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Abstract

Introduction: In fibrogenesis, quiescent hepatic stellate cells (HSCs) 
transdifferentiate into myofibroblast-like cells. These HSCs are the main 
producers of extracellular matrix during fibrogenesis. Recent studies 
indicate that induction of cellular senescence in HSCs has anti-fibrotic 
effects. Cellular senescence is characterized by irreversible cell-cycle arrest, 
resulting in arrested cell proliferation and the acquisition of a senescence 
associated secretory phenotype (SASP). Hypothesis/Objectives: 
inhibition of endogenous H2S production induces cellular senescence and 
reduces activation of HSCs. Methods: Rat HSCs were isolated and cultured 
for 7 days for complete activation and then treated with H2S slow releasing 
donor GYY4137 and/or DL-propargylglycine (DL-PAG), an inhibitor of 
the H2S producing enzyme CTH, as well as the PI3K inhibitor LY294002. 
Results: CTH expression was significantly increased in aHSCs treated 
with the fibrogenic cytokine TGFβ1  compared to non-treated aHSCs. 
Inhibition of CTH by DL-PAG reduced proliferation and expression of 
fibrotic markers Col1a1 and Acta2 in HSCs. DL-PAG increased the cell-cycle 
arrest markers Cdkn1a, p53 and increased the expression of the senescent 
associated secretory phenotype (SASP) marker Il6. Additionally, the 
number of β-galactosidase positive senescent HSCs was increased. The H2S 
donor GYY4137 partially restored the proliferation of senescent HSCs and 
attenuated the DL-PAG-induced senescent phenotype. The non-selective 
PI3K inhibitor LY294002 partially reduced the senescence phenotype 
of HSCs induced by DL-PAG. Conclusion: Inhibition of endogenous H2S 
production reduces HSCs activation via induction of cellular senescence 
in a PI3K-Akt dependent manner. Our results suggest that cell specific 
inhibition of H2S could be novel target for anti-fibrotic therapy via induced 
cell senescence. 
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Introduction 

Liver fibrosis is characterized by the excessive deposition of extracellular 
matrix (ECM). In chronic liver diseases, quiescent HSCs (qHSCs) 
transdifferentiate into myofibroblast-like cells, called activated HSCs 
(aHSCs). Once activated, HSCs start to proliferate and produce excessive 
amounts of ECM [1, 2]. The key fibrogenic cytokine transforming growth 
factor (TGFβ) is released during fibrogenesis and increases the production 
of ECM by HSCs [3]. Reversal of activated HSCs into the quiescent stage 
and/or induction of apoptosis of activated HSCs are considered as potential 
strategies to cure liver fibrosis [4, 5].  

Cell senescence is defined as irreversible cell cycle arrest accompanied 
by increased cytokine secretion, termed Senescence-Associated Secretory 
Phenotype (SASP) [6]. Cellular senescence is regulated by various pathways 
including P53/P21Cip1 and PI3K-AKT signaling. P21Cip1 (mRNA: Cdkn1a) is 
an essential cell cycle checkpoint regulator that arrests cell proliferation 
at the G1 phase and initiates senescence [7]. In the absence of Akt kinase 
activity, P21Cip1 is unable to arrest the cell cycle and initiate senescence 
[8]. It has been reported that induction of senescence in activated HSCs 
reverses the fibrogenic phenotype of activated HSCs [9]. Recent interest 
has been focused on inducing cellular senescence as a new mechanism for 
the resolution of liver fibrosis [10]. In addition, some anti-fibrotic proteins 
and cytokines, e.g. the matricellular protein CCN1 and the cytokines IL-
10 and IL-22 have been reported to induce senescence via an integrin-
dependent mechanism, via the generation of ROS or via the activation of 
p53 and/or p21cip1 [11-13]. 

