
Sparstolonin B (SsnB) attenuates liver fibrosis via a parallel 
conjugate pathway involving P53-P21 axis, TGF-beta signaling 
and focal adhesion that is TLR4 dependent

Diptadip Dattaroya, Ratanesh Kumar Setha, Sutapa Sarkara, Diana Kimonoa, Muayad 
Albadrania, Varun Chandrashekarana, Firas Al Hassona, Udai P. Singhb, Daping Fanc, Mitzi 
Nagarkattib, Prakash Nagarkattib, Anna Mae Diehld, Saurabh Chatterjeea,*

aEnvironmental Health and Disease Laboratory, Department of Environmental Health Sciences, 
Arnold School of Public Health, University of South Carolina, Columbia, SC 29208, United States

bDepartment of Pathology Microbiology and Immunology, School of Medicine, University of South 
Carolina, Columbia, SC 29208, United States

cDepartment of Cell Biology and Anatomy, School of Medicine, USC, Columbia, SC, United 
States

dDivision of Gastroenterology, Duke University, Durham 27707, United States

Abstract

SsnB previously showed a promising role to lessen liver inflammation observed in a mouse model 

of NAFLD. Since NAFLD can progress to fibrosis, studies were designed to unravel its role in 

attenuating NAFLD associated fibrosis. Using both in vivo and in vitro approaches, the study 

probed the possible mechanisms that underlined the role of SsnB in mitigating fibrosis. 

Mechanistically, SsnB, a TLR4 antagonist, decreased TLR4-PI3k akt signaling by upregulating 

PTEN protein expression. It also decreased MDM2 protein activation and increased p53 and p21 

gene and protein expression. SsnB also downregulated pro-fibrogenic hedgehog signaling 

pathway, inhibited hepatic stellate cell proliferation and induced apoptosis in hepatic stellate cells, 

a mechanism that was LPS dependent. Further, SsnB decreased fibrosis by antagonizing TLR4 

induced TGFβ3 signaling pathway. Alternatively, SsnB augmented BAMBI (a TGFβ3 pseudo-

receptor) expression in mice liver by inhibiting TLR4 signaling pathway and thus reduced TGFβ3 

signaling, resulting in decreased hepatic stellate cell activation and extracellular matrix deposition. 

In vitro experiments on human hepatic stellate cell line showed that SsnB increased gene and 

protein expression of BAMBI. It also decreased nuclear co-localization of phospho SMAD2/3 and 

SMAD4 protein and thus attenuated TGFβ3 signaling in vitro. We also observed a significant 

decrease in phosphorylation of SMAD2/3 protein, decreased STAT3 activation, alteration of focal 
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adhesion protein and stress fiber disassembly upon SsnB administration in hepatic stellate cells 

which further confirmed the antagonistic effect of SsnB on TLR4-induced fibrogenesis.
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1. Introduction

Nonalcoholic steatohepatitis (NASH) is manifestation of metabolic syndrome in liver which 

arises from hepatic fat accumulation (Bohinc and Diehl, 2012; Kim and Younossi, 2008). 

NASH is characterized by steatosis (fat deposition) in liver along with increased liver 

inflammation, fibrosis and progressive endothelial dysfunction, which can lead to cirrhosis 

and hepatocellular carcinoma (Larrain and Rinella, 2012; Pasarin et ah, 2012). NASH is a 

silent liver disease and patients generally feel well until they develop irreversible excessive 

liver damage. As there is almost no medication available to treat NASH related excessive 

liver damage, liver transplant can bring the only hope for survival-given that there is always 

a short supply of liver and liver transplant has been a challenge due to graft rejection, graft 

steatosis, infection during the transplantation etc. (Zezos and Renner, 2014). Toll like 

receptors (TLRs) have been shown to play a major role in the pathogenesis of NASH and 

clinical studies show that endotoxemia as a result of leaky gut in NASH condition, can lead 

to TLR4 activation (Das et al., 2015; Petrasek et al., 2013). Increased oxidative stress, perox-

initrite formation, HMGB1 protein, Fibrinogen or other DAMPs (damage associated 

molecular patterns) associated with liver injury, can also act as ligands for TLR4 signaling 

(Petrasek et al., 2013). TLR4 activation can lead to increased IKK and JNK activation, 

increased NFkB translocation into nucleus etc., which leads to inflammation, fibrosis, 

insulin resistance and other metabolic dysregulation during NASH (Nace et al., 2013). 

Abrogation of TLR4 trafficking to lipid rafts helps to decrease inflammation in murine 

NASH models and had better histological outcomes (Petrasek et al., 2013). As TLR4 

activation is a major event that leads to several inflammatory pathway activations and 

fibrogenesis, a potent TLR4 antagonist can be useful to treat such condition.

Different inflammatory signaling pathways are pivotal mediators of liver fibrogenesis and 

control the transition of quiescent hepatic stellate cells (HSC) to collagen-secreting 

myofibroblasts (Yi and Jeong, 2013). Systemic levels of endotoxins have been detected in 

patients with liver cirrhosis (lipopolysaccharide, LPS) (Fukui et al., 1995). Systemic 

endotoxins can be recognized by TLR4 present in hepatocytes, Kupffer cells, stellate cells, 

sinusoidal endothelial cells, biliary epithelial cells in the liver (Weber et al., 2016). Upon 

detecting the LPS or PAMPS, the TLR4 receptors give rise to a myriad of inflammatory 

signaling pathways and increase the production of inflammatory cytokines, induce 

macrophage infiltration and increase oxidative stress (Carrillo-Sepulveda et al., 2015; Shen 

et al., 2007; Weber et al., 2016). Recent studies have indicated that tissue injury and matrix 

degradation can release some endogenous ligands also referred to as DAMPS which can 

activate TLR4 signaling. Injured liver has augmented expression of TLR4 and its co-

receptors which makes it more sensitive to the cascade of inflammatory cell signaling 

Dattaroy et al. Page 2

Eur J Pharmacol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



pathway mediated by TLR4 signaling in the damaged tissue (Guo and Friedman, 2010). 

Induced TLR4 signaling can give rise to different downstream factors like pro-inflammatory 

cytokines, chemotactic cytokines, reactive oxygen species (ROS), adhesion molecules, cell 

cycle regulating proteins, TGF-β1 pseudoreceptor BAMBI-which can give rise to pro-

fibrogenic signals. Hepatic stellate cells along with kupffer cells, may be a target for TLR4 

ligand induced liver injury and offer a direct connection between inflammatory and fibrotic 

liver damage (Guo and Friedman, 2010). We have previously shown that, activation of 

NADPH oxidase induces Toll like receptor 4 (TLR4) recruitment to the lipid rafts and thus 

potentiates inflammation (Das et al., 2015). We have also shown that fibrogenesis in NASH 

is regulated by a NADPH oxidase dependent pathway which increases microRNA21 

activation, hepatic stellate cell activation and accelerates TGFβ signaling (Dattaroy et al., 

2015).

Our previous studies have characterized a plant derived compound SsnB as a TLR4 

antagonist. SsnB has also been shown to have antiinflammatory, anti-angiogenic, anti-

proliferative and anti-oxidant properties (Bateman et al., 2013; Kumar et al., 2014; Liang et 

al., 2015; Liu et al., 2015). Further, we have already shown that SsnB decreases oxidative 

stress, kupffer cell activation, cytokine production and macrophage infiltration in an early 

model of NASH (Dattaroy et al., 2016).

