, primary HSCs, and experimental hepatic fibrosis
mice induced by CCly and bile duct ligation (BDL), finally elucidated the potential mechanisms underlying
its function in vitro and in vivo .

2 Methods
2.1 Animals and experimental design

All mice received human care and animal experiments were approved by the University Committee on Use and
Care of Animals of the China Pharmaceutical University (Nanjing, China), (Resolution number, 202007001).
Animal studies are reported in compliance with the ARRIVE guidelines (Lilley et al., 2020)and with the
recommendations made by the British Journal of Pharmacology. Male C57BL/6J used for this study (18-20
g, specific -pathogen-free class) were purchased from Charles River Laboratories Co., Ltd (Beijing, China).
Five-week-old mice were used for establishing CCly and BDL-induced hepatic fibrosis model and 6-8-week-
old mice were used for isolating mouse primary HSCs. Animals were maintained in an environmentally
controlled room (pathogen-free, 20-24°C, 40-60% relative humidity and 12-hr alternating light/dark cycle).
Laboratory animals were randomly assigned to groups of equal size. Analysis of all animal samples was
carried out in a blinded manner.

2.2 Mouse model of CCls-induced hepatic fibrosis

Forty mice were also assigned into five groups (control, CCly-corn oil, and CCly-PB groups) followed by
a randomization procedure (http://www.randomizer.org/, Research Randomizer, RRID:SCR_008563), with
eight animals per group. A mouse model of liver fibrosis was established by intraperitoneally injecting of 10%
CCly mixed with oil for 4 weeks (0.25mL/kg body weight, thrice a week). Thirty-two mice were randomly
divided into four groups (n = 8 mice per group): the model group (received only the CCly-corn oil injection)
and the PB-treated group (received the CCly injection and a concurrent 1, 2.5, 5mg*ke-1 PB intraperitoneal
injection every other day began during the CCly treatment). The control group (n = 8) was intraperitoneally
injected with corn oil alone for 8 weeks. The vehicle group (n = 8) was intraperitoneal injection with 2%
DMSO as the. Blood samples (200 ul) were collected from the retro-orbital venous plexus of overnight-fasted
mice and then the mice were killed under anaesthesia. Mouse liver maximum lobule was collected. Some
liver tissue samples were fixed with 4% paraformaldehyde for subsequent histological examination and others
were stored at -80°C until further experiments.

2.3 Bile duct ligation (BDL) surgery in mice

Forty mice were randomly assigned into five groups (sham, BDL-NS, and BDL-PB groups) followed by a
randomization procedure (http://www.randomizer.org/, Research Randomizer, RRID: SCR_008563), with
eight animals per group. Thirty-two mice were prepared for BDL surgery. After the mice were anaesthetized
with isoflurane, the mice abdomen was opened. The choledochal duct was isolated and ligated using surgical
sutures. Twenty-four hours after surgery, animals subjected to BDL were randomly divided into three groups
and received intraperitoneal injection daily with 1, 2.5, 5mg/kg PB solution (BDL-PB group) for 14 days. A
sham operation was also performed on eight mice (sham group) to create a healthy control group. A normal
2%DMSO solution (2%DMSO group) was intraperitoneal injection daily on eight mice to create a vehicle
group. After an overnight fast, blood samples were collected from the abdominal aorta and the animals
were killed using isoflurane. Mice liver maximum lobule was collected. Some liver tissue samples were fixed
with 4% paraformaldehyde for subsequent histological examination and others were stored at -80degC for



subsequent analyses.
2.4 Serum biochemical parameters

Serum levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured using
standard enzymatic procedures according to the manufactures’ instruction (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China).

2.5 Histological analysis of liver tissue samples

Formalin-fixed, paraffin-embedded liver tissue sections were stained with haematoxylin, eosin and sirius red.
Liver necrosis, bile duct proliferation and hepatic inflammation were quantified in a blinded manner on a
1- to 5-point scale using a Leica DM1000 microscope. Sirius red- stained sections from each animal were
observed at low magnification and analysed using ImageJ software to calculate the percentage of hepatic
fibrous area.

2.6 Cell culture, isolation and treatment

LX-2 cells were received as a generous gift from Scott Friedman (Mount Sinai School of Medicine, New
York). Cell lines were routinely tested for mycoplasma. LX-2 cells supplemented with 10% FBS and 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA). Upon reaching 60-80% confluences, the cells were
starved in serum-free DMEM for 24 hr prior to treatment with 2 ng*ml-1 TGFf1 and/or PB (dissolved in
DMSO). Primary murine HSCs were isolated from the livers of male C57BL/6J mice mice aged 6-10 weeks
according to a reported protocol that includes the following steps: in situ pronase/collagenase perfusion of
mouse liver, perfused livers were minced, filtered through 70 uM cell strainer (BD Bioscience), and cen-
trifuged at 50 g for 3 min to separate hepatocytes. HSCs were isolated according to the previously published
method(Mederacke, Dapito, Affo, Uchinami & Schwabe, 2015), the supernatant was further centrifuged at
500 g for 10 min, resuspended in density gradient-based Nycodenz, and centrifuged at 1400 g for 17 min.
HSCs were collected from the interface. Cells were cultured in DMEM (high glucose) containing 10% FBS
and 1% antibiotics. Mouse pHSCs were plated in untreated flasks and can exhibit a fibroblast-like mor-
phology after 7 days. Therefore, they did not need FBS-free starvation or TGFB1 stimulation. HEK293T
cells (RRID: CVCL_0063) were cultivated in DMEM with 10% FBS and 1% antibiotics. All these cells were
incubated at 37°C in a 5% CO2 atmosphere. LX-2 and HEK293T cells were transiently transfected with
plasmids or siRNAs using the Lipofectamine 3000 reagent (Invitrogen, 11668019) and Opti-MEM serum-free
medium (Invitrogen, 1930104) according to the manufacturer’s instructions.