Hydrogen sulfide (H2S) is one of the gaseous signaling molecules along with 
nitric oxide and carbon monoxide. Hepatic H2S is involved in mitochondrial 
biogenesis, insulin sensitivity, lipoprotein synthesis and glucose metabolism 
[14]. Endogenous H2S is synthesized by the enzymes cystathionine γ-lyase 
(CTH), cystathionine β-synthase (CBS) and 3-mercaptopyruvate sulfur 
transferase (MPST) [1]. We previously reported that CTH expression and 
the generation of H2S are increased during HSCs activation and that H2S 
promotes activation of HSCs: inhibition of CTH decreased HSCs proliferation 
and showed anti-fibrotic effects [15]. It has been demonstrated that the 
gasotransmitter H2S has potent anti-senescence effects on endothelial cells 
via the induction of splicing factors HNRNPD and SRSF2 [16]. Therefore 
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we hypothesized that the inhibition of endogenous production of H2S in 
activated HSCs is anti-fibrogenic via the induction of senescence.  

Materials and Methods

Hepatic stellate cell isolation and culture
Primary hepatic stellate cells (HSCs) were isolated from 400-500 g 
specified pathogen-free male Wistar rats (Charles River, Wilmington, MA, 
USA). Animals were housed under standard condition in a 12 h light-dark 
cycle with free access to chow and water. All experiments were approved 
by the Committee for Care and Use of laboratory animals of the University 
of Groningen. Primary rat hepatic stellate cells were isolated in accordance 
with the authors’ manuscript [15]. In briefly, in order to isolate the HSCs, 
rats were anesthetized and perfused via the portal vein with Pronase-E 
(Merck, Amsterdam, the Netherlands) and Collagenase-P (Roche, Almere, 
the Netherlands). After perfusion, the digested liver was removed and 
the cell suspension centrifuged on 13% w/v Nycodenz (Axis-Shield POC, 
Oslo, Norway) to obtain HSCs. Following isolation, HSCs were cultured 
in Iscove’s Modified Dulbecco’s Medium supplemented with Glutamax 
(Thermo Fisher Scientific, Waltham, MA, USA), 20% heat inactivated fetal 
calf serum (Thermo Fisher Scientific), 1% MEM Non Essential Amino Acids 
(Thermo Fisher Scientific), 1% Sodium Pyruvate (Thermo Fisher Scientific) 
and antibiotics: 50 µg/mL gentamycin (Thermo Fisher Scientific), 100 U/
mL Penicillin (Lonza, Verviers, Belgium), 10 µg/mL streptomycin (Lonza) 
and 250 ng/mL Fungizone (Lonza) in an incubator containing 5% CO2 at a 
37°C. HSCs were culture-activated for seven days on tissue culture plastic.  

Experimental design
Activated HSCs (aHSCs) were seeded at a density resulting in a confluency 
of around 90% at the end of each treatment. Depending on the assay, the 
duration of the treatments was 48 to 72 h. Unless otherwise stated, all 
treatments were performed in fresh medium containing 20% FCS (v/v) 
and other supplements as described above. Hydrogen sulfide (H2S) slow-
releasing donor 400 µmol/L GYY4137 (kind gift of prof. Matt Whiteman, 
University of Exeter, United Kingdom) and the pharmacological inhibitor of 
CTH 5 mmol/L DL-propargylglycine (DL-PAG; Sigma-Aldrich, Zwijndrecht, 
the Netherlands) were freshly prepared prior to administration. PI3K 
inhibitor 50 µmol/L LY294002 (Calbiochem, Darmstadt, Germany) was 
diluted in DMSO to treat the cells. Each experimental condition was 
performed in duplicate wells and repeated at least 3 times.   
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Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated by Tri-reagent (Sigma Aldrich) according to 
manufacturer’s protocol, and then used for preparation of cDNA. cDNA 
was diluted in RNAse-free water and used for real-time polymerase chain 
reaction on the QuantStudioTM 3 system (Thermo Fisher Scientific). All 
samples were analyzed in duplicate using 36b4 as housekeeping gene. The 
mRNA levels of Cth, Cbs, Mpst (Thermo Fisher Scientific) were quantified 
using SYBR Green (Applied Biosystems), other genes were quantified by 
TaqMan probes and primers. Relative gene expression was calculated via 
the 2-ΔΔCt method. The primers and probes are shown in table 1.