In this research, we study the therapeutic anti-fibrotic role of a novel plant derived 

compound, Sparstolonin B (SsnB), on a murine model of nonalcoholic steatohepatitis. The 

purpose of the present study was to investigate the impact of SsnB on hepatic fibrosis in vivo 

and in vitro through assessment of the effects of SsnB on the proliferation of hepatic stellate 

cells, extracellular matrix deposition and pro-fibrogenic signaling pathways. We also wanted 

to find out the effect of SsnB on anti-proliferative proteins and hedgehog signaling pathway. 

NASH is a significant cause of mortality as it can cause liver fibrosis, cirrhosis, portal 

hypertension, and hepatocellular carcinoma (Amarapurka et al., 2006; Fierbinteanu-

Braticevici et al., 2002; Yoshioka et al., 2004). During NASH associated chronic liver 

inflammation, activated hepatic stellate cells (HSCs) deposits excessive extracellular matrix 

proteins in the liver resulting in fibrotic scars (Higashi et al., 2017). However, there is no 

therapy available to treat liver fibrosis in the patients with NASH except some life style 

modifications (Blond et al., 2017). Thus, it is important to understand the molecular 

mechanisms of hepatic fibrosis to design therapeutic strategies to prevent and treat liver 

fibrosis. Also, since TGFβ signaling activation can induce JAK-STAT pathway and 

upregulate stress fiber assembly in myofibroblasts, we investigated the role of SsnB in 

alteration of those pathways (Edlund et al., 2002; Tang et al., 2017). We used rat primary 

hepatic stellate cells and human transformed hepatic stellate cells (LX2) as our in vitro 

models. Our data shows that SsnB can decrease myofibroblast proliferation through 

modulating multiple signaling pathways that include attenuation of TLR-induced cell 

proliferation, fibroblast differentiation and TGF-beta signaling followed by a subsequent 

decrease in focal adhesion and stress fiber assembly, a critical process in epithelial to 

mesenchymal transition (EMT) found in NASH (Alsamman et al., 2017).
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2. Materials and methods

2.1. Cell culture

Human immortalized stellate cell line (LX2) (kindly gifted by Dr. Ana Mae Diehl, Duke 

University) was grown in complete Dulbecco’s Modified Eagle’s Medium (DMEM, 

Corning, VA) with 10% fetal bovine serum (FBS, Atlas Biologicals, CO) and 1x Penicillin-

Streptomycin solution (Gibco, Life Technologies, NY) at 37 °C in a humidified incubator 

with 5% C02. Tissue culture plastic wares, HBSS buffer were purchased from Corning 

(Corning, VA). Sparstolonin B (SsnB) compound was kindly gifted by our collaborator Dr. 

Daping Fan (Cell Biology and Anatomy, University of South Carolina School of Medicine). 

Stock solution of SsnB was prepared in 100% dimethyl sulfoxide (DMSO). The final 

concentrations of SsnB on cells were 10 μM (SsnB10) and 100 μM (SsnB100). The equal 

amounts of DMSO were added to control cells and LPS treated cells to normalize the 

DMSO effect in SsnB treated cells. The cells were plated on 6 well/12 well plates using 

DMEM medium supplemented with 10% FBS. Before treating the cells with LPS (100 

ng/ml, in PBS) and SsnB (10 μM, 100 μM), cells were cultured in DMEM with 2% FBS 

(overnight). All treatments are given for 24 h in 2% FBS containing DMEM medium. Cells 

treated with 0.1% DMSO were used as control. Primary rat hepatic stellate cells (ScienCell 

Research Lab, Carlsbad, CA) were cultured in specific medium as instructed by the 

manufacturer, on poly-L-lysine (ScienCell Research Lab)-coated 6well/12-well plates and 

incubated at 37 °C in a humidified incubator with 5% CO2 to initiate the culture. Treatments 

of LPS and SsnB were given as discussed above. All treated cells were subjected to mRNA 

and protein extraction. Maintaining aforementioned conditions, cells were plated on 

coverslips by putting coverslips on each well of 12 well plates and the cells adhered on 

coverslips were used for immune-fluorescence dual labeling staining after the treatment.

2.2. Mouse models

Pathogen-free, male mice with C57BL/6J background (Jackson Laboratories, Bar Harbor, 

ME) were housed one per cage at 23–24 °C with a 12-h/12-h light/dark cycle at libitum 

access to food and water. They were fed with 60% kcal high fat diet (Research Diets, New 

Brunswick, NJ) from 6 weeks until 16 weeks to generate a model of steatosis. We will refer 

to this group as Control. A similar group of high fat fed mice were administered 

Bromodichloromethane BDCM (1 mmol/kg, diluted in corn oil) though intraperitoneal 

injection, twice a week for 4 weeks to generate BDCM induced Non-alcoholic 

steatohepatitis model of mice (NASH) that induced fibrosis (Seth et al., 2013). BDCM and 

corn oil were purchased from Sigma-Aldrich (St. Louis, MO). A group of NASH mice were 

administered with SsnB (3 mg/kg) intraperitoneally twice for 4 weeks (NASH + SsnB). NIH 

guideline for Humane Care and Use of Laboratory Animals and local IACUC standards 

were followed during animal handling. Animal experiments were approved by the 

University of South Carolina at Columbia. Upon completion of the treatment, all mice were 

killed for liver tissues and serum samples for further experiments.

2.3. Laboratory analysis

2.3.1. Picrosirius red staining—Picrosirius red staining of formalin-fixed, paraffin 

embedded liver tissue Section (5-μm-thick) was done using a Nova ultra-sirius red stain kit 

Dattaroy et al. Page 4

Eur J Pharmacol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



following manufacturer’s instructions (IHC-World). Liver sections were observed under a 

10X objective of a light microscope. Morphometric analysis of the stained regions of the 

tissue sections was performed using cellSens software (Olympus). The degree of fibrosis 

was evaluated by following the METAVIR scoring system (F0: no fibrosis, FI: portal fibrosis 

without septum formation, F2: portal fibrosis with few septum formation, F3: portal fibrosis 

with several septum formations but no cirrhosis and F4: cirrhosis) on the basis of 

histological observation of the slides.

2.3.2. Immunohistochemistry—Formalin-fixed, paraffin embedded liver tissue 

Section (5-μm-thick) were subjected to de-paraffinization and antigen retrieval using 

standard protocol. Immunohistochemistry was performed on neutral buffer formalin (NBF) 

fixed liver tissues according to the protocol described in our early publication (Dattaroy et 

al., 2016). Mouse monoclonal p53 (Cell Signaling Technology, MA) and p21 antibody 

(Santa cruz Biotechnology, TX) were used in recommended dilution. Rest of the experiment 

was processed as described in our previous publication (Dattaroy et al., 2016). Antibodies 

against fibronectin, BAMBI (Abeam, MA) were used in recommended dilution. 

Morphometric analysis of the immunoreactivity of tissue sections was performed using 

cellSens software (Olympus).