2.7 Luciferase Reporter Assay

The pGL4.17-COL1A1 luciferase reporter plasmid is gift from Hongwei He (Peking Union Medical College,
Beijing)(Zhao, Wang, Wang, Shao & He, 2015). LX-2 cells were transfected with pGL4.17-COL1A1 and
pGMGLI-Lu luciferase reporter plasmid (Yesen,11524ES03) then treated with PB (0.25, 0.5 and 1 uM) for
24 h. Cells were lysed and subjected to luciferase reporter assay by using DualLuciferase@®) Reporter Assay
System (Vazyme, #DL101-01).

2.8 Quantitative real-time PCR

Total RNA was extracted from the liver tissues of the mice or LX-2 cells using Tripure reagent (Roche
Diagnostics, Indianapolis, IN) as described by the manufacturer. cDNA synthesis was carried out with
HiScript(r) IT Q Select RT SuperMix for qPCR (Vazyme). Quantitative PCR was performed in biological
triplicates using SYBR Green reagent (Vazyme). The level of GAPDH (human) or B-actin (mouse) RNA
expression was used to normalize the data. PCR primer sequences are listed in Supplementary Table 1. A
melting curve of each amplicon was determined to verify its specificity.

2.9 Immunoprecipitation and western blot analysis

RIPA lysate buffer (Beyotime Biotechnology, P0013B) containing 1% PMSF was used to extract the total
proteins from cells and hepatic tissues. Protein concentrations were measured using a BCA kit (Beyotime



Biotechnology, P0009). After immunoprecipitating, proteins with the appropriate antibodies overnight at
4°C and incubating the complexes with Protein A/G Plus-agarose (Santa Cruz Biotechnology, sc-2003) for
4 hr at 4degC, total cell lysates were washed five times, mixed with 2x SDS loading buffer, and boiled for 10
min. Equal amounts of immunocomplexes or lysates were electrophoresed on SDS-PAGE gels and transferred
to PVDF membranes. Membranes were blocked with 5% skim milk in PBS-T buffer (PBS containing 0.2%
Tween 20) at room temperature for 1 hr and then immunoblotted with primary antibodies overnight at
4degC. Peroxidase-conjugated secondary antibodies were then applied to the membranes and incubated
for 1 hr at room temperature. Electrochemiluminescence was performed according to the manufacturer’s
instructions with a BIO-RED ChemiDoc XRS+ imaging system. [-actin was served as an internal control.
Both immunoprecipitation assay and western blot have been conducted the experimental detail provided
conforms with BJP Guidelines (Alexander et al., 2018). The immuno-related procedures used comply with
the recommendations made by the British Journal of Pharmacology.

2.10 Nuclear and cytoplasmic protein extraction

Nuclear and cytoplasmic proteins were extracted from LX-2 cells using the Nuclear-Cytosol Extraction Kit
(Beyotime Biotechnology, P0028). The extracts were mixed with 2x SDS loading buffer and analysed using
western blot as described above.

2.11 Confocal assay

LX-2 cells were plated on glass cover slips in a dish. After exposure to different treatments, the cells were
washed three times with PBS, fixed with 4% paraformaldehyde for 20 min and then permeabilized with
0.5% Triton X-100 for 30 min at room temperature. Next, the cells were incubated with specific primary
antibodies overnight at 4degC. Cells were washed three times with PBS and subsequently incubated with a
fluorochrome-labelled secondary antibody for 1 hr at room temperature. The cells were then rinsed three
times with PBS and the nuclei were counterstained with DAPT for 5 min at room temperature. Images were
captured using a Leica SP2 confocal microscope (Leica Microsystems, Exton, PA)

2.12 Reagents

Physalin B (purity [?]98%) were separated and purified in our laboratory; their structures, shown in Figure
1A, were confirmed by comparing the IR, 1H and 13C nuclear magnetic resonance and MS data with reported
data (Zheng, Chen, Liu, Liang & Hong, 2016). Calyx Seu Fructus Physalis (3 kg) were extracted with 95%
ethanol for three times. After solvent removal, the crude extractive was separated successively with ethanol
(40%, 80%, 100%) on macroporous resin and obtained fraction B. The Fr.B was partitioned with H20, ethyl
acetate, methylene chloride and petroleum ether. Fractionation of the methylene chloride extract using
silica gel column, eluting with CH2CI2: CH30H (100: 1-5: 1) to obtain subfraction B. Subfraction B were
chromatographed over a MCI, eluting with gradient mixtures of CH30H-H20 (from 30: 70 to 100: 0).
Finally, compound PB was obtained by ODS and P-HPLC. Its structure was identified by comparing 1H,
13C -NMR data with those of literature (Zheng, Luan, Chen, Ren & Wu, 2012). The compound was more
than 98% pure and dissolved in DMSO at a stock concentration of 5 mM.