Senescence-associated β-galactosidase staining
Cellular senescence was determined by Senescence-associated 
β-galactosidase staining kit (Cell Signaling Technology, Danvers, 
Massachusetts, USA) according to manufacturer’s protocol. After fixation, 
senescent cells were stained by X-gal solution (pH= 5.9-6.1) for 24 h at 
37°C in a dry incubator. Images were captured by digital phase contrast 
microscopy.

Cell proliferation assay
Cell proliferation was determined by BrdU incorporation assay (Roche 
Diagnostic Almere, the Netherlands) and Real-Time xCelligence assay 
(RTCA DP; ACEA Biosciences, Inc., CA, USA). Cells were seeded in 96 well 
plates and treated as described. Incorporation of BrdU was detected by 
chemiluminiscence using Synergy-4 (Bio-Tek). For xCelligence, aHSCs 

Table 1.

Gene Sense 5’-3’ Antisense 5’-3’ Probe 5’-3’ 
36b4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG TCCAAGCAGATGCAGCAGATCCGC 
Col1α1 TGGTGAACGTGGTGTACAAGGT CAGTATCACCCTTGGCACCAT TCCTGCTGGTCCCCGAGGAAACA 
Acta2 GCCAGTCGCCATCAGGAAC CACACCAGAGCTGTGCTGTCTT CTTCACACATAGCTGGAGCAGCTTCTCGA 

Cth TACTTCAGGAGGGTGGCATC AGCACCCAGAGCCAAAG no probe, qPCR with Sybr green 

Cbs GCGGTGGTGGATAGGTGGTT CTTCACAGCCACGGCCATAG no probe, qPCR with Sybr green 
Mpst TGGAACAGGCGTTGGATCTC GGCATCGAACCTGGACACAT no probe, qPCR with Sybr green 
Tgfβ1 GGG CTA CCA TGC CAA CTT CTG GAG GGC AAG GAC CTT GCT GTA CCT GCC CCT ACA TTT GGA GCC TGG A 

Cdkn1a 
(p21) 

TTGTCGCTGTCTTGCACTCTG CGCTTGGAGTGATAGAAATCTGTTA CTGCCTCCGTTTTCGGCCCTG 

Il-6 CCGGAGAGGAGACTTCACAGA AGAATTGCCATTGCACAACTCTT ACCACTTCACAAGTCGGAGGCTTAATTACA 
p53 CCATGAGCGTTGCTCTGATG CAGATACTCAGCATACGGATTTCCT CGGCCTGGCTCCTCCCCAAC 
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were seeded in 16 well E-plates. Real-time cell proliferation was measured 
as a cell index in the xCelligence system. 

Western blot analysis
Cells were seeded and treated as described. Protein lysates were scraped 
in cell lysis buffer (HEPES 25 mmol/L, KAc 150 mmol/L, EDTA pH 8.0 
2 mmol/L, NP-40 0.1%, NaF 10 mmol/L, PMSF 50 mmol/L, aprotinin 1 
µg/µL, pepstatin 1 µg/µL, leupeptin 1 µg/µL, DTT 1 mmol/L). 10-20 µg 
protein was loaded on SDS-PAGE gels and transferred to nitrocellulose 
transfer membranes using Trans-Blot Turbo Blotting System for tank 
blotting. Proteins were detected using the primary antibodies listed in 
table 2. Protein band intensities were determined and detected using the 
Chemidoc MR (Bio-Rad) system.   

Immunofluorescence microscopy
Cells were cultured on glass coverslips and fixed with 4% paraformaldehyde/
PBS. 5 min incubation with 1% Triton X-100 was used to permeabilize cells. 
Non-specific antibody binding sites were blocked by 0.5% BSA/PBS for 30 
min. After blocking, cells were incubated with primary antibody against 
collagen type 1 (1310-01, Southern Biotech) 1:400 diluted in 0.5% BSA/
PBS for 1 h at room temperature.  Coverslips were washed 3 times with PBS 
and then incubated with secondary antibody Alexa fluorophore (Molecular 
Probes) 1:400 diluted in 0.5% BSA/PBS for 1 h at room temperature. 
Coverslips were mounted with fluorescence mounting medium containing 
DAPI (Vectashield, Burlingame, CA, USA). Images were captured by Zeiss 
410 inverted laser scanning microscope.

