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ABSTRACT

In chronic liver injury, quiescent hepatic stellate cells (HSCs) transdifferentiate into activated
myofibroblast-like cells and produce large amounts of extracellular matrix components, e.g.
collagen type 1. Cellular senescence is characterized by irreversible cell-cycle arrest, arrested
cell proliferation and the acquisition of the senescence-associated secretory phenotype
(SASP) and reversal of HSCs activation. Previous studies reported that H,S prevents induction
of senescence via its antioxidant activity. We hypothesized that inhibition of endogenous H,
S production induces cellular senescence and reduces activation of HSCs. Rat HSCs were
isolated and culture-activated for 7 days. After activation, HSCs treated with H,S slow-
releasing donor GYY4137 and/or DL-propargylglycine (DL-PAG), an inhibitor of the H2S-
producing enzyme cystathionine y-lyase (CTH), as well as the PI3K inhibitor LY294002. In
our result, CTH expression was significantly increased in fully activated HSCs compared to
quiescent HSCs and was also observed in activated stellate cells in a in vivo model of
cirrhosis. Inhibition of CTH reduced proliferation and expression of fibrotic markers Collal
and Acta2 in HSCs. Concomitantly, DL-PAG increased the cell-cycle arrest markers Cdknila
(p21), p53 and the SASP marker /l6. Additionally, the number of B-galactosidase positive
senescent HSCs was increased. GYY4137 partially restored the proliferation of senescent
HSCs and attenuated the DL-PAG-induced senescent phenotype. Inhibition of PI3K partially
reversed the senescence phenotype of HSCs induced by DL-PAG. Inhibition of endogenous
H,S production reduces HSCs activation via induction of cellular senescence in a PI3K-Akt
dependent manner. Our results show that cell-specific inhibition of H,S could be a novel
target for anti-fibrotic therapy via induced cell senescence.
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1. Introduction activated HSCs (aHSCs). During activation, HSCs

Liver fibrosis is characterized by the excessive lose their vitamin A droplets, start to proliferate

deposition of extracellular matrix (ECM) in the and produce excessive amounts of ECM, including

liver. Activated hepatic stellate cells (HSCs) are the
main producers of ECM in liver fibrogenesis. In
physiological conditions, quiescent HSCs (qHSCs),
located in the space of Disse, store 50-80% of whole-
body vitamin A content in the form of lipid droplets.
In chronic inflammatory liver diseases, qHSCs trans-
differentiate into myofibroblast-like cells, termed

collagen type 1 (CollaI) and a-smooth muscle actin
(Acta2) [1,2]. In addition, the expression of the
quiescence markers lecithin:retinol acyltransferase
(Lrat), a retinol esterifying enzyme, and the tran-
scription factor peroxisome proliferator-activated
receptor gamma (Ppary) is strongly reduced upon
activation of HSCs [3]. The key fibrogenic cytokine,
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transforming growth factor-beta (TGFp) is released
and increases the production of ECM by HSCs [4].
Reversal of activated HSCs into the quiescent stage
and/or induction of apoptosis of activated HSCs are
considered as potential strategies to cure liver fibro-
sis [5,6].

Cell senescence is defined as irreversible cell cycle
arrest accompanied by increased cytokine secretion,
in particular 116, termed the Senescence-Associated
Secretory Phenotype (SASP) [7]. P21°P! (MRNA:
Cdkn1la) is an essential cell cycle checkpoint regulator
that arrests cell proliferation at the G1 phase and
initiates senescence [8]. In general, the PI3K-AKT
signaling pathway plays an important role in the
cellular response to growth factors, including cell
proliferation, metabolic rate and cell migration.
More recently, a role of PI3K-AKT signaling has
also been proposed in cellular senescence by modulat-
ing various pathways including P53/P21<"" [9,10]. In
the absence of Akt kinase activity, P21°P" is unable to
arrest the cell cycle and initiate senescence [11]. It has
been reported that induction of senescence in acti-
vated HSCs reverses the fibrogenic phenotype of acti-
vated HSCs [12,13]. Therefore, recent interest has
been focused on inducing cellular senescence as
a new mechanism for the resolution of liver fibrosis
[14]. It has been reported that some bioactive anti-
fibrotic compounds induce cellular senescence via
P53 and YAP or via increased Natural Killer cell
activation [5,15]. In addition, some anti-fibrotic pro-
teins and cytokines, e.g. the matricellular protein
CCNI1 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 p21°*" [16-18].

Hydrogen sulfide (H,S) is one of the gaseous
signaling molecules along with nitric oxide and
carbon monoxide. The liver is an essential organ
for H,S production and clearance. H,S is an estab-
lished regulator of cellular redox homeostasis [19].
Hepatic H,S is involved in mitochondrial biogen-
esis and bioenergetics, insulin sensitivity, lipopro-
tein synthesis and glucose metabolism [20].
Endogenous H,S is synthesized by the enzymes
cystathionine y-lyase (CTH), cystathionine [-
synthase (CBS) and 3-mercaptopyruvate sulfur

transferase (MPST) [1]. We previously reported
that CTH expression and the generation of H,
S are increased during HSCs activation and that
H,S promotes activation of HSCs: inhibition of
CTH decreased HSCs proliferation and showed
anti-fibrotic effects [21]. It has been demonstrated
that H,S has potent anti-senescence effects on
endothelial cells via the induction of splicing fac-
tors HNRNPD, SRSF2 and via the PI3K/Akt sig-
naling [22,23].  Therefore, we
hypothesized that the inhibition of endogenous
production of H,S in activated HSCs is anti-
fibrogenic via the induction of senescence.