An anti-a-smooth muscle actin antibody (a-SMA; ab7817), anti-COL1A1 (ab34710) and anti-LAP2a
(ab5162) antibodies were purchased from Abcam. Anti-GLI1 (#2553), anti-Acetylated-Lysine (#9441), anti-
Flag-Tag (#14793) and anti-Myc-Tag (#2276) antibodies and normal rabbit IgG (#2729) were obtained from
Cell Signaling Technology (Danvers, MA, USA). Anti-HA-Tag (51064-2-AP and 66006- 1-Ig), anti-HDAC1
(66085-1-Ig) antibodies were purchased from Proteintech (Wuhan, China). Vorinostat (HY-10221), TGF(31
(HY-P7118), GANT61(HY-13901) was acquired from MCE (Shanghai, China). GLI1 siRNA, LAP2« siRNA
were acquired from RiboBio (Guangzhou, China). was obtained from MCE (Shanghai, China). Additional
materials were obtained from commercial sources.

2.13 Statistical analysis.

The results are presented as mean + SEM. Statistical differences between two groups were analyzed by the
unpaired Student’s t test with a two-tailed distribution. Differences between multiple groups of data were



analyzed by one-way ANOVA with Bonferroni correction (Graph Pad Prism 8.0, San Diego, CA, USA).
P-values less than 0.05 were considered statistically significant. Statistical analysis was undertaken only for
at least five independent experiments and other data was not statistically analysed owing to group sizes of n
< 5. The data were analysed using one-way ANOVA with Tukey’s post hoc test when F achieved P < 0.05
and there was no significant variance in homogeneity. The results were considered statistical significance
at P < 0.05. The data and statistical analysis comply with the recommendations of the British Journal of
Pharmacology on experimental design and analysis in pharmacology(Curtis et al., 2018).

2.14 Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in
http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHAR-
MACOLOGY (Harding et al., 2018), and are permanently archived in the Concise Guide to PHARMACOL-
OGY 2019/20 (Alexander et al., 2019).

3 Results
3.1 PB inhibited the proliferation and activation of HSCs

HSC proliferation and transformation play vital roles in the process of fibrosis (Tan, Liu, Ke, Jiang & Wu,
2020; Wu et al., 2016). Thus, intervention of HSC proliferation, apoptosis and inhibition of the fibrogenic
function, are proposed therapeutic approaches to reverse liver fibrosis. To evaluate the anti-hepatic fibrosis
effect of drug candidates, we employed a luciferase screening cell model based on the COL1A1 promoter
activity. Results of dual-luciferase reporter assay showed that COL1A1 promoter activity was significantly
increased with TGFB1 treatment in LX-2 cells. PB significantly inhibited COL1A1 promoter luciferase
activity in a concentration-dependent manner (Figure 1B). To determine whether PB has an effect on LX-
2 cell proliferation and apoptosis, LX-2 cells were treated with 0.25uM, 0.5uM or 1uM PB, and the cell
proliferation and apoptosis were measured by CCK-8 assay and Annexin V-propidium iodide (PI) staining,
respectively. The results showed that PB could inhibit TGFB1 induced HSC proliferation, however, scarcely
influenced the apoptosis of LX-2 cells (Figure 1C and Supplementary Fig. 1A). These results indicated that
PB is a potential anti-liver fibrosis drug.

Next, we assessed the effect of PB on HSC activation. In the context of FBS-free starvation and TGF31
stimulation, LX-2 cells display an activated phenotype in vitro . PB inhibited the mRNA expression of
various fibrogenic genes, including TI'®B1 , a-XMA , andCOL1A1 in LX-2cells (Figure 1D). The protein
expression also showed a corresponding decrease after treatment with PB in LX-2 cells (Figure 1E). Mean-
while, the expression of a-SMA was assessed by immunofluorescence, which showed that o-SMA expression
was increased by the TGFB1 treatment while significantly attenuated by PB in LX-2 cells (Figure 1F). We
then confirmed the effect of PB on cultured mouse pHSC. As mouse pHSCs exhibit self-activation, they do
not require starvation and stimulation during in vitro culture. Similarly, RT-qPCR and western blot results
showed that PB reduced the mRNA and protein expression of a-SMA, immunofluorescence analysis fur-
ther confirmed that PB could decrease a-SMA expression during differentiation (Figure 1G-I). These results
suggest that PB is a potent antifibrogenic agent in HSC activation.

3.2 PB ameliorated CCls-induced liver injury and hepatic fibrosis in mice

In order to evaluate whether large doses of PB has any hepatotoxicity, mice were intraperitoneal injection
of PB 40mg/kg. HE staining, Sirius red staining and Masson staining showed that PB (40mg/kg) did not
cause any pathological or fibrous damage (Supplementary Fig. 1B). Mice were intraperitoneal injection with
2% DMSO as the vehicle group. Similarly, HE staining, Sirius red staining and Masson staining showed
that 2% DMSO did not cause any pathological or fibrous damage (Supplementary Fig. 1C). Based on these
results, we next evaluated the anti-hepatic fibrosis effect of PB in mouse fibrosis models in vivo .