2.4. Immunofluorescence microscopy

De-paraffinization and antigen retrieval was performed on formalin-fixed; paraffin 

embedded liver tissue Section (5-μm-thick) were done by using standard protocol. The 

primary antibodies MDM2 (Santa cruz Biotechnology, TX), Glil, α-SMA (Abeam, MA) 

were used in recommended dilutions. Species-specific secondary antibodies conjugated with 

Alexa Fluor 633 (Invitrogen, CA) were used against the appropriate primary antibodies. Rest 

of the experiment was processed as described in our previous publication (Dattaroy et al., 

2016). After completion of the treatments as previously stated, the LX2 and/or Primary Rat 

hepatic stellate Cells attached coverslips were fixed and processed according to our previous 

publication (Dattaroy et al., 2016). Cells were incubated with α-SMA (Abeam, MA), p53 

(CST, Danvers MA), and p21 (Santa cruz Biotechnology, TX) primary antibodies followed 

by species-specific Alexa Fluor 633 (R) and 488 (G) (described above), for 

immunofluorescence dual-labeling staining. Alexa Fluor 633 was used against p53 and p21 

antibodies. Alexa Fluor 488 was used against α-SMA antibody. LX2 and/or Primary Rat 

hepatic stellate Cells were incubated with pSMAD2/3 (Abeam, MA) and SMAD4 (Santa 

cruz Biotechnology, TX) primary antibodies followed by species-specific Alexa Fluor 633 

(red, R) and Alexa Fluor 488 (Green, G) for immunofluorescence dual-labeling staining. 

Alexa Fluor 633 was used against anti-p-SMAD2/3 antibody. Alexa Fluor 488 was used 

against anti-SMAD4 antibody. Paxillin, α-SMA and vinculin primary antibodies (Santa 

Cruz biotechnology, Inc. Santa Cruz, CA) were used in 1:250 dilutions. Species specific 

alexa Fluor 488 (G) was used against vinculin antibody and species specific alexa Fluor 633 

(R) was used against α-SMA antibody. ProLong Gold antifade reagent with DAPI (Life 

Technologies) was used to mount the stained cells attached on the coverslips and viewed 

under 20 × or 40 × objective with an Olympus BX51 fluorescent microscope.
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2.5. Quantitative real-time polymerase chain reaction

Gene expression (mRNA) levels from mice liver tissue and hepatic stellate cell samples 

(LX2 and primary rat hepatic stellate cells) were measured by quantitative real-time reverse 

transcription-polymerase chain reaction (qRT-PCR) by following our routine lab protocol. 

The primers used for Real time PCR in 5’ to 3’ orientations are rat p53 (Forward: 

GCACGGCCTTTGTGGTAAAA, Reverse: TTTGCCAGGGCTGAGTAACC) and rat p21 

(Forward: TGCCTTAGCCTTCATTCAGTGT, Reverse: 

TATCGAATTGCACGAGGGGAG)., Rat Glil (Forward: AACTCCACGAGCACACAGG 

and Reverse: GCTCAGGTTTCTCCTCTCTC), Rat Gli2 (Forward: 

CCATCCATAAGCGGAGCAGA and Reverse: CCAGATCTTCCTTGAGATCAG), Rat IHH 

(Forward: CCTCGTCTTGGTGTAGAG and Reverse: GAATCGCAGTCAGAGCTAGC), 

Rat Ptc (Forward: AAAGATGGATGTGGGCAAACG and Reverse: 

TCACACCCTGAGCCTTCCAT), Rat BAMBI (Forward: 

GCGGGGCGTCAATGGATCGC, Reverse: GAACTCAGAAGGCCTTCAAGG), Human 

Glil (Forward: GGCTCGCCATAGCTACTGAT and Reverse: CCAGCGCCCAGACAGAG), 

Human Gli2 (Forward: AGTTAATGAGAACCTGGGCAGT and Reverse: 

TTGGCAAAGGCGGGATAGTC), Human IHH (Forward: CAGCCTGCTCTCACTACGAG 

and Reverse: CCCAAAGGGGCCTAAGATGG), Human Ptc (Forward: 

GGGTGGCACAGTCAAGAACAG and Reverse: TACCCCTTGAAGTGCTCGTACA).

2.6. miR21 expression levels in liver tissues

Total miRNA was isolated from Control, NASH and NASH + SsnB liver tissue by using 

Qiazol reagent and miRNAeasy kit (Qiagen, Valencia, CA) according to the manufacturer’s 

instructions. Purified miRNA (1 μg) was converted to cDNA using miScript cDNA synthesis 

kit (Qiagen, Valencia, CA). Quantitative real-time PCR was performed with the miR 21 

specific primer using miScript SYBR Green PCR master mix (Qiagen, Valencia, CA) and 

CFX96 thermal cycler (Bio-rad, Hercules, CA). Threshold Cycle (Ct) values for the selected 

genes were normalized against RNU6-2 (internal expression control) values in the same 

sample.

2.7. Western blot

Western blot from in vivo and in vitro samples were performed according to our previous 

publication (Liang et al., 2015). Primary antibodies PTEN, BAMBI, β-actin, α-SMA, CTGF 

(Abeam, MA), p53, phospho SMAD2/4, total SMAD2/3 (Cell Signaling Technology, MA), 

phospho STAT3, Cyclin E, cleaved caspase3, total caspase3 and cleaved PARP1 (Santa Cruz 

biotechnology, Inc. Santa Cruz, CA), were used at recommended dilutions, and compatible 

horseradish peroxidase-conjugated secondary antibodies were used.

2.8. TUNEL assay

TUNEL based ApopTag® technology (EMD Millipore, MO) was used to detect apoptotic 

cells according to the manufacturer’s instructions. ProLong Gold Antifade Reagent (Life 

Technologies, Carlsbad, CA) with DAPI was used to mount the coverslips. The cells were 

imaged using immunofluorescence microscopy under 20× objective.
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2.9. Cell cycle analysis

After treating LX2 cells with LPS and/ SsnB (as described previously), the cells harvested 

and centrifuged for 10 min at 120 g at 25 °C in the medium. After aspirating the medium, 

cells were washed with PBS and again centrifuged for 10 min at 120 g at 25 °C. This step 

was repeated, and the cells were fixed with 70% ice cold ethanol (dropwise) for 30 min on 

ice. After fixing the cells, they were centrifuged again at 120 g for 5 min. Ethanol was 

aspirated and 1 ml of propidium iodide solution (containing RNase A and 0.1%Triton X) 

was added to the pellets and incubated in ice for 30 min on ice. The samples were analyzed 

by Beckman Coulter FC500 Flow Cytometer at Institutional Resource Facility at the 

University of South Carolina School of Medicine.

Confocal microscopy: Confocal microscopy,colocalization analysis and fluorescence data 

interpretations for HDAC1 in the nucleus were carried out at the NIEHS core facility.

2.10. Statistics

Data were represented as mean ± S.E.M Statistical significance was calculated by Student’s 

t-test and the graphs were plotted using Origin (OriginLab Corporation, MA). p ≤ 0.05 was 

considered statistically significant.

3. Results

3.1. SsnB treatment ameliorates liver fibrosis in NASH mice

Picrosirius red stain is widely used to stain extracellular collagen matrix to detect fibrotic 

scar deposition in tissues. This staining is based on the firm binding of this stain’s sulfonic 

acid groups with the basic moieties of collagen fibers. Histological evaluation of mice liver 

tissues in NASH group showed increased deposition of collagen matrix and fibrosis 

compared to Control group. SsnB treated group (NASH + SsnB) showed significant 

reduction of fibrosis (Fig. 1A, B)(P < 0.05). In Control group fibrosis scoring was F0 (no 

fibrosis), NASH group the fibrosis grade was F2 to F3 (periportal and septal fibrosis). 