pathway

2. Materials and methods
2.1. Hepatic stellate cell isolation and culture

Primary hepatic stellate cells (HSCs) were isolated
from specified pathogen-free male Wistar rats (400-
500g; Charles River, Wilmington, MA, USA).
Animals were housed under standard conditions
on 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. 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 pg/mL gentamycin (Thermo Fisher Scientific),
100 U/mL penicillin (Lonza, Verviers, Belgium), 10
pg/mL streptomycin (Lonza) and 250 ng/mL fungi-
zone (Lonza) in an incubator containing 5% CO, at
a 37°C. HSCs were expanded and culture-activated
for seven days on tissue culture plastic. Human LX-2



cells (SCC064, Merck) were cultured as described for
primary activated rat stellate cells [24].

2.2. Induction of liver fibrosis in rats

Fifteen 6-to 8-week-old male Wistar rats (200-400 g)
were maintained on a light/dark cycle (12:12) and
provided Purina Rodent Chow and water ad libitum,
with acclimation period of one week before starting
the induction process. The experiment began with two
groups: (i) the non-treated (control) group (n = 5) and
(ii) the cirrhosis group (n = 10). Fibrosis was induced
by the intraperitoneal injection of CCly, 0.8 ml/kg, as
a 1:1 mixture with petrolatum, 2 times per week for 4
weeks. Each animal was weighed once per week
throughout the experiment, after the induction of
fibrosis, rats were sacrificed with pentobarbital over-
dose (MAVER Laboratories), liver was collected and
cut into pieces and fixed in neutral formalin (4%) for
subsequent histological analysis. All animal experi-
ments were approved by the Animal Welfare and
Research Ethics Committee of the Autonomous
University of Aguascalientes and conducted according
to the institutional and national regulation (NOM-
062-Z00-1999). Several signs related to pain and
suffering resulting from the induction of liver fibrosis,
were analyzed, including decreased mobility, withdra-
wal, weight loss, reduced food and water intake, self-
mutilation, and changes in behavior such as
aggressiveness.

2.3. Experimental design

Activated HSCs (aHSCs) or LX-2 cells 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% fetal calf serum (FCS)
(v/v) and other supplements as described above. The
experiments with TGFB1 were performed at reduced
(1%) serum concentrations to avoid interference with
HSC activating factors present in FCS. Hydrogen
sulfide (H,S) slow-releasing donor GYY4137 (kind
gift of prof. Matt Whiteman, University of Exeter,
United Kingdom) and the pharmacological inhibitor
of CTH DL-propargylglycine (DL-PAG; Sigma-
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Aldrich, Zwijndrecht, the Netherlands) were freshly
prepared prior to administration. GYY4137 and DL-
PAG were used at concentrations that were previously
shown to be nontoxic to HSCs [20]. The PI3K inhi-
bitor LY294002 (Calbiochem, Darmstadt, Germany)
was dissolved in DMSO to prepare a stock solution.
The antioxidant N-acetylcysteine was used at
a concentration of 5 mmol/L. Each experimental con-
dition was performed in duplicate wells and repeated
at least 3 times. A complete set of experiments was
always performed with HSCs from one isolation. All
experiments were repeated at least three times using
cells from different isolations.

2.4. Quantitative real-time polymerase chain
reaction

Cellular mRNA was isolated by Tri-reagent (Sigma
Aldrich) according to manufacturer’s protocol. Total
RNA concentration was determined by Nano-Drop
2000c (Thermo Fisher Scientific). 0.5 to 2.5 ug of
RNA was used for preparation of ¢cDNA using
MLV reverse transcriptase and RNase Out
(Thermo). cDNA was diluted in RNAse-free water
and used for real-time polymerase chain reaction on
the QuantStudio™ 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 TagMan probes and
primers. Relative gene expression was calculated via
the 274" method. The primers and probes are
listed in Table 1.

2.5. Senescence-associated B-galactosidase
staining

Culture-activated HSCs were treated as described
before. Cellular senescence was determined by
Senescence-associated [-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 hr at 37°C in a dry incubator.
Images were captured by digital phase contrast
microscopy.
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Table 1. Primer and probe sequences.