Table 2. 

Protein Species Dilution Company 
β-Actin Polyclonal rabbit 1:1000 4970, Cell Signaling 
COL1α1 Polyclonal goat 1:2000 1310-01, Southern Biotech 
ACTA2 Monoclonal mouse 1:5000 A5228, Sigma Aldrich 

P21Cip1 (CDKN1A) Polyclonal rabbit 1:1000 Sc-471, Santa Cruz 
CTH Polyclonal rabbit 1:1000 12217-1-AP, Proteintech 
CBS Monoclonal mouse 1:1000 sc-271886, Santa Cruz 

MPST Monoclonal mouse 1:1000 sc-374326, Santa Cruz 
GAPDH Monoclonal mouse 1:1000 CB1001, Calbiochem 

p-Akt(Ser473) Polyclonal rabbit 1:1000 9271L, Cell Signaling 
Total Akt Polyclonal rabbit 1:1000 9272, Cell Signaling 
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Statistical analysis
Data are presented as mean ± standard deviation (mean ± SD) of at least 
three independent experiments. Statistical significance was analyzed 
by Mann-Whitney test between the two groups and one-way ANOVA or 
Kruskal-Wallis followed by post-hoc Dunn’s test for multiple comparison 
test. P<0.05 was considered statistically significant. Analysis was performed 
using GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). 
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Results

TGFβ1 increases CTH expression in activated hepatic stellate cells 
We previously reported that the expression of the endogenous H2S 
synthesizing enzyme cystathionine γ-lyase (CTH) and the production of 
H2S (CTH/H2S) were increased during transdifferentiation of quiescent 
hepatic stellate cells (qHSCs) into activated hepatic stellate cells (aHSCs)
[15]. The effect of the pro-fibrogenic cytokine TGFβ1 on the expression 
of the H2S producing enzymes CTH, CBS, and MPST was investigated (Fig 
1a-e). Culture-activated HSCs were treated the fibrogenic cytokine TGFβ1 
in medium containing low serum (1% FCS). TGFβ1 significantly increased 
the mRNA and protein expression of CTH but not of CBS and MPST. The 
expression of the HSCs activation marker Acta2 mRNA was increased upon 
treatment of HSCs with TGFβ1, whereas protein expression of ACTA2 
remained stable (Fig 1D,C).  

Figure 1. CTH mRNA and protein expression is increased by the pro-fibrogenic cytokine TGFβ1. a-d. 
Relative gene expression of endogenous H2S producing enzymes Cth, Cbs, Mpst and hepatic stellate cell 
activation markers Col1α1, Acta2 (mean ± SD) were measured at 12, 24 and 48 h medium containing 1% 
FCS with or without 5 ng/ml TGFβ1. Expression levels were calculated relative to 36b4 house-keeping 
gene. e. Protein expression of CTH, CBS, MPST and stellate cell activation marker ACTA2. β-actin was 
used as loading control. Results are represented as mean ± SD; *P<0.05, **P<0.005.    
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CTH inhibition reverses activation of hepatic stellate cells
Since CTH expression was increased by TGFβ1, we hypothesized that 
inhibition of CTH could inhibit TGFβ1 driven transdifferentiation of 
HSCs. As shown in Fig. 2a, inhibition of CTH reduced the expression of the 
fibrogenic markers Acta2 and Col1a1. In addition, protein level of collagen 
type 1 was also reduced by DL-PAG as shown by immunofluorescence and 
Western blot (Fig. 2b-c).