Interestingly, fibrosis scoring in NASH + SsnB group was F0 to F1 (no fibrosis to mild 

fibrosis without septa) (Fig. 1C).

3.2. SsnB treatment decreased m1croRNA21 expression and upregulated PTEN protein 
expression in NASH liver

MicroRNA21 (miR21) is known to downregulate tumor suppressor protein PTEN (Zhang et 

al., 2010). We have previously shown that SsnB administration decreases miR21 expression 

and induces PTEN expression in an early NASH model where diet induced obese mice were 

subjected to BDCM treatment for 1 week (Dattaroy et al., 2016). Interestingly, we observed 

similar characteristics of SsnB when it was administered in our full-blown NASH model 

where diet induced obese mice were subjected to BDCM treatment for 4 weeks. We found 

that, SsnB treatment (NASH + SsnB group) significantly decreased miR21 expression 

compared to NASH group (Fig. 2A) (P < 0.05). PTEN protein expression was decreased in 

NASH group compared to Control. However, SsnB treatment (NASH + SsnB) augmented 

PTEN expression (Fig. 2B,C) which complemented the reduced expression of miR21 in that 

group (P < 0.05).
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3.3. SsnB treatment induced PTEN expression increased p53, p21 upregulation and 
decreased hedgehog signaling in liver

To detect the possible mechanism of PTEN induced expression of p53, we measured the 

immunoreactivity of MDM2 in paraffin embedded liver tissue sections though 

immunofluorescence microscopy. We observed significantly increased immunoreactivity of 

MDM2 in NASH liver section compared to Control liver (Figs. 3A, 4A). SsnB treated 

(NASH + SsnB) liver showed considerable decrease in MDM2 immunoreactivity compared 

to NASH liver (Figs. 3A, 4A). MDM2 is a known inhibitor of p53. Moreover, 

immunoreactivity against GUI, a pro-fibrogenic nuclear transcription factor, was 

significantly increased in NASH liver section compared to Control liver (Figs. 3B, 4B). 

SsnB treated (NASH + SsnB) liver showed remarkable decrease in Glil immunoreactivity 

compared to NASH liver as observed by immunofluorescence microscopy (Figs. 3B, 4B)) (P 

< 0.05). Immunohistochemistry against p21 also revealed significant decrease in p21 

immunoreactivity in NASH liver compared to Control (Figs. 3C, 4C). SsnB treatment 

significantly increased p21 immunoreactivity in the sinusoidal area of liver in NASH + SsnB 

group compared to NASH group (Figs. 3C, 4C) (P < 0.05). Interestingly, 

Immunohistochemistry against p53 revealed decreased p53 protein expression in NASH 

mice liver in the sinusoidal area which was augmented with SsnB treatment (NASH + SsnB) 

(P < 0.05) (Figs. 3D, 4D). Morphometry of the immunoreactivities are shown in Fig. 4A–D.

3.4. SsnB treatment increased p53, p21 expression in vitro

To see whether SsnB can upregulate expression of p53 and p21 in vitro as it does in vivo, we 

measured gene expression of p53 and p21 through qRT PCR experiments in primary rat 

hepatic stellate cells. LPS treatment significantly decreased the gene expression of p53 and 

p21 compared to untreated or control cells (Fig. 5A). However, SsnB treatment (100 μM) 

was able to improve LPS induced downregulation of those genes (Fig. 5A) (P < 0.05). 

Immunofluorescence microscopy also revealed increased immunoreactivity of p53 and p21 

in SsnB (100 μM) treated primary rat hepatic stellate cells (LPS + SsnBlOO) compared to 

only LPS treatment (Fig. 5B, C respectively). The increased immunoreactivity of p53 and 

p21 in SsnB treated primary rat hepatic stellate cells (LPS + SsnB) was further confirmed by 

the immunoblots compared to β-actin (Fig. 5D–F). Due to unavailability of same batch of 

SsnB we were restricted to use 10 μM SsnB of the same batch for this experiment. We found 

that even 10μM SsnB was able to significantly increase the P53 and P21 protein expression 

as observed by immunoblot (p < 0.05).

3.5. SsnB treatment decreased gene expression of hedgehog signaling markers and 
reduces Cyclin E protein expression in vitro

To correlate SsnB induced repression of Glil (a hedgehog transcription factor) in an in vitro 

model of human hepatic stellate cells (LX2), we measured gene expression of hedgehog 

signaling specific markers through qRT PCR experiments. LPS treatment increased the gene 

expression of Glil, Gli2, Indian hedgehog (IHH) and Patched (Ptc) compared to untreated or 

control cells (Fig. 6A). However, SsnB treatment was able to repress LPS induced 

upregulation of those genes (Fig. 6A) (P < 0.05). To see whether SsnB upregulation of 

PTEN, p53, p21 and repression of Glil alters proliferation of activated HSCs, we measured 
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Cyclin E protein level from cell homogenates by western blot. LPS treatment had increased 

Cyclin E level compared to Control which decreased upon SsnB treatment (Fig. 6B–C). We 

also conducted the similar experiment in primary rat hepatic stellate cells. The results 

showed similar pattern of Glil where SsnB treatment ameliorate LPS induced Glil and IHH 

mRNA expression (Supplementary Fig. 1A). The LPS treated primary rat hepatic stellate 

cells showed a non-significant increase in Cyclin D1 expression and decreased in LPS + 

SsnB (10 μM) treated cells (Supplementary Fig. 1B, C).

3.6. SsnB treatment decreases proliferation and induces apoptosis in hepatic stellate 
cells

We performed flow cytometry to evaluate the effect of SsnB on hepatic stellate cell cycle 

progression. After treating the LX2 cells with vehicle, LPS and/ SsnB for 24 hs (as 

described previously), the cells were collected and stained with propidium iodide and then 

analyzed by Beckman Coulter FC500 Flow Cytometer. The resulting data clearly 

demonstrates that treatment of LX2 cells with SsnB (both 10 μM and 100 μM 

concentrations) induced accumulation of cells in G2/M phase (38.14% and 36.75% in SsnB 

10 μM and 100 μM respectively) compared to LPS treated group (27.55%) accompanied by 

a decreased amount of cells in the G0-G1 phase (Fig. 7A). We also observed significantly 

higher number of apoptotic nuclei in SsnB treated cells (LPS + SsnB), compared to LPS 

treated and control cells (Fig. 7B) (P < 0.05). Western blot data clearly reveals increased p53 

accumulation, increased cleaved caspase3 (Casp3) and cleaved PARP1 proteins in SsnB 

treated LX2 cells compared to LPS treated and control cells (Fig. 7C,D)), further 

establishing the pro-apoptotic role of SsnB. High apoptotic nuclei were also observed in the 

SsnB treated mouse liver (NASH + SsnB) as compared to NASH liver or control mouse liver 

(Fig. 7E,F). We also conducted the similar experiment in primary rat hepatic stellate cells. 

The western blot results showed similar pattern of increased p53, cleaved Caspase-3 

(normalized with caspase 3) upon SsnB (10 μM) treatment in LPS primed cells 

(Supplementary Fig. 2A, B). Also high apoptotic nuclei were observed in SsnB (10 μM) 

treated LPS primed cells as compared to Control or LPS treated cells (Supplementary Fig. 