Carbon tetrachloride (CCly) is a hepatotoxin that has been used extensively to induce liver injury. It induces
liver fibrosis by producing various reactive metabolites and damaging hepatocytes. To assess the pharma-
ceutical activities of PB in vivo , we performed CCly challenge in mice. After 4 weeks of CCly injections,



the mice exhibited marked increases in hepatic inflammatory cell infiltration, mild thickening of the central
venous wall and fibrous hyperplasia. However, PB treatment ameliorated these pathological changes and
protected against CCly-induced fibrosis (Figure 2A). Serum ALT and AST levels were significantly elevated
in the CCly-treated mice, while decreased in PB treated group indicating improved liver injury (Figure 2B).
The severity of liver fibrosis was also biochemically assessed by measuring the hepatic hydroxyproline con-
tent. PB markedly decreased the CCly-induced increase of hydroxyproline content (Figure 2C). Sirius red
and Masson’s trichrome staining visualizes collagen, which is used to evaluate the degree and characteristics
of fibrosis. Sirius Red, Masson’s trichrome stained liver sections indicated that fibrous collagen deposition,
fibroplasia, and bridging fibrosis significantly decreased in PB treated mice (Figure 2D). The expression of
hepatic fibrogenic markers, including e¢oua , Colial ,Tgfb1 and tissue inhibitor of metalloproteinase 1( Timp1
) were detected to assess the antifibrotic effects of PB in vivo . PB treatment significantly decreased the
mRNA expression of these fibrogenic genes. Western blot assays also validated that PB treatment decreased
o-SMA and COL1A1 expression in the liver tissues (Figure 2E, F). Accordingly, PB has the potential to
inhibit the progression of CCly-induced hepatic fibrosis in mice.

3.3 PB ameliorated BDL-induced liver injury and reduced hepatic fibrosis indexes

Biliary duct ligation (BDL) in mice can cause severe hepatocyte injury and liver fibrosis, and this model has
also been widely used to analyze the molecular mechanism of liver injury. H&E staining assays demonstrated
that the liver histological structure of the BDL group was severely damaged. Extensive liver parenchyma
necrosis and newly formed bile ducts were observed in BDL model group. As expected, these pathological
changes were ameliorated by PB treatment (Figure 3A). The serum ALT, AST levels were significantly
increased in the BDL mice compared with those of the sham mice, and statistical reductions in these
values was observed when the BDL mice were treated with PB (Figure 3B). PB dramatically decreased
liver hydroxyproline concentration caused by BDL (Figure 3C). In the BDL group, Sirius red and Masson’s
trichrome stained collagen fibrils extended not only to the portal areas but also to the hepatic parenchyma.
PB supplementation strongly attenuated liver collagen deposition, as shown by the substantial decrease in
positively stained areas (Figure 3D). The mRNA and/or protein levels of fibrogenic markers were prominently
increased in the BDL treated group compared with the control group, while they were dramatically lowered
by the PB intervention (Figure 3E, F). These data indicate that PB can ameliorate the BDL-induced liver
injury and may play a therapeutic role in hepatic fibrosis.

3.4 PB inhibited liver fibrosis through downregulation of GLI1 expression

Recent studies have reported that a positive correlation exists between HSC activation and GLI1 overexpres-
sion (Chung et al., 2016; Guerrero-Juarez & Plikus, 2017; Zhang et al., 2017). Growing evidence indicate
that GLI1 is a critical regulator of adult liver repair and hence, a potential diagnostic and/or therapeutic
target in cirrhosis (Chen et al., 2020; Seki, 2016; Zhang et al., 2017). Based on the above, we investigated
whether GLI1 was involved in the anti-hepatic fibrosis activity of PB. To determine whether PB regulated
GLI1 activity, GLI-dependent luciferase activity was monitored, and the results showed that PB strongly
repressed GLI-luciferase activities (Figure 4A). In addition, TGFp1 stimulation significantly increased GLI1
expression, while PB treatment decreased GLI1 expression (Figure 4B, C). Similar results were also ob-
served in PB treated mouse pHSCs (Figure 4D, E). However, RT-qPCR results showed that PB scarcely
influenced the GLI2, GLI3 expression in LX-2 cells (Supplementary Fig. 2A). Furthermore, PB treatment
downregulated GLI1 protein expression in BDL-induced fibrotic liver tissues (Figure 4F).

Next, we wonder whether PB mediated anti-fibrosis effect dependent on GLI1. First, we verified that
knockdown of GLI1suppressed the mRNA and protein expression of fibrogenic in LX-2 cells (Figure 5A, B).
These results indicate that GLI1 indeed plays an important role in HSCs activation. Next, we measured
Collagen I and aSMA expression in PB treated LX-2 cells with or without GLI1knockdown. As shown in
Fig 5C, PB could not further reduce the Collagen I and aSMA expression in the context of GLI deficiency. In
addition, the similar results were achieved when the cells were treated with GANT61, the most-widely used
specific inhibitor of GLI1. GANT61 treatment decreased GLI-luciferase activity and GLI1 mRNA levels
(Supplementary fig. 2B, C). However, the combination of PB and GANT61 showed no additive effect on the



reduction of fibrogenic gene expression in LX-2 cells (Supplementary Fig. 2D). Furthermore, overexpression
of GLI1 promoted Collagen I and aSMA expression, and reversed PB mediated inhibition of aforementioned
proteins (Figure 5D). These results illustrated that PB inhibited HSC activation via downregulation of GLI1
expression.