Gene Sense 5'-3' Antisense 5'-3’ Probe 5'-3’

Primers and probes for rat samples

36b4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG TCCAAGCAGATGCAGCAGATCCGC

Collal TGGTGAACGTGGTGTACAAGGT CAGTATCACCCTTGGCACCAT TCCTGCTGGTCCCCGAGGAAACA

Acta2 GCCAGTCGCCATCAGGAAC CACACCAGAGCTGTGCTGTCTT CTTCACACATAGCTGGAGCAGCTTCTCGA
Cth TACTTCAGGAGGGTGGCATC AGCACCCAGAGCCAAAG no probe, gPCR with Sybr green

Cbs GCGGTGGTGGATAGGTGGTT CTTCACAGCCACGGCCATAG no probe, gPCR with Sybr green

Mpst TGGAACAGGCGTTGGATCTC GGCATCGAACCTGGACACAT no probe, gPCR with Sybr green

TgfB1 GGG CTA CCA TGC CAA CTT CTG GAG GGC AAG GAC CTT GCT GTA CCT GCC CCT ACA TTT GGA GCC TGG A
Cdknla (p21)  TTGTCGCTGTCTTGCACTCTG CGCTTGGAGTGATAGAAATCTGTTA CTGCCTCCGTTTTCGGCCCTG

-6 CCGGAGAGGAGACTTCACAGA AGAATTGCCATTGCACAACTCTT ACCACTTCACAAGTCGGAGGCTTAATTACA
p53 CCATGAGCGTTGCTCTGATG CAGATACTCAGCATACGGATTTCCT CGGCCTGGCTCCTCCCCAAC

Pparg GACCCCAGAGTCACCAAATGA GGCCTGCAGTTCCAGAGAGT CCCCATTTGAGAACAAGACTATTGAGCGAACC

Lrat ACTGTGGAACAACTGCGAACAC
Primers and probes for human LX-2 cells

AGGCCTGTGTAGATAATAGACACTAATCC

TTGTGACCTACTGCAGATACGGCTC

185 CGGCTACCACATCCAAGGA CCAATTACAGGGCCTCGAAA CGCGCAAATTACCCACTCCCGA
Colla1 GGCCCAGAAGAACTGGTACATC CCGCCATACTCGAACTGGAA CCCCAAGGACAAGAGGCATGTCTG
Acta2 GGGACGACATGGAAAAGATCTG CAGGGTGGGATGCTCTTCA CACTCTTTCTACAATGAGCTTCGTGTTGCCC

p21 (Cdknla) ~ CCT GTC ACT GTC TTG TAC CCT TGT
116 TGGCTGAAAAAGATGGATGCT

TTT GGA GTG GTA GAA ATC TGT CAT G
CAAACTCCAAAAGACCAGTGATGA

CTG CCG CCG TTT TCG ACC CTG
CCAGGCAAGTCTCCTCATTGAATCCAGATT

2.6. 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 chemiluminescence using Synergy-4
(Bio-Tek). For xCelligence, aHSCs were seeded
in 16 well E-plates. Real-time cell proliferation
was measured as cell index in the xCelligence
system.

2.7. Western blot analysis

Cells were seeded and treated as described.
Protein lysates were scraped in cell lysis buffer
(HEPES 25mmol/L, KAc 150 mmol/L, EDTA

Table 2. Antibodies used for Western blotting.

pH 8.0 2 mmol/L, NP-40 0.1%, NaF 10 mmol/L,
PMSF 50 mmol/L, aprotinin 1 pg/uL, pepstatin 1
ng/uL, leupeptin 1 pg/pL, DTT 1 mmol/L). The
concentration of protein was measured by Bio-
Rad protein assay (Bio-Rad; Hercules, CA, USA).
10-20 pg protein was loaded on SDS-PAGE gels.
Proteins were transferred to nitrocellulose trans-
fer 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.

2.8. Immunofluorescence microscopy on
cultured cells and tissue sections

Cells were cultured on glass coverslips and fixed
with 4% paraformaldehyde/PBS. 5 min incubation

Protein Species Dilution Company
B-Actin Polyclonal rabbit 1:1000 4970, Cell Signaling
COL1a1 Polyclonal goat 1:2000 1310-01, Southern Biotech
ACTA2 Monoclonal mouse 1:5000 A5228, Sigma Aldrich
P21°PT (CDKN1A) Polyclonal rabbit 1:1000 Sc-471, Santa Cruz

CTH Polyclonal rabbit 1:1000 12217-1-AP, Proteintech
CBS Monoclonal mouse 1:1000 sc -271,886, Santa Cruz
MPST Monoclonal mouse 1:1000 sc -374,326, Santa Cruz
GAPDH Monoclonal mouse 1:1000 CB1001, Calbiochem
p-Akt(Ser473) Polyclonal rabbit 1:1000 9271L, Cell Signaling
p-Akt(Thr308) Polyclonal rabbit 1:1000 sc -16,646-R, Santa Cruz
Total Akt Polyclonal rabbit 1:1000 9272, Cell Signaling




with 1% Triton X-100 was used to permeabilize
cells. Nonspecific antibody binding sited were
blocked by 0.5% BSA/PBS for 30 min. After block-
ing, cells were incubated by primary antibody
against collagen type 1 (#1310-01, Southern
Biotech) 1:400 diluted in 0.5% BSA/PBS for 1 hr at
room temperature. Coverslips were washed 3 times
by PBS and then incubated with secondary anti-
body Alexa fluorophore (Molecular Probes) 1:400
diluted in 0.5% BSA/PBS for 1 hr at room tempera-
ture. Coverslips were mounted with fluorescence
mounting medium containing DAPI (Vectashield,
Burlingame, CA, USA). Images were captured by
Zeiss 410 inverted laser scanning microscope.
Tissue slides were first deparaffinized in xylene
and rehydrated in alcohol. Slides were then incu-
bated in citric acid buffer (10 mmol/L; pH 6.0) for
antigen retrieval. Afterward, slides were washed
three times with PBS and blocked using
a blocking solution (1% bovine serum albumin
(BSA)/PBS) for 30 minutes at room temperature.
Primary antibodies against ACTA2 and CTH
(Table 2) were used after blocking at 4°C in
a humidity chamber for 1 hour. The secondary
antibody solution was added to samples and
allowed to incubate at room temperature for 30
minutes (goat anti-rabbit Alexa Flour 488). DAPI
staining was applied for nuclear staining. Images
were captured using slide scanner Nanozoomer
(Hamamatsu Photonics K.K, Shizuoka, Japan).