2C).

3.7. SsnB treatment decreases hepatic stellate cell activation In murine NASH

Hepatic stellate cells reside in the sinusoidal endothelium space of the liver and play a key 

role to induce fibrosis in the liver. Upon activation in NASH, the quiescent hepatic stellate 

cells transform into fibrogenic myofibroblasts and produce alpha smooth muscle actin 

protein (α-SMA). α-SMA is a reliable marker to detect hepatic stellate cell activation in the 

liver. We have already shown in the previous chapter that SsnB administration ameliorates 

fibrotic scars in NASH liver. Our immunofluorescence data showed that SsnB administration 

significantly decreased α-SMA expression compared to NASH mouse liver (Fig. 8A,B) (P < 

0.05).

3.8. SsnB treatment In NASH mice upregulates BAMBI In liver

Studies have shown than TLR4 signaling activation can induce increased hepatic fibrosis by 

downregulating TGFβ pseudo receptor BAMBI. BAMBI is TGF-β type I receptor lacking an 

intracellular kinase domain. So it blocks signal transduction even after stimulation with 
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TGF-beta superfamily ligands (Liu et al., 2014; Onichtchouk et al., 1999; Seki et al., 2007). 

Interestingly, immunohistochemistry of BAMBI on mouse liver sections showed that, 

BAMBI immunoreactivity was significantly decreased in NASH group compared to the 

Control group (P < 0.05). However, NASH mice treated with SsnB (NASH + SsnB group) 

showed considerably increased immunoreactivity of BAMBI compared to NASH liver 

tissues (Fig. 9A,B) (P < 0.05).

3.9. SsnB treatment decreases flbronectln deposition in NASH liver

Fibronectin is an extracellular matrix (ECM) protein and its expression is stimulated by 

TGFβ signaling pathway (Dallas et al., 2005). It is also known to play an important role in 

liver fibrosis (Dattaroy et al., 2015). Interestingly, immunohistochemistry of fibronectin on 

mouse liver sections showed that, fibronectin immunoreactivity was significantly increased 

in NASH group in the sinusoidal area compared to the Control group. However, NASH mice 

treated with SsnB (NASH + SsnB group) showed considerably decreased immunoreactivity 

of fibronectin compared to NASH liver tissues (Fig. 10A, B) (P < 0.05).

3.10. SsnB upregulates BAMB1 and decreases TGFβ signaling in vitro

Upon activated by TGFβ ligands and PAMPS, quiescent hepatic stellate cells (HSC) become 

profibrogenic myofibroblasts and are primarily responsible to induce hepatic fibrogenesis in 

NASH by producing excessive extracellular matrix proteins (Friedman, 2008; Leask and 

Abraham, 2004). Interestingly, our in vitro data from rat primary hepatic stellate cells show 

that LPS treatment decreases BAMBI mRNA and protein expression compared to untreated 

or control cells (Fig. 11A, B) (P < 0.05). However, LPS + SsnB (100 μM) treated cells 

augmented BAMBI mRNA (Fig. 11A) and protein expression compared to only LPS treated 

cells (Fig. 11B, C) (P < 0.05). SsnB treatment also decreased SMAD2/3, SMAD4 co-

localization compared to only LPS treated LX2 cells (transformed human hepatic stellate 

cells) (Fig. 11D). Phosphorylation of SMAD2/3 protein was also decreased upon SsnB 

treatment compared to the LPS treated cells (Fig. 11E,F).

3.11. SsnB downregulates STAT3 phosphorylation, decreases stellate cell activation and 
connective tissue growth factor in vitro

STAT3 inhibition is known to suppress hepatic stellate cell mediated fibrogenesis (Nunez 

Lopez et al., 2016). STAT3 also cooperates with TGFβ1 in activation and anti-apoptosis of 

hepatic stellate cells (Xu et al., 2014). TGFβ is also known to activate JAK1-STAT3 axis to 

augment liver fibrosis in coordination of SMAD mediated signaling pathway (Tang et al., 

2017). We preferred to see whether SsnB modulates STAT3 activation in LX2 cells. Western 

blot analysis showed that SsnB treatment significantly decreased STAT3 phosphorylation, 

and CTGF protein expression compared to LPS treated LX2 cells (Fig. 12A,B). However, α-

SMA protein expression also showed decreasing pattern upon SsnB treatment but the 

observation was not significant. (Fig. 12A,B). We also conducted the similar experiment in 

primary Rat hepatic stellate cells. The western blot results showed nonsignificant decrease of 

α-SMA and CTGF protein but no change in pSTAT3 upon SsnB (10 μM) treatment in LPS 

primed cells (Supplementary Fig. 3A, B).
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3.12. SsnB treatment decreases focal adhesion associated adaptor protein expression 
and inhibits stress fiber formation in vitro

Paxillin is a multi-domain focal-adhesion adaptor protein located at the edge between the 

plasma membrane and cytoskeleton. It helps in the process of cell adhesion and acts as a 

scaffold to bind many signaling proteins to the cell membrane (Turner, 2000). Immuno-

fluorescent imaging of paxillin shows that Control and LPS stimulated LX2 cells (Fig. 

13A,B) and Rat primary hepatic stellate cells (Fig. 13D) displayed heterogeneous adhesions 

which are large and elongated at the periphery of the cells. However, SsnB treatment on LX2 

and primary cells significantly decreases paxillin immunoreactivity at the periphery. The 

focal adhesion regions in SsnB treated cells are smaller than Control or LPS treated cells. 

While lower concentration of SsnB (10 μM) decreased paxillin expression at the periphery 

of LX2 cells, higher concentration of SsnB further abrogated this focal adhesion adaptor 

protein expression and altered the cell morphology (Fig. 13A,B). Maturation of focal 

adhesions fuels the assemblage of adhesion-associated actin bundles known as radial stress 

fibers (Oakes et al., 2012). We have already seen in Fig. 12 that LPS treatment in LX2 cells 

increased a-SMA protein expression compared to untreated or control cells. SsnB treatment 

decreased α-SMA protein expression in LPS stimulated LX2 cells. In Fig. 13C (LX2 cells), 

Fig. 13E (primary cells), immunofluorescent staining of α-SMA specifically depicts the 

stress fiber morphology on both LX2 and primary cells. We observed that, SsnB treatment 

blocks the stress fiber formation compared to LPS treated cells as indicated by 

immunoreactivity of α-SMA (red) and vinculin (green). The cell morphology also changed 

upon SsnB treatment. They have smaller cell body, extended cell processes and they also 

lose stress fibers-similar to the quiescent stellate cells (Anthony et al., 2010).

4. Discussion

This study unravels the anti-fibrotic and anti-proliferative mechanisms of a plant derived 

TLR4 antagonist, Sparstolonin B (SsnB). Mechanistically, SsnB reduces TLR signaling by 

inhibiting MyD88 recruitment to TLR4 (Liang et al., 2011). Our initial histochemical data 

from picrosirius red stained liver slices proved that SsnB prevents NASH induced fibrotic 

scars. We wanted to explore whether SsnB inhibits fibrosis through inhibiting TLR4 

dependent pro-fibrogenic pathways. It is known that TLR4 signaling pathway activation can 

upregulate miR21 (Yang and Seki, 2012) which was reversed by SsnB, a TLR4 antagonist. 