3.5 PB blocked the nuclear localization of GLI1 in HSCs

Previous findings had shed light on GLI1 activity, which is tightly controlled through the regulation of nuclear
import and the modulation of protein stability (Gulino, Di Marcotullio, Canettieri, De Smaele & Screpanti,
2012). GLII nucleus localization is critical for its growth-promoting function. Recently, Zhang et al. reported
that GLI1 nuclear translocation leads to HSC contraction and cirrhotic portal hypertension (Zhang et al.,
2020). We next tested if PB influenced the GLI1 nuclear localization. Expectedly, PB treatment blocked
the translocation of GLI1 from the cytoplasm to the nucleus in a dose-dependent manner (Figure GA).
Nuclear and cytoplasmic fractionation analysis for GLI1 distribution reciprocated the immunofluorescence
experiments in both LX-2 cells and mouse pHSCs (Figure 6B, C). Given that nuclear translocation of GLI1
resulting in increased GLI1 target gene expression (Kim, Kim, Cho, Kim, Kim & Cheong, 2010), we then
measured GLI1 downstream target genes. The mRNA expression of well-known GLI1 downstream genes,
including HHIP , CYCLIN D , CYCLIN E and C-MYC were dramatically down-regulated in both PB-
treated LX-2 cells and BDL-PB treated mouse liver samples (Figure 6D, E). Similarly, GLI1 downstream
genes were reduced in GANTG61 treated LX-2 cells, whereas the combination of PB and GANT61 showed
no additive effect on the reduction of downstream genes expression in LX-2 cells (Supplementary Fig. 2E).
Taken together, these results indicated that PB repress the translocation of GLI1 from the cytoplasm to the
nucleus, decreasing the expression of the downstream target genes.

3.6 PB inhibited LAP2 o-HDAC1 mediated deacetylation of GLI1

Published literatures suggest that GLI1 is temporarily inactive by acetylation (AcGLI1), therefore acety-
lation is an important modification to regulate cellular GLI1(Coni et al., 2017; Mirza et al., 2019). Thus,
we speculated that PB may affect the acetylation of GLI to regulate its activity. Indeed, anti-acetylated
lysine immunoprecipitates indicated that GLI1 are constitutively acetylated with PB treatment (Figure 7A).
Acetylation directly inhibits the expression of transcription factors (Gurung, Feng & Hua, 2013), thus PB
may inhibit liver fibrosis by upregulating the acetylation of GLI1, which inactivates it.

It has been reported that the acetylation of GLI1 is regulated by HDAC1(Canettieri et al., 2010; Falkenberg
et al., 2016) and LAP2a(Mirza et al., 2019). Mechanistically, LAP2a recruits HDAC1 to GLI1, physically
interacts with HDAC1, and scaffolds a complex with GLI1(Mirza et al., 2019). Next, we wonder whether PB
showed any effect on LAP2a and HADCI1 expression. However, no significant protein variations were observed
in both LAP2« and HADCI1 after PB treatment in LX-2 cells (Figure 7B). Given that LAP2a/HADC1
mediated GLI deacetylation play an important role in GLI activity, we next wonder whether PB affect
LAP2a/GLI interaction or LAP2a/HADC1lcomplex formation. As shown in Fig 7C, PB showed no effect on
the interaction between LAP20/GLI1, however, strongly inhibited the LAP20/HDAC1 complex formation
in HEK 293T cells (Figure 7 D). Congruently, endogenous LAP2a and HDAC1 interaction was significantly
disrupted by the PB treatment in LX-2 cells (Figure 7E), and this interaction was also reduced in CCly-
induced mouse fibrotic liver tissue treated with PB (Figure 7F).

Previous studies have demonstrated that nucleoplasmic complex LAP20-HDAC1 could protect GLI1 from
acetylation and promote GLI1 activation(Mirza et al., 2019). As described in the above co-IP results,
confocal microscopy assay was used to determine the subcellular localization of HDAC1 (red) and LAP2a
(green) to confirm this resultin situ . Our results showed that PB had no influence on the nuclear localization
of LAP2a with or without TGFf1 treatment. However, PB obviously decrease the nuclear localization of
HDACT after TGFB1 treatment (Figure 7G), indicating that PB administration may disturb the intracellular
colocalization of LAP2a with HDACI1. These results indicated that, instead of interfering with LAP2a and
GLI interaction, PB inhibited LAP2a-HDAC1 complex formation, which may responsible for PB mediated
GLI inactivation.



Next, we employed the histone deacetylase inhibitor vorinostat to further validate the results. Vorinostat
decreased the levels of fibrogenic markers which is in consistent with previous published results(Park et al.,
2014), and no further reduction was observed when combination with PB (Figure 8A). Immunofluorescence
assay further confirmed that PB and vorinostat downregulated GLI1 expression and nuclear localization
(Figure 8B). In addition, PB and vorinostat increased the acetylation of GLI1 (Figure 8C). Due to the
protective effect of LAP2a on GLI1 deacetylation, we next verify that whether LAP2a deficiency can atten-
uate HSC activation by treating LX-2 cells with LAP2a siRNA. The fibrogenic markers were suppressed in
LAP2a siRNA treated LX-2 cells (Figure 8D, E). Similarly, combination of LAP2a silencing and PB treat-
ment blocked nucleus translocation of GLI1 in LX-2 cells (Figure 8F). In addition, LAP2a-silencing and PB
treatment increased GLI1 acetylation (Figure 8G). Taken together, our results indicate that PB interferes
with LAP20-HDAC1 complex formation, thereafter inhibits GLI1 deacetylation and downstream signaling.
PB could be a promising therapeutic agent for liver fibrosis.