2.9. Immunohistochemistry staining on tissue
sections

Hematoxylin-eosin-stained slides were prepared
following the standard protocol. Paraffin
embedded tissue sections of the liver were cut (4
pum) and placed on Starfrost slides (3054-1,
Klinipath, VWR, Breda, The Netherlands), dried,
deparaffinized in xylene and rehydrated in alcohol.
The endogenous peroxidase was blocked with
0.3% H,0, in phosphate-buffered solution (PBS,
30 minutes). Subsequently, the slides were blocked
with 1% bovine serum albumin (BSA)/PBS for 30
minutes. Then, slides were incubated with primary
antibody against CTH (Table 2). The secondary
and tertiary antibodies, labeled with horseradish
peroxidase, were diluted in 1% BSA/PBS supple-
mented with 1% rat serum 1:50 (Santa Clara,
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Dako, Agilent, CA, USA; goat anti-rabbit and rab-
bit anti-mouse respectively) and incubated for 30
minutes. Binding was detected using 3,3-diamino-
benzidine and slides were counterstained with
hematoxylin. Images were captured using slide
scanner Nanozoomer (Hamamatsu Photonics K.
K, Shizuoka, Japan).

2.10. Sirius red and fast green staining

Tissue samples were fixed in formalin and
embedded in paraffin. 4 micrometer tissue sections
were deparaffinized and rehydrated in alcohol to
continue with the staining with 0.1% Sirius red
and 0.1% Fast green dissolved in water saturated
with picric acid for 30 minutes. Slides were then
washed with water, dehydrated and mounted
using xylol-based mounting media. Images were
captured using slide scanner Nanozoomer
(Hamamatsu Photonics K.K, Shizuoka, Japan).

2.11. Statistical analysis

Data are presented as mean + standard deviation
(mean * SD) of at least three independent experi-
ments. 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).

3. Results

3.1. TGFB1 increases cystathionine y-lyase (CTH)
expression in activated hepatic stellate cells

We previously reported that the expression of the
endogenous H,S synthesizing enzyme cystathio-
nine y-lyase (CTH) and the production of H,
S (CTH/H,S) were increased during transdifferen-
tiation of quiescent hepatic stellate cells (qHSCs)
into activated hepatic stellate cells (aHSCs) [21].
Here, we investigated the effect of the pro-
fibrogenic cytokine TGFP1 on the expression of
the H,S producing enzymes CTH, CBS, and MPST
Figure 1(a—e). The fibrogenic cytokine TGFp1 sig-
nificantly increased the mRNA and protein
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Figure 1. Panels A-E: CTH mRNA and protein expression are increased by the pro-fibrogenic cytokine TGFB1 in HSCs cultured in 1%
FCS. Relative gene expression of endogenous H,S producing enzymes Cth, Cbs, Mpst and hepatic stellate cell activation markers
Collal, Acta2 (mean + SD) were measured at 12, 24 and 48 h in 1% FCS medium with or without treatment with 5 ng/ml TGFB1.
Expression levels were calculated relative to 36b4 housekeeping gene. Panels F,G: Relative protein expression of CTH, CBS, MPST and
stellate cell activation markers COLTa1 and ACTA2. B-actin was used as loading control. Results are expressed as mean * SD; *: p <
0.05, **: p < 0.005.

expression of CTH but not of CBS and MPST. As  upon treatment of HSCs with TGFp1 but only
expected, the expression of the fibrogenic markers  modestly, since the HSCs were already activated
Collal and Acta2 mRNA were also increased and displayed already high levels of Collal and



Acta2 mRNA compared to quiescent HSCs. In
addition, fibrotic and healthy liver tissue from
rats was analyzed (Supplemental Figure S1). CTH
was detected at high levels in both healthy and
cirrhotic tissue due to the high constitutive expres-
sion of this enzyme in hepatocytes. In fibrotic rat
liver tissue, ACTA2 was detected, but not in
healthy tissue, which correlates with the presence
of activated hepatic stellate cells. Furthermore, in
cirrhotic liver tissue, we observed co-staining of
ACTA2 and CTH, which implies that CTH is
present in activated hepatic stellate cell.

3.2. CTH inhibition reduces activation of hepatic
stellate cells

Since CTH expression was increased by TGFp1, we
hypothesized that inhibition of CTH could inhibit
TGFp1-driven transdifferentiation of HSCs. As
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shown in Figure 2(a), inhibition of CTH by DL-
PAG reduced the expression of the fibrogenic mar-
kers Acta2 and Collal. In addition, the protein level
of collagen type 1 (COLlal) was also reduced by
DL-PAG as shown by immunofluorescence staining
and Western blot Figure 2(b-c).