CTH inhibition induces cellular senescence in hepatic stellate cells
To determine whether the anti-fibrotic effect of CTH inhibition correlated 
with the induction of senescence, we investigated markers of senescence 
in DL-PAG treated HSCs. CTH inhibition decreased protein expression of 
CTH and P21Cip1 (Fig 3a). The mRNA expression of the cell cycle arrest 
markers Cdkn1α and p53 as well as the senescence associated secretory 
phenotype (SASP) marker IL-6 were increased upon CTH inhibition (Fig 

Figure 2. The CTH inhibitor DL-PAG reverses activation of HSCs. a. mRNA levels of the activation markers 
Col1α1 and Acta2 were reduced in activated HSCs after 72 h treatment with DL-PAG. Cth expression 
was also reduced by DL-PAG. 36b4 was used as housekeeping gene. b, c. Immunofluorescence staining 
and Western blotting of COL1α1 (magnification 200x) in activated HSCs. β-actin was used as loading 
control. Results are expressed as mean ± SD; *P<0.05, **P<0.005, ***P<0.0005.   

thesis Turtushikh Damba.indb   105thesis Turtushikh Damba.indb   105 20-08-2020   15:3020-08-2020   15:30



Chapter 5

106

106

Figure 3. Inhibition of CTH induces cellular senescence. a. Protein expression of CTH is decreased 
and cell cycle arrest marker P21Cip1 is increased upon CTH inhibition at 24 h. GAPDH is used as 
loading control. b. mRNA expression of senescence markers Cdkn1α, p53 and SASP marker IL-6 after 
72 h treatment of aHSCs with DL-PAG. 36b4 was used as housekeeping gene. c. SA-β-gal staining 
(magnification 200x) after 48 h treatment of HSCs with DL-PAG. d. Cell proliferation was measured 
by the xCELLigence system. Cells were treated for 48 h followed by the addition of fresh medium. Cell 
proliferation is represented by cell index. Results are represented as mean ±SD; *P<0.05, **P<0.005
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3b). Additionally, DL-PAG increased the number of senescence associated 
β-galactosidase positive (SA-β-gal) cells (Fig 3c). In order to investigate 
whether the proliferation arrest induced by DL-PAG was irreversible, we 
performed wash-out experiments. In the first 48h, DL-PAG inhibited HSC 
proliferation. After refreshing the medium (and removing DL-PAG), the 
proliferation ability remained impaired compared to non-treated HSCs 
(Fig 3d).

H2S donor GYY4137 restores proliferation ability of senescent HSCs
Since inhibition of the endogenous H2S synthesizing enzyme CTH 
showed anti-fibrotic effects via the induction of cellular senescence, we 
hypothesized that supplementation of exogenous H2S reverses induction 

Figure 4. H2S donor GYY4137 partially reversed the pro-senescence effect of DL-PAG. a. P21Cip1 
expression in HSCs treated with DL-PAG with or without different concentrations of GYY4137 at 24 
h. b. Cell proliferation was measured by BrdU incorporation assay. c. mRNA expression of senescence 
markers Cdkn1α, p53, IL-6. 36b4 was used as housekeeping gene. d. SA-β-Gal staining of HSCs treated 
with DL-PAG with or without GYY4137 (magnification 200x). Results are represented as mean ± SD; 
*P<0.05, **P<0.005. Abbreviation: GYY, GYY4137
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of senescence. To test the hypothesis, HSCs were treated with both DL-PAG 
and different concentrations of the H2S slow-releasing donor GYY4137. 
P21Cip1 expression, SA-β-galactosidase positive cell and mRNA expressions 
of Cdkn1α, p53 and Il6 were does-dependently reduced by GYY4137 (Fig 
4a-c). In addition, the impaired proliferation of HSCs treated with DL-PAG 
was improved by the H2S donor GYY4137 (Fig 4d). 