4. Discussion

Fibrosis is a complex disease, driven at the cellular level by activation of quiescent HSCs and characterized
by the sustained induction of a fibrotic gene program (Ding et al., 2015). The importance of preventing HSC
activation during liver fibrosis treatment is undisputed. Traditional Chinese medicine which is composed of
variant monomeric compounds from herbs are potential therapeutics for liver fibrosis. The natural product
PB isolated from a Chinese herb Physalis species, Solanaceae, exhibited promising suppressive effect on
liver fibrosis in two classic animal models and HSCs. The mechanism of such effect may be associated
with inhibiting of the LAP2a and HDACT interaction and regulating GLI1 acetylation. This conclusion is
based on four major observations: i) BDL and CCly-challenged mice treated with PB exhibited histological
amelioration of liver damage and fibrosis. ii) The mRNA and protein levels of liver fibrogenic markers were
downregulated by PB administration in vitro and in vivo . iii) We identify the role of PB in repressing
GLI1 independent of the canonical Hh signaling pathway. PB increased the acetylation of GLI1 and blocked
nuclear translocation of GLIL. iv) PB inhibited the LAP20-HDAC1 complex formation, which increased
acetylation of GLI1 and exerted a therapeutic effect on hepatic fibrosis.

Increasing evidence showed that GLI1 is indispensable in liver pathophysiology. Recently literature reported
that smoothened-independent GLI1 signaling directs differentiation of HPCs to fibrogenic cholangiocytes,
and that it is upregulated during this fibrosis progression, while inhibiting the GLI1 expression suppresses
fibrosis progression (Chen et al., 2020). GLI1 also plays an important role in activation of HSCs (Zhang et al.,
2020), and GLI1 targeted inhibitors have been reported to improve fibrosis in mice and humans (Guerrero-
Juarez & Plikus, 2017). GLI1 is regulated by different cascades, including the hedgehog and TGF pathways
(Nye et al., 2014). After TGFB1 treatment, elevated expression of GLI1 and the nuclear localization of GLI1
in normal fibroblasts, keratinocytes, and various cell lines has been detected (Dennler et al., 2007; Katoh &
Katoh, 2009), which was in accordance with our findings. In the present study, we found that PB inhibited
expression of GLI1 and reduced the nuclear localization of GLI1, reversed the TGF31-induced upregulation
of myofibroblastic markers («-SMA and collagen I). On the contrary, overexpression of GLI1 increased the
level of myofibroblastic markers in HSCs and reversed anti-fibrotic effect of PB. Based on these results, GLI1
can upregulate fibrogenic gene expression and promoted liver fibrosis, thus, blocking GLI1 is anticipated
as a promising strategy. PB may inhibit liver fibrosis, as well as TGFf1 induced HSC activation through
inhibiting GLI activity.

Acetylation is a posttranslational modification that can either alters the biological activities of proteins or
alter subcellular localization (Blanco-Garcia, Asensio-Juan, de la Cruz & Martinez-Balbas, 2009; Nye et al.,
2014). Previous investigates have shown that HDACs are a group of enzymes capable of removing acetyl
groups from histone and other proteins (Kim et al., 2010), and that activity and recruitment are required for
transcriptional activation of genes including Gjal , Irfl , and Glil (Zupkovitz et al., 2006). Among HDACs,
HDACI1 is positive modulators of the activator members of the GLI family (Canettieri et al., 2010). GLI1
physically interacts with HDAC1, and HDAC1-mediated deacetylation of GLI1 results in the transcriptionally
active (Canettieri et al., 2010; Falkenberg et al., 2016; Geng et al., 2018; Gurung, Feng & Hua, 2013).
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GLI1 deacetylation leads to the growth of medulloblastoma (Canettieri et al., 2010) and is increased in
resistant basal cell carcinomas (Mirza et al., 2019). Conversely, in medulloblastoma and glioblastoma cells,
the reduction of GLI1 deacetylation leads to decreased proliferation and increased apoptosis (Mazza et al.,
2013). In accordance with these studies, we showed that PB increased GLI1 acetylation indicating an inactive
state, and decreased the expression of aSMA and COL1A1 in HSCs, thereafter preventing hepatic fibrosis.
LAP2a acts as a scaffold to recruit HDAC1 to GLI1 (Gotic & Foisner, 2010), GLI1 deacetylation increased
GLI1 association with LAP2a to form an activating complex that withstood stringent high-salt conditions
(Mirza et al., 2019). Our study identified that PB had no effect on the total expression of HDAC1 and
LAP2a, but it prevented LAP2a from recruiting HDAC1 and inhibited the formation of HDAC1-LAP2«
complex, thus downregulates the expression of GLI1 and its downstream target genes. Whereas, PB did
not directly affect the interaction between LAP2a-GLI1. In addition, it was reported that liver fibrosis can
be blocked by induction of HDAC inhibitors(Liu et al., 2013). Loh et al. showed that potent and selective
inhibitors of class I only HDAC enzymes profoundly inhibit hepatocyte death and type 2 inflammation
to prevent TAA-induced liver fibrosis in mice (Loh et al., 2019). Previous studies have demonstrated that
LAP2a localizes in the nucleoplasm is highly influential on cell proliferation and differentiation in regenerated
tissue (Vidak, Kubben, Dechat & Foisner, 2015). LAP2a overexpression resulted in GLI1 hyperactivation,
whereas knockdown depressed GLI1 expression in basal cell carcinomas cells (Mirza et al., 2019). In our
system, we found that LAP2a deficiency reduced the expression of myofibroblastic markers thereby attenuate
HSC activation. Our investigation is the first revealing that PB inhibits liver fibrosis by impairing HDAC1-
LAP2a-GLI1 complex.