3.3. 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 aHSCs. Inhibition of CTH by
DL-PAG increased the protein expression of the
senescence marker P21“"P' Figure 3(a) a cyclin-
dependent kinase inhibitor. The mRNA expression
of the cell cycle arrest markers Cdknla (p21) and
p53 as well as the senescence associated secretory
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Figure 2. The CTH inhibitor DL-PAG reverses activation of HSCs. Panel A: mRNA levels of the activation markers ColTal 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. Panel B, C: Immunofluorescence staining and Western blotting of COL1al (magnification 200x) in activated
HSCs. B-actin was used as loading control. Results are expressed as mean + SD; *: p<0.05, **: p < 0.005, ***: p < 0.0005.



636 (&) T.DAMBA ET AL.

a.
Cip1
g CTH - P21
= — g 1.5 .% 2.5 "
CTH 45kDa | e w20 | g g 2o
3 1.0 » 5 e
P210P1 18KDA | s  — § g "
o B 10
s 05 a
GAPDH 35kDa 2 2 o5
B -% .‘%
s 0.0 = 00
NT DL-PAG a S gv'o o S
¥
b.
g Cdkn1a & p53 g e
® -1 b4
oL o~ S
s = 25 _ s
2 2 20 2 -
g £ :
<) s 15 2
@ = o
=1 s 10 —_— < 5
x =z 4
E g 05 5
@ @ -3
§ = 0.0 . g o =
e E; < 2 s
C.

DL-PAG

xCELLigence

Fresh medium — Non Treated

P 10
g
28 > °
§_"’ 2 e
= % - 2
‘3 = E 4
@
g, 8 10 N
o &
< Qv-e’ =
Q\;

%I -
L o Cal

~N
Time (in Hour)

Figure 3. Inhibition of CTH induces cellular senescence. Panel A: Protein expression of H,S synthesizing enzyme CTH is decreased
and cell cycle arrest marker P219P" is increased upon CTH inhibition at 24 h. GAPDH is used as loading control. Panel B: mRNA
expression of senescence markers Cdknla, p53 and SASP marker IL-6 after 72 h treatment of aHscs with DL-PAG. 36b4 was used as
housekeeping gene. Panel C: SA-B-gal staining (magnification 200x) and its quantification after 48 h treatment of HSCs with DL-PAG.
Panel 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 as cell index. Results are expressed as mean + SD; *: p < 0.05, **: p < 0.005.

phenotype (SASP) marker IL-6 were increased
upon CTH inhibition Figure 3(b). In addition,
inhibition of CTH by DL-PAG increased the num-
ber of senescence associated P-galactosidase posi-
tive (SA-B-gal) cells Figure 3(c). Of note, CTH
inhibition did not restore mRNA expression of
the quiescence markers PPARy and Lrat,

suggesting that induction of senescence is not
equivalent to reversal to the quiescent phenotype
in aHSCs (data not shown).

Since DL-PAG induced cellular senescence in
aHSCs, the effect of DL-PAG on primary quies-
cent rat HSCs (qHSCs) and human LX-2 cells
was investigated. DL-PAG showed no effect on



the expression of Collal and Acta2 in qHSCs
nor in TGFP1-treated qHSC. DL-PAG also did
not affect the quiescence marker Pparg, whereas
the expression of the quiescence marker Lrat
was increased by DL-PAG. Finally, mRNA
expression of the senescence markers Cdknla
and IL6 was increased by DL-PAG in qHSCs,
both in the absence and presence of TGFpI.
Together, these results suggest that the effect of
DL-PAG on qHSCs is mainly on senescence
markers (both in qHSCs and in aHSCs), partly
on quiescence markers, but not on fibrotic mar-
kers since the expression of fibrotic markers is
very low in qHSCs (Supplemental Figure S2).
Next, we investigated whether DL-PAG has
similar effects on human LX-2 cells compared
to primary rat HSCs. DL-PAG decreased expres-
sion of the fibrotic markers Collal and Acta2
mRNA and concomitantly increased markers of
cell senescence and markers of the SASP
(Cdknla (p21) and 116) as shown in
Supplemental Figure S3.

3.4. H,S donor GYY4137 restores proliferation
ability of senescent HSCs

Since inhibition of the endogenous H,S synthesizing
enzyme CTH showed anti-fibrotic effects via the
induction of cellular senescence, we hypothesized
that supplementation of exogenous H,S reverses
induction of senescence. To test this hypothesis,
HSCs were treated with both the inhibitor of CTH,
DL-PAG and different concentrations of the H,
S slow-releasing donor GYY4137. P21“P" expression,
SA-B-galactosidase positive cell and mRNA expres-
sions of Cdknla, p53 and 116 were does-dependently
reduced by GYY4137 Figure 4(a—c). The impaired
proliferation of HSCs treated with DL-PAG was
improved by the H,S donor GYY4137 Figure 4(d).
To investigate whether the pro-senescence effect of
DL-PAG may be reversed by additional stimulation
with the pro-fibrogenic cytokine TGF{1, aHSCs were
co-treated with TGFB1 and DL-PAG. As shown in
Supplemental Figure 4, TGFP1 did not reverse the
induction of senescence induced by DL-PAG. Lastly,
since pro-oxidants are known to drive HSC activation
and antioxidants are known to inhibit and/or reverse
HSC activation, we also investigated the effect of the
antioxidant N-acetylcysteine (NAC; 5mmol/L) on
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DL-PAG-induced senescence. As shown in
Supplemental Figure 5, NAC reduced DL-PAG
induced [P-galactosidase staining and Cdknla, p53
mRNA expression in aHSCs.