PI3K-Akt pathway is involved in DL-PAG induced senescence
Intact Akt activity is essential for induction of P21Cip1-dependent cellular 
senescence [6, 8, 17]. In order to determine the role of Akt in DL-PAG 
induced senescence, the pan-PI3K inhibitor LY294002 was applied to 
block Akt activity in HSCs. LY294002 decreased the level of Akt phospho-
Ser473 in HSCs and attenuated the DL-PAG-induced increased expression 
of the senescence marker P21cip1 (Fig 5a). In addition, the DL-PAG-induced 

Figure 5. DL-PAG induced cellular senescence is mediated via PI3K-AKT signaling. a. protein expression 
of Akt phosphorylation at Serine 471, total Akt and senescence marker P21Cip1 at 24 h. β-Actin was used 
as loading control. COL1α1 and β-actin protein expressions at 72 h. b. mRNA expression of senescence 
markers Cdkn1α, p53, IL-6, and fibrotic marker Acta2. 36b4 was used as housekeeping gene. c. SA-
β-Gal staining of non-treated HSCs and HSCs treated by DL-PAG with or without PI3K inhibitor for 
48h (magnification 200x). d. Real-time cell proliferation was measured using the xCELLigence system. 
Results are represented as mean ± SD; *P<0.05, **P<0.005.  Abbreviation: LY29., LY294002;  
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increase in mRNA expression of cell cycle arrest markers Cdkn1α, p53 
and SASP marker IL-6 which was attenuated by the PI3K inhibitor (Fig 
5b). The downregulation of CTH expression by DL-PAG was not reversed 
by LY294002 (Fig 5B). The attenuation of DL-PAG-induced expression of 
P21Cip1 by the PI3K inhibitor correlated with an attenuation of the DL-PAG-
increased number of SA-β-Gal positive cells (Fig 5c). Also, the DL-PAG-
induced downregulation of the pro-fibrotic marker Acta2, but not Col1a1, 
was reversed by PI3K inhibitor LY294002 (Fig 5B). Finally, LY294002 
improved the proliferation ability of DL-PAG treated aHSCs (Fig 5d). Taken 
together, the results demonstrate that senescence induced by CTH/H2S 
inhibition is mediated via PI3K-Akt signaling.

Discussion

Cellular senescence has been identified as a promising therapeutic 
strategy for the treatment of liver fibrosis due to its potential to inactivate 
hepatic stellate cells (HSCs) [9, 18]. Senescence can be induced in HSCs in 
response to a variety of stimuli, such as matricellular protein CCN1 and the 
cytokines IL-10 and IL-22. In addition, cell cycle arrest marker p53 double 
knockout (p53-/-) mice contain more fibrotic tissue compared to wild type 
mice due to impaired cellular senescence [9, 19]. However, the specific 
signaling pathways in HSCs that account for the induction of senescence 
remain to be fully elucidated. Previously, we have shown that hydrogen 
sulfide (H2S) promotes stellate cell activation [15]. It has also been shown 
that H2S hampers senescence in various cell types, including endothelial 
cells and fibroblasts [16, 20]. In the present study, we demonstrate a 
causal relationship between the induction of senescence by inhibiting 
H2S production and the reduced activation of stellate cells. Moreover, we 
demonstrate that the induction of the senescent phenotype in HSCs by 
inhibition of H2S is associated with PI3K-Akt signaling. 

TGFβ1 promotes HSC activation and increases the production of 
extracellular matrix (ECM) [3]. We previously reported that expression of 
CTH/H2S is increased during transdifferentiation of quiescent HSCs into 
activated stellate cells [15]. In the present study, TGFβ1 time-dependently 
stimulated the protein and mRNA expression of CTH. We did not observe 
increased production of H2S in response to TGFβ1 treatment, probably 
because endogenous H2S production was already at a high level in the 
culture-activated HSCs or due to the lack of sensitivity of our method 
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(data not shown). Increased expression of CTH upon stimulation with 
TGFβ1 is in line with several reports on the effect of growth factors (e.g. 
PDGF) on fibrogenic markers and proliferation in fibroblasts during skin 
wound healing and overexpression of CTH in proliferating cancer cells 
[21-23]. Several studies reported that H2S shows anti-fibrotic effects via 
pro-apoptotic, anti-oxidant and anti-inflammatory effects in HSCs [24, 25]. 
However, in these studies a rather high concentration of the fast releasing 
NaHS donor was used,  which could be toxic. In another study,  the natural 
compound diallyl trisulfide (DATS) was used as a H2S donor, which is not 
the same as H2S alone [26]. Furthermore, inhibition of CTH by DL-PAG 
reduced activation of HSCs via downregulation of fibrotic markers Col1α1, 
Acta2 mRNA and protein expression. Of note, in our previous report, 
the endogenous production of H2S was significantly reduced by the CTH 
inhibitor DL-PAG[15]. These results suggest that CTH has the potency to 
regulate cell proliferation and activation via endogenous H2S production 
in fibroblasts and cancer cells as well as in HSCs. The exact mechanism 
responsible for the reduced HSCs activation upon inhibition of CTH 
remains to be elucidated, but could be related to modulation of oxidative 
stress: oxidative stress is known to activate stellate cells and promote liver 
fibrogenesis.     