In summary, PB, a monomeric component of traditional Chinese medicine, is proved to ameliorate liver
damage and fibrosis in BDL and CCly-treated mice. We evaluated the antifibrotic effect of PB on both HSCs
and liver tissues, and revealed that the underlying mechanism of PB involves HDAC1/LAP2u-mediated GLI1
deacetylation. This study is the first showing that PB inhibited the formation of HADCI1-LAP2a complex.
Based upon these findings, PB exerts therapeutic effects on liver fibrosis, which qualifies it being a novel
candidate for hepatic fibrosis treatment in the near future.
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Figure legends

FIGURE 1 PB inhibits the proliferation and activation of HSCs. (A) The chemical structure of PB. (B-F)
LX-2 cells were treated with 2 ng-ml-1 TGF31 with or without different concentrations of PB for 24 hr
after no FBS starvation. (B) COL1A1 luciferase activity was determined in LX-2 cells transfected with
the pGL4.17-COL1A1 luciferase construct. (C) Cell proliferation was determined by CCK8 assay. (D)PB
repressed theCOL1A1 |, a¥MA , TI'$B1 and TIMP1 in a dose-dependent manner in LX-2 cells. GADPH
served as loading control. (E) PB dose-dependently inhibited the protein levels of COL1A1 and a-SMA in
LX-2 cells. The protein levels were normalized against $-actin. (F) Immunofluorescence staining for a-SMA
(red) in LX-2 cells. (G-I) Mouse pHSCs were treated with different concentrations of PB for 24 hr after 7
days of isolation. (G) PB inhibited the collal , avd aoua in mouse pHSCs.B-agtiv served as loading control.
(H) PB inhibited the protein levels of o-SMA in mouse pHSCs. The protein levels were normalized against
B-actin. (I) Immunofluorescence staining for o-SMA (red) in mouse pHSCs. The values are expressed as the
mean + SEM of five independent assays, *P < 0.05, **P < 0.01, ***P < 0.001, ****P< 0.0001, significantly
different from the control group and #P < 0.05, ##P< 0.01, ###P< 0.001 significantly different from the
TGEFP1 treatment group in LX-2 cells and mouse pHSCs. ns, not significant.
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FIGURE 2 PB markedly ameliorated the liver fibrosis in CCly-treated mice. (A) Liver histopathology was
observed by H&E staining (magnification 200x). (B) Serum ALT, AST assays and (C) Liver hydroxyproline
concentration assays demonstrated that PB reduced liver fibrosis in CCly mice. (D) The obtained liver
sections were subjected to sirius red staining (magnification 200x; up panel), and Masson trichrome stain
(magnification 200x; down panel). (E) mRNA expressions of aopa ,Collal , Tgfv1 , and Timpl in mice
liver samples. (F) Western blot analysis and semi- quantitation of «-SMA expressions. B-actin served as
the loading control. The values are expressed as the mean = SEM (n = 8 of each group), *P < 0.05, **P
< 0.01, ***P < 0.001, significantly different from control group and ###P < 0.001, ####P < 0.0001,
significantly different from CCly-corn oil group. ns, not significant.

FIGURE 3 PB markedly ameliorated the liver fibrosis in bile duct-ligated (BDL) mice. (A) Liver patho-
logical changes were detected by H&E staining (magnification 200x). (B) Serum ALT, AST assays and
(C) Liver hydroxyproline concentration assays demonstrated that PB reduced liver fibrosis in BDL mice.
(D) The degree of liver collagen accumulation was determined by sirius red straining (magnification 200x;
up panel), and Masson trichrome stain (magnification 200x; down panel). (E) mRNA expressions ofaoua ,
Collal , Tgfb! , and Timp! in mice liver sample. (F) Western blot analysis and semi-quantitation of a-SMA
expressions. f3-actin served as the loading control. The values are expressed as the mean + SEM (n = 8 of
each group), *P < 0.05, **P < 0.01, ***P < 0.001, significantly different from control group and ###P <
0.001, ####P < 0.0001, significantly different from BDL group. ns, not significant.

FIGURE 4 PB suppressed the GLI1 expression in vitro andin vivo . (A) PB repressed GLI-luciferase acti-
vities. (B-C) PB administration down-regulated GLI1(B) mRNA and (C) protein expressions in LX-2 cells.
GADPH /B-actin served as loading control. (D-E) PB administration down-regulated GLI1 mRNA(D) and
(E) protein expressions in mouse pHSCs. B-agtiv /B-actin served as loading control. (F) PB administration
down-regulated GLI1 protein expressions in BDL livers. B-actin served as loading control. The in wvitro
values are expressed as the mean + SEM of five independent assays, *P <0.05, **P < 0.01, ***P < 0.001,
significantly different from the control group, #P < 0.05, ###P < 0.001significantly different from the
TGFB1 treatment group in LX-2 cells. The in vivo values are expressed as the mean + SEM (n = 8 of each
group), # P<0.05; significantly different from sham group, *P<0.05; significantly different from BDL-NS
group. ns, not significant.