3.5. PI3K-Akt pathway is involved in DL-PAG
induced senescence

We next investigated the signaling pathway involved
in the anti-senescence effect of H,S. Akt activity is
essential for induction of P21“"'-dependent cellular
senescence [7,11,22,25]. To determine the role of Akt
in DL-PAG induced senescence, the pan-PI3K inhi-
bitor LY294002 was applied to block Akt activity in
HSCs. LY294002 decreased the level of Akt phos-
pho-Ser473 and Akt phospho-Thr308 in HSCs. At
the same time, LY294002 attenuated the DL-PAG-
induced increased expression of the senescence mar-
ker P21°P' Figure 5(a). In addition, the DL-PAG-
induced increase in mRNA expression of cell cycle
arrest markers Cdknla, p53 and SASP marker IL-6
was attenuated by the PI3K inhibitor Figure 5(b).
The downregulation of CTH expression by DL-PAG
was not reversed by LY294002 Figure 5(b). The
attenuation of DL-PAG-induced expression of
P21°P! by the PI3K inhibitor was correlated with
an attenuation of the DL-PAG-induced increase in
number of SA-B-Gal positive cells Figure 5(c). Also,
the DL-PAG-induced downregulation of the pro-
fibrotic marker Acta2, but not Collal, was reversed
by the PI3K inhibitor LY294002 Figure 5(b). Finally,
the PI3K inhibitor LY294002 improved the prolif-
eration ability of DL-PAG-treated aHSCs
Figure 5(d). Taken together, the results demonstrate
that senescence induced by CTH/H,S inhibition is
mediated via PI3K-Akt signaling. 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
Figure 5(d).

4. Discussion

Cellular senescence has been identified as
a promising therapeutic strategy for the treatment
of liver fibrosis due to its potential to inactivate



638 (&) T.DAMBA ET AL.

a. p21Cirt b.
. BrdU ELISA assay
- PRI ns. 2.0 e
P21°P"18kDa - 25 "ns. I 1
) Lo »

2.0
1.5
1.0
0.5

B-actin 42kDa | e
&

% %,
%
6, "%,
%
%, %
e
%,
0
Relative protein expression
Fold change control

X $ & & &
© A ,\59 N
VQV‘ k»(‘-’ h\"-‘ ‘\“’
I &
DL-PAG
c.
Cdkn1a
g g g e
3 . 3 3 .
& 45 o = 15 —
g ns. S 5 InSLI
n A r .S 00 wn w g
g 10 e 4 g 10
3 g &
5 3 3
S s = Z s
['4 o 4
£ £ £
@ @ @
= 0 = = 0
5 & & & 8 & 8 2 & & & &
é > 0‘3& &Q\? b‘ggQ ‘bQQQ' & &’ > eﬁ& q?QQ' ‘9@\? $QQQ'
v A S S
& % & G° & & &
T oV oV LD SN &
R < R 5 b R
F o ¥ M} ¥
d.

DL-PAG+GYY 200uM

o
T ok 1

w5 Ly 1

| e | —

SA-B-Gal positive cell ratio (%)

DL-PAG+GYY 400uM DL-PAG+GYY 800pM

Figure 4. H,S donor GYY4137 partially reversed the pro-senescence effect of DL-PAG. Panel A: P21P" expression in HSCs treated
with DL-PAG with or without different concentrations of GYY4137 at 24 h. Panel B: Cell proliferation was measured by BrdU
incorporation assay. Panel C: mRNA expression of senescence markers CdknTla, p53, IL-6. 36b4 was used as housekeeping gene. Panel
D: SA-B-Gal staining and its quantification of HSCs treated with DL-PAG with or without GYY4137 (GYY) (magnification 200x). Results
are expressed as mean + SD; *: p < 0.05, **: p < 0.005.



CELL CYCLE (&) 639

p-Akt(Ser473) p21Cipt

pAkt(Ser473) '.- 8. - | 6okDa

Total Akt |—. e e ] 60 kDa

1.5 ns *

P21Cipl | == Wi s == | 18kDa

B-Actin | === @ s e | 42 kDa

A

%
)

%,
k)

w

R
Relative protein expression
o o -

o o o
Relative protein expression
o o - - N

o o & o

&
o S @ & © & & °
N by o R R of R
QA > ¥ & 9
~ "fb‘ ~ ,19"
G ~
Coltat b & Cdknta
| W1 s 15 .
collal (M o wew | 141kDa g 15 . 2 I
. - —_— S
B-Actin |esss e ssse | 42 kDa ‘E_ — 8
3 10 g 10
< ¥ ‘@q, ¥ £ S
& 9 g <
o s 05 § 5
N @
2 E
g 0.0 2
NI RN K
N > vg =
¢ ¥ 9
o
ps3 e
4 8 "
- . . .
3 6 I