It has been reported that embryonic fibroblasts display senescence in CTH 
knockout mice, whereas exogenous H2S posttranslationally S-sulfhydrates 
the transcription factor Keap1 to stimulate anti-oxidant systems and reverse 
senescence [20]. In line with this phenomenon, DL-PAG-increased markers 
of senescence and cell cycle arrest, including mRNA expression of Cdkn1α 
(p21) and p53 and protein expression of P21Cip1. Furthermore, inhibition 
of CTH increased senescence-specific β-gal staining and decreased 
proliferation of aHSCs. Senescence associated secretory phenotype (SASP) 
marker Il6 mRNA expression was also increased upon inhibition of CTH. 
Indeed, increased SASP facilitates the clearance of senescenct HSCs by 
attracting immune cells, e.g. Kupffer cells[27].

Several studies have reported that H2S shows anti-senescence and anti-
aging effects via splicing factors HNRNPD, SRSF2 and upregulation of SIRT1 
in endothelial cells [16, 28, 29]. We confirm these studies by showing that 
the exogenous H2S donor GYY4137 partially reversed the DL-PAG-induced 
senescence of stellate cells. Since the senescent phenotype is the integrative 
effect of both senescent and non-senescent cells, the modulation of single 
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signaling pathways may affect both cell populations and lead to a partially 
reversed phenotype. The restoration of DNA synthesis by DL-PAG can be 
attributed to H2S, a phenomenon we reported before [15]. These results 
demonstrate that H2S has a central role in HSCs senescence and inhibition 
of H2S signaling shows anti-fibrotic effects via induction of senescence.   

PI3K-dependent signaling has been demonstrated to be an essential 
regulator of cellular senescence[6]. Activation of the PI3K-Akt axis permits 
the induction of P21Cip1 dependent senescence[8]. As downstream target 
and substrate of Akt, Ser9-phosphorylated GSK3β stabilizes P21Cip1 and 
Ser9 phosphorylation of GSKβ is positively correlated with the proportion 
of senescent fibroblasts [30-32]. The PI3K inhibitor LY294002 inhibits Akt 
kinase activity, phosphorylation of GSK3β and restores the proliferation 
ability of oncogene Ras-induced senescent fibroblasts [8, 31]. In the present 
study, LY294002 downregulated the cell cycle arrest marker Cdkn1a, 
the number of SA-β-Gal positive cells and SASP in DL-PAG treated HSCs. 
Furthermore, LY294002 reversed the downregulation of the fibrogenic 
marker Acta2 in DL-PAG-treated HSCs. These results demonstrate that 
the inactivation of HSCs results from the induction of HSC senescence. 
Nevertheless, neither the senescent phenotype and proliferation arrest 
induced by DL-PAG nor the downregulation of CTH was completely 
rescued by the PI3K inhibitor. This suggests that the PI3K-Akt signaling 
pathway accounts for part of the senescent phenotype. In addition to PI3K-
Akt signaling, mitochondrial dysfunction may be an independent driving 
factor in the induction of cellular senescence [33]. This is in line with 
our previous observation that H2S improves mitochondrial function and 
hence, the lack of the H2S may contribute to mitochondrial dysfunction and 
senescence [16, 20]. 

In summary, our results suggest that CTH and endogenous H2S generation 
are increased during fibrogenesis. Inhibition of CTH shows anti-fibrotic 
effects through increased cellular senescence and this cellular senescence 
is regulated through PI3K-Akt pathways. 
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