PTEN (phosphatase and tension homolog deleted on chromosome ten) is known to be a 

tumor suppressor (Wei et al., 2013). It can also inhibit PI3K/Akt signaling by 

dephosphorylating phosphatidyllnositol (3,4,5)-trisphosphate (PIP3) at position 3 and also 

known to be involved in cell motility, proliferation, survival, metabolism and cellular 

architecture (Wei et al., 2013). It is known that PTEN can down regulate TLR4 induced pro-

inflammatory pathways (Yin et al., 2016). Micro-RNA 21 is a known inhibitor of PTEN 

(Sheedy et al., 2010). Our study shows that PTEN expression is augmented in SsnB treated 

samples where miR21 was also downregulated (Fig. 2). This proves that, SsnB can 

upregulate PTEN expression by inhibiting TLR4 induced miR21 expression in our NASH 

model. It is known that activated TLR4-PI3K pathway can induce p53 degradation by 

upregulating MDM2 (Odkhuu et al., 2015). Recent research shows that senescence induction 

in fibrogenic cells by increasing p21, p53 can help to reduce excessive fibroblast 
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proliferation and suppress hepatic tumor (Krizhanovsky et al., 2008). However, no research 

has focused on the possible route of repressing hepatic stellate cell proliferation by 

antagonizing TLR4-PI3K/Akt-MDM2 signaling pathway by SsnB. We found that SsnB, a 

TLR4 antagonist can possibly affect TLR4-PI3K/Akt signaling by upregulating PTEN 

protein expression. Our data suggested that SsnB treatment downregulated MDM2 which 

was otherwise activated in NASH liver. Interestingly, we found that, p53 was upregulated in 

SsnB treatment, which proves that SsnB induced p53 activation by suppressing MDM2 in a 

PTEN dependent mechanism (Brooks and Gu, 2006). We also found upregulated p21 protein 

expression in SsnB treated liver (NASH + SsnB) compared to NASH liver. It is known that 

increased p53 induces p21 expression (Benson et al., 2014) which further supports our 

findings. Induction of p53 and p21 in fibrotic liver can be instrumental to decrease 

uncontrolled proliferation of fibroblasts as our data might suggest. As uncontrolled HSC (a 

hepatic fibroblast) proliferation plays a major factor in hepatic fibrogenesis, we wanted to 

see whether SsnB induced activation of p53, p21 and decreased the proliferation of activated 

stellate cells. In vitro results showed that SsnB treatment increases mRNA and protein levels 

of p53 and p21 in HSC which was otherwise repressed by LPS-proving the anti-proliferative 

effect of SsnB. Hedgehog signaling plays a key role in liver fibrosis and is an important 

therapeutic target of anti-fibrotic drugs (Yang et al., 2014). Glioma-associated oncogene 

homologl (Glil) is a transcription factor which is a downstream target of hedgehog signaling 

pathway (Rimkus et al., 2016). Previous research has shown that increased p53 expression is 

known to inhibit Glil (Yoon et al., 2015). We found that SsnB treated mice liver tissue 

(NASH + SsnB) having upregulated p53 protein expression also had reduced expression of 

Glil compared to NASH mice liver. Activation of hepatic stellate cells (HSC) induces 

fibrosis in the liver and suppression of Hedgehog signaling in these cells is known to inhibit 

HSC activation (Li et al., 2015). We found that SsnB treatment in HSC culture 

downregulates LPS induced activation of Hedgehog signal specific gene expression (Fig. 6).

Hedgehog signaling pathway is known to induce proliferation by upregulating Cyclin D and 

Cyclin E. Shh proliferative signaling stimulates or maintain cyclin gene expression and 

activity of the Glcyclin-Rb axis in proliferating cells (Duman-Scheel et al., 2002; Kenney 

and Rowitch, 2000). Glil inhibition is also known to inhibit cell growth and cell cycle 

progression at G2/M phase and induced apoptosis (Sun et al., 2014). Several researchers 

have already shown that SsnB can inhibit angiogenesis and proliferation of cancer cells by 

inhibiting mitotic cyclins (Bateman et al., 2013; Benson et al., 2014). Similarly, our study 

found that SsnB treatment decreased Cyclin D activation in hepatic stellate cells (Fig. 6B). 

We also observed SsnB induced suppression of stellate cell proliferation at G2/M phase of 

cell cycle and apoptosis of hepatic stellate cells. Apoptosis induction in activated HSCs is 

one important therapeutic target to decrease HSC proliferation and hepatic fibrosis (Zhao et 

al., 2017). Anti-apoptotic role of SsnB has previously been shown in different cell types 

(Kumar et al., 2014). We observed significant number of apoptotic cells in SsnB treated 

group (LPS + SsnB) compared to untreated cells and LPS treated cells (Fig. 7). Inhibition of 

hepatic stellate cell proliferation can reduce liver fibrosis and is a major therapeutic target of 

anti-fibrotic drugs (Balta et al., 2015; Pan et al., 2004). Anti-proliferative and pro-apoptotic 

properties of SsnB could render it as a potential antifibrotic molecule. In future, it will be 

interesting to see therapeutic role of SsnB in other in vivo models of liver fibrosis as 
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numerous studies have shown that no one murine model is a true representation of the 

human disease and could be viewed as a limitation in this study. Apart from HSCs, hepatic 

cholangiocytes and hepatocytes can also acquire phenotype of myofibroblasts through a 

process of epithelial to mesenchymal transition in the liver (Fausther et al., 2013; Forbes and 

Parola, 2011).

Intestinal microflora and a functional TLR4 are essential for hepatic fibrogenesis (Pradere et 

al., 2010). TLR4 activation can induce hepatic stellate cell proliferation and extracellular 

matrix deposition in the liver, resulting in liver scarring in chronic liver diseases. Increased 

TLR4 signaling in hepatic stellate cells induces chemokine secretion and chemotaxis of 

macrophages but downregulates TGFβ pseudoreceptor bone morphogenetic protein and 

activin membrane bound inhibitor (BAMBI) and thus sensitizes the HSCs to TGFβ induced 

activation and myofibroblastic differentiation (Seki et al., 2007). We observed that SsnB 

treatment decreased hepatic stellate cell activation in vivo as indicated by decreased αSMA 

immunoreactivity (Fig. 8). TLR4 activation induces NF-KBp50:HDACl interaction which 

represses transcription of BAMBI promoter (Liu et al., 2014). BAMBI is TGFβ type I 

receptor lacking an intracellular kinase domain. It blocks signal transduction even after 

timulation with TGFβ superfamily ligands and thus, decrease of BAMBI on hepatic stellate 

cells can increase TGFβ signaling and fibrogenesis (Liu et al., 2014; Seki et al., 2007). As 

abrogation of TLR4 signaling induces BAMBI mediated inhibition of pro-fibrogenic TGFβ 
signaling pathway, a TLR4 antagonist like SsnB might be assumed to have the potency to 

decrease TLR4 mediated hepatic fibrosis. Our results showed that SsnB treated NASH mice 

had upregulated BAMBI expression in liver which corresponds to decreased fibrogenesis 

(Fig. 9). Fibronectin, a multifunctional glycoprotein and extracellular matrix (ECM) 

component is produced by hepatic stellate cells and is required to support other extracellular 

matrix protein assembly (Kohan et al., 2010; Liu et al., 2016). We have previously shown 

that, BDCM, a chemical that initiated fibrogenesis induced TGFβ signaling and promoted 

fibronectin protein expression in the NASH liver (Dattaroy et al., 2015). Here we have 

observed that SsnB induced decreased stellate cell activation and TGFβ signaling through 