1.0

Relative mRNA expression (z-ddCI)
Relative mRNA expression (2°44%!)
-

Relative mRNA expression (2°9C")

SA-B-Gal positive cell ratio (%)

d.
xCELLigence

15
3
2 — Non Treated
= 10
8 -+ DL-PAG
-3
] - LY294002
E 6 ~ LY29.4DL-PAG

LY294002 LY29. +DL-PAG z
° ® & o

Time (in Hour)

Figure 5. DL-PAG induced cellular senescence is mediated via PI3K-AKT signalling. Panel A: protein expression of Akt phosphoryla-
tion at Serine 471, total Akt and senescence marker P21P" at 24 hr. B-Actin was used as loading control. COL1a1 and B-actin protein
expression at 72 h. Panel B: mRNA expression of senescence markers Cdkn1la, p53, IL-6, and fibrotic marker Acta2. 36b4 was used as
housekeeping gene. Panel C: SA-B-Gal staining of non-treated HSCs and HSCs treated by DL-PAG with (LY29) or without PI3K
inhibitor for 48 h (magnification 200x) and its quantification. Panel D: Real-time cell proliferation was measured using the
xCelligence system. Results are expressed as mean + SD; *: p < 0.05, **: p < 0.005.



640 (&) T.DAMBA ET AL.

HSCs [12,24-26]. 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
tibrotic tissue compared to wild-type mice due to
impaired cellular senescence [12-14]. 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 (H,S) promotes stellate cell
activation [21]. It has also been shown that H,
S hampers senescence in various cell types, includ-
ing endothelial cells and fibroblasts via the induc-
tion of splicing factors like HNRNPD and
posttranslational modification of Keapl [22,27].
In the present study, we demonstrate a causal rela-
tionship between the induction of senescence by
inhibiting H,S production and the (partial) rever-
sal of stellate cell activation: inhibition of CTH
reverses activation of stellate cells and induces
a senescent phenotype, whereas H,S donors pro-
mote stellate cell activation and (partially) reverse
the senescent phenotype. However, inhibition of
H,S does not lead to a complete reversal to the
quiescent phenotype, for the expression of the
quiescence marker PPARy and the re-appearance
of lipid droplets was not restored by H,
S inhibition. The effects of inhibiting H,
S synthesis in quiescent stellate cells on markers
of activation and fibrogenesis were less pro-
nounced compared to activated stellate cells,
most likely because the expression of these mar-
kers in quiescent stellate cells were already very
low. However, the changes in expression of senes-
cence markers were similar in quiescent stellate
cells compared to activated stellate cells. Our
results could be reproduced in the human stellate
cell-line LX-2, confirming the relevance of our
tindings for future clinical application. We also
demonstrated that activated, but not quiescent,
HSCs in vivo express CTH, suggesting that CTH
may be a valid target for inducing senescence
in vivo as well. Moreover, we also demonstrate
that antioxidants reverse the senescence phenotype
induced by DL-PAG. Since pro-oxidants are
known to induce the activated phenotype of
HSCs and antioxidants reverse or inhibit HSC
activation, the reversal of senescence by

antioxidants does not imply a reversal to the acti-
vated phenotype. It will be interesting to investi-
gate whether inhibition of H,S production in
combination with antioxidants reverses the pheno-
type of activated HSCs to the quiescent phenotype
rather than the senescent phenotype. This would
be a major advantage since induction of senes-
cence alone in liver fibrosis may not be sufficient
as it will activate the immune system to clear
senescent HSCs. We also demonstrate that the
induction of the senescent phenotype in HSCs by
inhibition of H,S is dependent on PI3K-Akt sig-
naling, since an inhibitor of PI3K is capable to
partially reverse the senescent phenotype and
restore the fibrogenic phenotype.

TGFpP1 plays a central role in fibrogenesis: it
promotes stellate cell activation and increases the
production of extracellular matrix (ECM) [4]. We
previously reported that expression of CTH/H,S is
increased during trans-differentiation of quiescent
HSCs into activated stellate cells [21]. In addition,
previous studies reported that H,S shows anti-
fibrotic effects via pro-apoptotic, antioxidant and
anti-inflammatory effects in HSC-T6 cells and in
rat primary HSCs [28,29]. However, in these stu-
dies a high concentration of the fast-releasing
NaHS donor was used, which could be toxic. In
another study, the natural compound diallyl trisul-
fide (DATS) was used as a H,S donor, which could
be different from H,S alone [30]. Furthermore,
accumulating evidence supports the notion that
H,S slow releasing donors better reflect endogen-
ous H,S levels within biological systems over
a longer time course [31].

In the present study we demonstrate that
TGFpP1 time-dependently increased protein and
mRNA expression of CTH in HSCs cultured at
low serum concentration. In contrast, TGFB1 did
not change CBS and MPST expression. We did not
observe increased production of H,S in response
to TGFP1 treatment, probably because endogen-
ous H,S production was already at a high level in
the culture-activated HSCs or the lack of sensitiv-
ity of our method. Our observation of increased
expression of CTH upon stimulation with TGFp1
is in line with several reports on the effect of
growth factors (PDGF) on fibrogenic markers
and proliferation in fibroblasts during skin
wound healing and overexpression of CTH in



proliferating cancer cells [32-34]. These results
suggest that CTH has the potency to regulate cell
proliferation and activation via endogenous H,
S production in fibroblasts and cancer cells as
well as in HSCs.