FIGURE 5 Altering GLI1 expression influenced the antifibrotic activity of PB. (A-B) LX-2 cells were
transfected with 100 nM GLI1 siRNA1/2 or Ctrl siRNA (A) the mRNA expressions of fibrogenic gene were
analyzed by RT-qPCR. GADPH served as loading control. (B) Western blot analysis and semi-quantitation
of CLI1, o-SMA and Collagen al(I) expressions. [-actin served as the loading control. (C) LX-2 cells
were transfected with 100 nM GLI1 siRNA1/2 or Ctrl siRNA and subsequently treated with 2 ng-ml-1
TGFf1 with or without different concentrations of PB for 24 hr after no FBS starvation. The same protein
expressions were detected by western blot with the indicated antibodies. p-actin was used as a loading
control for all western blot assays. LX-2 cells were transfected with (D) 2.5-ug HA-GLI1 or vector for
6 hr and subsequently treated with 2 ng-ml-1 TGF@1 with or without different concentrations of PB for
24 hr after no FBS starvation. The protein expressions of HA and liver fibrosis markers were determined
by immunoblotting with the indicated antibodies. The data are expressed as the mean £ SEM of five
independent assays, *P <0.05, **P < 0.01, ***P < 0.001, significantly different from the Ctrl siRNA group,
#P <0.05, ##P < 0.01, ###P < 0.001, significantly different from the pcDNA /Ctrl siRNA group +TGFg1
group, ©<0.05, signi ficantlydif ferent fromthepcDN A + TGFbl + PB1 — mM group.

FIGURE 6 PB blocked the nuclear localization of GLI1 in HSCs. (A) The nuclear and cytoplasmic
extractions of LX-2 cells were separated after PB treatment and analysed by western blot. (B)LX-2 cells
and (C) mouse pHSCs in dishes were fixed in 4% paraformaldehyde, stained with DAPI (blue) and GLI1
(red), and imaged by confocal microscopy, Scale bar: 20 um. (D-E) The mRNA expressions of the GLI1
downstream genesHHIP , CYCLIN D , CYCLIN E and C-MYC (D) in LX-2 cells and (E) in BDL group.
The values are expressed as the mean + SEM of five independent assays, *P <0.05, **P < 0.01, ***P <
0.001, significantly different from the control group, #P < 0.05, ###P < 0.001, significantly different from
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the TGF[1 treatment group. ns, not significant.

FIGURE 7 PB interrupted the LAP20/HDAC1 complex. (A) HA-GLI1 was transfected into HEK293T
cells. Whole cell extracts were immunoprecipitated with an anti-HA antibody. (B) Western blot analysis
of GLI1, LAP20 and HDAC1 expression in LX-2 cells. B-actin served as a loading control. (C) Myc-
LAP2a and HA-GLI1 were transfected into HEK293T cells. The interaction between Myc-LAP2a and
HA-GLI1 was investigated using immunoprecipitation assays. (D) Myc-LAP2o and FLAG-HDAC1 were
transfected into HEK293T cells. The interaction between Myc-LAP2a and FLAG-HDAC1 was investigated
using immunoprecipitation assays. The interaction between LAP2o and HDAC1 was investigated using
immunoprecipitation assays in LX-2 cells (E) and (F) CCly-mice (G) LX-2 cells in dishes were fixed in
4% paraformaldehyde, stained with DAPT (blue), LAP20o (green) and HDAC1(red) and imaged by confocal
microscopy, Scale bar: 20 ym. The values are expressed as the mean £ SEM of five independent assay.

FIGURE 8 LAP2« and HDAC1 were of significance to the antifibrotic effects of PB. (A-C) LX-2 cells treated
with PB (1 uM) and/or Vorinostat (10 uM, 6 hr) then (A) the protein expressions of GLI1 and fibrogenic
markers were detected by immunoblotting with the indicated antibodies and (B) the protein expressions of
GLI1 were detected by immunofluorescence staining. (C) HEK293T cells was transfected with HA-GLI1
and/or treated with PB (1 pM) or Vorinostat (10 uM, 6 hr), Whole cell extracts were immunoprecipitated
with an anti-HA antibody. (D-G) 100-nM LAP24-1/2 siRNA or Ctrl siRNA 48 hr. (D)The fibrotic mRNA
and (E)protein expressions were detected by western blot and RT-qPCR. (F) The protein expressions of
GLI1 were detected by immunofluorescence staining. (G) HEK293T cells was transfected with HA-GLI1
and/or treated with PB (1 uM) or si-LAP20, Whole cell extracts were immunoprecipitated with an anti-HA
antibody. The values are expressed as the mean + SEM of five independent assays, *P <0.05, **P < 0.01,
***P < 0.001, significantly different from the control group.

FIGURE 9 Physalin B (PB) disrupted the interaction between LAP2a and HDAC1, which enhanced the
effect of GLI1 acetylation. The increase of GLI1 acetylation further inhibited GLI1 exerting effect on liver
fibrosis.
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Figure 4
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Figure 6
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Figure 7
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Figure 8
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