BAMBI upregulation which resulted in decreased fibronectin expression. From the 

histological data of picrosirius red stained liver slices in the previous dataset, we could 

correlate that SsnB treatment significantly decreased fibrotic scar deposition compared to 

NASH liver. Decreased fibronectin deposition upon SsnB treatment might be responsible in 

decreased collagen matrix accumulation in the liver. As hepatic stellate cells are the major 

fibrogenic cells in the liver, we wanted to see if SsnB mediated repression of TGFβ 
signaling by BAMBI upregulation is stellate cell dependent. Interestingly, we found that 

SsnB upregulates BAMBI in vitro (Fig. 11). TGFβ signals by binding to TGFβRI an 

TGFβRII transmembrane proteins, each having serine/threonine kinase Ligand binding to 

this receptor protein complex, phosphorylates and activates TGFβRI by the cytoplasmic 

kinase domains of TGFβRII Activated TGFβRI phosphorylates SMAD2 and SMAD3 which 

can form a complex with SMAD4 and assemble in the nucleus to initiate target gene 

expression in a SMAD dependent pathway (Hata and Chen, 2016). We found that SsnB 

decreased LPS induced TGFβ signaling by decreasing SMAD2/3 phosphorylation. SsnB 

induced reduction of TGFβ signaling was further confirmed by decreased co-localization of 

SMAD4 and phosphorylated SMAD2/3 in the nucleus in vitro. TGFβRI can also signal 
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through non-SMAD pathways (Zhang, 2017). It has been recently discovered that activated 

TGFβ signaling can also phosphorylate STAT3 and thus activates JAK1-STAT3 axis in 

coordination with SMAD pathway to induce TGFβ mediated fibrotic response in hepatic 

stellate cells (Tang et al., 2017). Our in vitro data shows that SsnB decreased STAT3 

phosphorylation in hepatic stellate cells and also downregulates αSMA and CTGF 

(connective tissue growth factor) protein levels (Fig. 12). Both of these proteins are key 

players in fibrotic proliferation of myofibroblasts and are downstream mediators of TGFβ 
signaling (Zhang et al., 2004). SsnB mediated downregulation of both αSMA and CTGF in 

hepatic stellate cells can be instrumental to decrease pro-fibrogenic cell proliferation. It is 

known that phosphorylated STAT3 localization to the focal adhesions increases the 

aggressive clinical behavior of proliferative cells. STAT3 is known to be required for cell 

motility (Silver et al., 2004). Focal adhesion plays an important role in liver fibrosis through 

activating hepatic stellate cells and induces TGFβ driven pro-fibrotic responses (Zhao et al., 

2017). αSMA is vital for focal adhesion maturation in myofibroblasts Activated 

myofibroblasts incorporate αSMA in stress fibers. αSMA has been found to decrease the 

intracellular mechanical stress on focal adhesions and induces their supermaturation (Hinz et 

al., 2003). We found that, SsnB treatment changes the cell morphology of hepatic stellate 

cells. SsnB (100 μM) treated LX2 cells became smaller, possessed less stress fibers and 

acquired a dendritic morphology. SsnB also induced αSMA filament disassembly and 

abolished focal adhesions. Inhibition of focal adhesions and stress fibers of hepatic stellate 

cells by higher concentrations of SsnB can be crucial to inhibit stellate cell migration and it 

can also stop the stellate cells from acquiring a fibrogenic phenotype (Fig. 13).

In conclusion, SsnB inhibited liver fibrosis in murine NASH model and in HSC culture by 

modulating the expression of cell cycle related proteins and by downregulating the 

Hedgehog signaling pathway. Further SSnB targeted TGF-beta signaling-induced BAMBI 

repression, focal adhesion in stellate cells via a TLR4 dependent way. These results suggest 

that SsnB is a promising compound to attenuate liver fibrogenesis. To our knowledge, this is 

the first study reported to show the effects of SsnB on suppression of hepatic fibrogenesis 

through downregulation of a myriad of cell signaling pathways. In future, due to the strong 

anti-angiogenic and anti-proliferative properties of SsnB, it will be interesting test the 

therapeutic effect of SsnB to improve the pathophysiological conditions in liver cancer and 

other fibrotic disease.
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Fig. 1. SsnB treatment ameliorates liver fibrosis in NASH mice.
A: Representative images of picrosirius red stain of Control, NASH and NASH+SsnB mice. 

Images were taken at 20× magnification. (*P < 0.05). B: Morphometric analysis of 

picrosirius red immunohistochemistry in liver slices from Control, NASH and NASH+SsnB 

mice groups. (*P < 0.05). C: The degree of fibrosis by METAVIR scoring system. (*p < 

0.05).
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Fig. 2. SsnB treatment decreased microRNA21(miR21) expression and upregulated PTEN 
protein expression in NASH liver.
A: qRT-PCR analysis of miR21 expression of Control, NASH, and NASH+SsnB mouse liver 

samples normalized against Control (*P < 0.05). B: Western blot analysis of β-actin and 

PTEN protein levels of Control, NASH, and NASH+SsnB liver homogenates. C. Bar 

diagram representing levels of PTEN protein normalized against β-actin of respective 

samples. Y-axis represent arbitrary unit of PTEN band of mice groups from Control, NASH 

and NSH+SsnB liver homogenate. (*) P < 0.05 is considered statistically significant when 
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compared with control. (#) P < 0.05 is considered statistically significant when compared 

with NASH.
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Fig. 3. SsnB treatment induced PTEN expression increases p53, p21 upregulation and decreases 
hedgehog signaling in liver.
A and B: Representative images of MDM2 (A) and Gli1 (B) immunoreactivity as shown by 

immunofluorescence microscopy on liver slices of Control, NASH and NASH+SsnB mice, 

images taken at 20× magnification using immunofluorescence microscopy. C and D: 

Representative images of p21 (C) and p53 (D) immunoreactivity as shown by 

immunohistochemistry on liver slices of Control, NASH and NASH+SsnB mice, taken at 

20× magnification.
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Fig. 4. Morphometric analysis of Fig. 3.
Morphometric analysis of immunoreactivities of (A)MDM2, (B)Gli1, (C)p21 and (D)p53. 

Between group comparisons were compared with a Students t-test and analyses with a *p < 

0.05 were considered significant.
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Fig. 5. SsnB treatment increased p53, p21 expression in vitro.
A: qRT-PCR analysis of mRNA expression of p53 and p21 from control (untreated), LPS-

treated, and LPS+SsnB100 (100 μM) treated Rat primary hepatic stellate cells, normalized 

against control (*P < 0.05). B. Immunofluorescence dual labeling of Control (untreated), 

LPS-treated, and LPS+SsnB100 (100 μM) treated Rat primary hepatic stellate cells 

depicting α-SMA (green)-p53 (red) co-localization (yellow), taken at 20× magnification. C. 