PI3K-dependent signaling has been demonstrated
to be an essential regulator of cellular senescence [7].
Activation of the PI3K-Akt axis permits the induc-
tion of P21¢P! dependent senescence [11,24,35]. As
downstream target and substrate of Akt, Ser9-
phosphorylated GSK3p stabilizes P21“®" and Ser9
phosphorylation of GSKp is positively correlated
with the proportion of senescent cells [36,37]. The
PI3K inhibitor LY294002 inhibits Akt kinase activity
and phosphorylation of GSK3p and restores the pro-
liferation ability of oncogene Ras-induced senescent
fibroblasts [11,37]. In our present study, a similar
effect of LY294002 was observed in DL-PAG-treated
senescent HSCs. LY294002 downregulated the cell
cycle arrest marker Cdknla, reduced the number of
SA-B-Gal positive cells, suppressed the SASP in DL-
PAG treated HSCs and restored proliferation.
Furthermore, LY294002 reversed the downregula-
tion 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 comple-
tely rescued by the PI3K inhibitor. This suggests that
the PI3K-Akt signaling pathway accounts for part of
the senescent phenotype. It has been stated that
activation of PI3K is involved in HSC activation.
However, the data are to some extent controversial
and we hypothesize that senescence is different from
reversal of activation back to quiescence. An associa-
tion between Akt and P21 has been demonstrated by
Kim YY et al. [11]. In addition, the regulation of the
quiescence markers Pparg and Lrat was not identical
in DL-PAG treated aHSCs (Supplemental Figure
S2), which demonstrates that senescent HSCs are
not identical to quiescent HSCs. Phosphorylation
of Akt is regulated by the mTORC2 complex [38].
Similarly, it has been demonstrated that mTORC2
signaling induces fibroblast senescence concomi-
tantly with phosphorylation of Akt [39]. In this
study, p-Akt level as well as CDKN1A expression
were reduced in senescent fibroblasts treated with
rapamycin or LY294002 [39]. Therefore, the role of
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PI3K/Akt in activation and senescence of stellate
cells may be context-dependent.

In addition to PI3K-Akt signaling, mitochon-
drial dysfunction may be a driving factor in the
induction of cellular senescence [40]. This is in
line with our previous observation that H,
S improves mitochondrial function and hence,
the lack of the H,S may contribute to mitochon-
drial dysfunction and senescence [22].

To date, several studies have reported that H,
S shows anti-senescence and anti-aging effects via
splicing factors HNRNPD, SRSF2 and upregulation
of SIRT1 in endothelial cells [22,41,42]. In addition,
Yang et al,, reported that CTH knockout mice dis-
play increased senescence, whereas exogenous H,
S post-translationally S-sulthydrates the transcrip-
tion factor Keapl to stimulate antioxidant systems
and reverse senescence in fibroblasts [27].
Furthermore, the H,S fast-releasing donor NaHS
was able to reverse senescence in pulmonary fibrosis
via MDM2 mediated p53 degradation in CBS knock-
out mice [43]. In line with these reports, the DL-
PAG-increased senescence markers P21°P', B-gal
staining and decreased HSCs proliferation were
dose-dependently and partially reversed by the H,
S slow releasing donor GYY4137. Since the senescent
phenotype is the integrative effect of both senescent
and non-senescent cells, the modulation of single
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 H,S, a phenomenon we reported before
[21]. These results demonstrate that H,S has
a central role in HSCs senescence and inhibition of
H,S signaling shows anti-fibrotic effects via induc-
tion of senescence. Senescence is defined as irrever-
sible cell cycle arrest. However, in our study we show
that treatment with GYY4137 partially reverses the
effect of DL-PAG on senescence. A possible explana-
tion is that dysfunctional mitochondria induce (part
of) the SASP, including SASP-related growth arrest
[38]. Since H,S supplementation increases bioener-
getics of mitochondria, it can be hypothesized that
H,S (GYY4137) improves mitochondrial function of
senescent HSCs, thus modulating the SASP and
SASP-induced senescence and consequently restor-
ing fibrogenic potential of aHSC:s.

Our study has some advantages and limitations
that need to be addressed. First, we used primary
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hepatic stellate cells that better reflect the process of
activation and we used both quiescent and activated
HSCs. This is an important advantage compared to
the use of cell lines which have a “fixed” intermediate
phenotype. The use of H,S donors and inhibitors in
studies on HSC activation have been reported pre-
viously by our group, providing important back-
ground information on the effects of these
compounds on HSC biology. Our study is limited
by the lack of extensive in vivo data and knockdown
experiments, e.g. using siRNA transfection. Since we
investigated only one cell type, the hepatic stellate
cell, these additional studies are necessary to extra-
polate our findings to intact animals.

In conclusion, our results suggest that CTH and
endogenous H,S generation are increased during
fibrogenesis [21]. Inhibition of CTH shows anti-
fibrotic effects through increased cellular senes-
cence and this cellular senescence is regulated
through PI3K-Akt pathways.
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