Immunoreactivity of p21 (red) in control (untreated), LPS-treated, and LPS+SsnB100 (100 

μM) treated Rat primary hepatic stellate as shown by immunofluorescence microscopy at 
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20× magnification. D. Western blot analysis of p53, p21 and β-actin protein levels in 

Control, LPS and LPS+SsnB10 (10 μM) primary Rat hepatic stellate cell homogenates. E 
and F. Bar diagram representing the levels of p53 protein (E) and p21 (F) normalized 

against β-actin of respective samples. (*) P < 0.05 is considered statistically significant.
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Fig. 6. SsnB treatment decreased gene expression of hedgehog signaling markers and reduces 
Cyclin E protein expression in vitro.
A: qRT-PCR analysis of mRNA expression of Gli1, Gli2, IHH, Ptc from Control (untreated), 

LPS-treated, LPS+SsnB10(10 μM) and LPS+SsnB100 (100 μM) treated human 

immortalized hepatic stellate cells (LX2), normalized against control (*P < 0.05). B: 

Western blot analysis of Cyclin E and β-actin protein levels of Control (untreated), LPS-

treated, LPS+SsnB10(10 μM) and LPS+SsnB100(100 μM) treated human immortalized 

hepatic stellate cells (LX2). C. Morphometric analysis of western blot: Bar diagram 
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represents the level of cyclin E normalized against β-actin of respective samples. (*) P < 

0.05 is considered statistically significant.
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Fig. 7. SsnB treatment decreases proliferation and induces apoptosis in hepatic stellate cells.
A. Cell cycle analysis of untreated cells (control), cells treated with LPS, LPS+SsnB10(10 

μM), and LPS+SsnB100(100 μM). Quantitation of the PI staining data is presented as the 

cell cycle distribution percentages. B. Apoptosis is indicated by TUNEL based ApopTag® 

technology (EMD Millipore, MO) which labels 3’-OH ends of DNA fragments by 

fluorescent antibody as detected by immunofluorescence microscopy in Control (untreated), 

LPS-treated, and LPS+SsnB100 (100 μM) treated LX2 cells. C. Western blot analysis of 

p53, cleaved caspase3 (Casp3), total caspase3 (Casp3), cleaved PARP1 and β-actin protein 

levels of Control (untreated), LPS-treated, LPS+SsnB10 (10 μM), and LPS +SsnB100(100 

μM) treated LX2 cells. D. Morphometric analysis of western blot where the bar diagram 

represents the level of p53, cleaved caspase3, total caspase3, cleaved PARP1 normalized 

against β-actin of respective samples. (*) P < 0.05 is considered statistically significant. E. 
TUNEL assay-based apoptosis analysis of Control, NASH, and NASH+SsnB treated mice 

liver samples. F. Morphometric analysis of apoptotic events/3 microscopic field. (*) P < 0.05 

is considered statistically significant.
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Fig. 8. SsnB treatment decreases hepatic stellate cell activation in murine NASH.
A. Representative images of α-SMA immunoreactivity as shown by immunofluorescence 

microscopy on liver slices of Control, NASH and NASH+SsnB mice, taken at 20× 

magnification using immunofluorescence microscopy. B. Morphometric analysis of α-SMA 

immunoreactivity in A. (*P < 0.05).
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Fig. 9. SsnB treatment in NASH mice upregulates BAMBI in liver.
A. Representative images of BAMBI immunoreactivity as shown by immunohistochemistry 

on liver slices of Control, NASH and NASH+SsnB mice, taken at 20× magnification. B. 
Morphometric analysis of BAMBI immunoreactivity in A. (*P < 0.05).
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Fig. 10. SsnB treatment decreases fibronectin deposition in NASH liver.
A. Representative images of fibronectin immunoreactivity as shown by 

immunohistochemistry on liver slices of Control, NASH and NASH+SsnB mice, taken at 

20× magnification. B. Morphometric analysis of fibronectin immunoreactivity in A. (*P < 

0.05).
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Fig. 11. SsnB upregulates BAMBI and decreases TGFβ signaling in vitro.
A. qRT-PCR analysis of mRNA expression of BAMBI from control (untreated), LPS-

treated, LPS+SsnB10 (10 μM), and LPS+SsnB100 (100 μM) treated Rat primary hepatic 

stellate cells, normalized against control (*P < 0.05). B. Western blot analysis of β-actin and 

BAMBI protein levels of Control (untreated), LPS-treated, LPS+SsnB10 (10 μM), and LPS

+SsnB100 (100 μM) treated rat primary hepatic stellate cells, C. Morphometric analysis of 

western blot where the bar diagram represents the level of BAMBI normalized against β-

actin of respective samples. (*) P < 0.05 is considered statistically significant. D. 

Dattaroy et al. Page 34

Eur J Pharmacol. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Immunofluorescence dual labeling depicting SMAD2/3 (red)-SMAD4 (green) co-

localization (yellow) on Control (untreated), LPS-treated, and LPS+SsnB100 (100 μM) 

treated human immortalized hepatic stellate cells (LX2) taken at 40× magnification. E. 
Western blot analysis of phosphor SMAD2/3, total SMAD2/3 and β-actin protein levels of 

Control (untreated), LPS-treated, LPS+SsnB10 (10 μM), and LPS+SsnB100 (100 μM) 

treated human immortalized hepatic stellate cells (LX2). F. Morphometric analysis of 

western blot where the bar diagram represents the level of pSMAD2/3 normalized against 

total SMAD2/3 of respective samples. (*) P < 0.05 is considered statistically significant.
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Fig. 12. SsnB downregulates STAT3 phosphorylation, decreases stellate cell activation and 
connective tissue growth factor in vitro.
A. Western blot analysis of phospho STAT3, α-SMA, CTGF and β-actin protein levels of 

Control (untreated), LPS-treated, LPS+SsnB10 (10 μM), and LPS+SsnB100 (100 μM) 

treated human immortalized hepatic stellate cells (LX2). B. Morphometric analysis of 

western blot where the bar diagram represents the level of pSTAT3, α-SMA, and CTGF 

normalized against β-actin of respective samples. (*) P < 0.05 is considered statistically 

significant.
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Fig. 13. SsnB treatment decreases focal adhesion protein expression and inhibits stress fiber 
formation in vitro.
A. Immunofluorescence microscopy depicting paxillin (green) immunoreactivity in Control 

(untreated), LPS-treated, LPS+SsnB10(10 μM), and LPS+SsnB100(100 μM) treated human 

immortalized hepatic stellate cells (LX2) taken at 20× magnification B and D. 

Immunofluorescence microscopy depicting paxillin (green) immunoreactivity at 40× 

magnification in Control (untreated), LPS-treated, and LPS+SsnB100(100 μM) treated 

human immortalized hepatic stellate cells (LX2) (B) and Control (untreated), LPS-treated, 
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LPS +SsnB10(10 μM), and LPS+SsnB100(100 μM) treated Rat primary hepatic stellate cells 

(D). Paxillin immunoreactivity (on the edges of the cells) is pointed by white arrows. C and 
E. Immunofluorescence dual labeling depicting α-SMA(red)-Vinculin(green) on Control 

(untreated), LPS-treated, and LPS+SsnB100(100 μM) treated human immortalized hepatic 

stellate cells (LX2) (C) and Control (untreated), LPS-treated, LPS+SsnB10(10 μM) and LPS

+SsnB100(100 μM) treated in rat primary hepatic stellate cells (E) taken at 40× 

magnification. α-SMA immunoreactivity (as stress fibers) is pointed by white arrows. 

Nucleus stained with DAPI (Blue).
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