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Abstract

Background: Activation of hepatic stellate cells (HSC) leads to initiation 
and progression of liver fibrosis. HSC senescence is inversely correlated 
with HSC proliferation and activation. Therefore, induction of HSC 
senescence may be a strategy to treat liver fibrosis. The natural compound 
esculetin, a coumarin-derivative, has been shown to inhibit HSC activation 
and proliferation, however its effect on senescence is unknown. 
Aim: to investigate the effect of esculetin on HSC activation and senescence.
Methods Primary rat HSCs were used in all experiments. Real-time cell 
analyzer and BrdU incorporation assay were used to determine HSC 
proliferation. Gene expression of the senescence-associated genes Cdkn1a 
(p21), P53, activation markers Acta2, Col1a1 and quiescence markers 
Pparg and Lrat were measured by RT-qPCR. Senescence associated 
β-Galactosidase (SA-β-Gal) staining was used to identify senescent HSCs. 
Akt/GSK3β phosphorylation and P21Cip1 expression was probed by 
Western blotting. 
Results: Esculetin increased percentage of SA-β-Gal positive cells and 
mRNA level of Cdkn1a and Il6 in HSCs. Proliferation of HSCs was inhibited 
and mRNA expression of fibrogenic genes Acta2 and Col1a1 was reduced by 
esculetin, while Pparg mRNA expression was restored in esculetin-treated 
HSCs. Activated HSCs pre-treated with esculetin followed by washout still 
exhibited less proliferation and activation and increased expression of 
senescence markers and SA-β-Gal staining. Protein expression of P21Cip1, 
accompanied by phosphorylation of Ser473 Akt and Ser9 GSK3β was 
increased by esculetin. The effect of esculetin was dependent on PI3K-Akt 
signaling.
Conclusions: Esculetin induces HSC senescence and reverses the 
fibrogenic phenotype of HSCs. The induction of senescence depends on 
PI3K-Akt-GSK3β signaling. Inadequate induction of senescence preserves 
fibrogenic phenotype of HSCs. Esculetin could be a potential therapeutic 
drug for liver fibrosis by the novel mechanism of inducing senescence.

Key words: Fibrosis, Esculetin, Hepatic stellate cell, Senescence, P21, Akt 
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Introduction

Liver fibrosis is a dynamic pathological process characterized by the 
accumulation of excessive extracellular matrix (ECM) resulting from 
chronic liver injury of any etiology, including chronic viral hepatitis, 
alcoholic liver disease (ALD) and non-alcoholic liver disease (NAFLD). 
The prevalence of liver fibrosis varies from 0.7% to 25.7% in different 
cohorts (1). Advanced liver fibrosis has a high risk to progress to cirrhosis, 
which is estimated to result in 1.03 million deaths per year worldwide (2). 
Activation of hepatic stellate cells (HSC) plays a pivotal role in the initiation 
and progression of hepatic fibrosis in experimental and human liver injury 
(3). Activated HSCs acquire a myofibroblast-like phenotype with enhanced 
proliferation, contractility, matrix synthesis, altered matrix degradation 
and pro-inflammatory signaling to form scar tissue in injured liver (3, 4). 
It is a consensus that if activation of HSCs is prevented or reversed, liver 
fibrosis can be slowed down or even reversed.

Currently, there is a strong interest in bioactive natural compounds that 
are able to prevent or reverse HSC activation. Esculetin, a coumarin 
derivative, has been demonstrated to attenuate hepatic steatosis and 
inflammation (5, 6). Esculetin has been shown to inhibit proliferation of 
vascular smooth muscle cell and cancer cells (7, 8). Moreover, esculetin 
has been demonstrated to attenuate liver fibrosis via inhibition of the 
activation of hepatic stellate cells (Bai et al; in preparation). Interestingly, 
cell cycle arrest, which is a characteristic of cellular senescence, has also 
been observed in esculetin-treated cells(9). 

Cellular senescence is a specific phenomenon characterized by the 
induction of permanent growth arrest of proliferating cells in response to 
various cellular stresses(10). It has been shown that induction of cellular 
senescence is negatively correlated with proliferation and activation 
of HSCs(11, 12). In addition, there is a specific set of secretory proteins 
released by senescent cells, collectively defined as the senescence 
associated secretory phenotype (SASP). SASP displays a characteristic 
secretory proteome, including specific cytokines and chemokines, to 
promote tissue regeneration through the induction of cell plasticity and 
stemness(13). Inadequate senescence induction in experimental models 
of fibrosis exacerbate progression of fibrosis(11, 14). Therefore, induction 
of stellate cell senescence can be a therapeutic strategy for liver fibrosis. 
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Several studies have demonstrated that natural compounds can induce 
HSC senescence and attenuate experimental liver fibrosis(15, 16). In view 
of the reported effects of esculetin on cell proliferation, we hypothesized 
that esculetin can induce HSC senescence and consequently alleviate liver 
fibrosis. In vitro experiments were conceived and performed on primary 
rat HSC to verify our hypothesis. 

Materials and Methods

Rats and cell isolation
Primary rat HSCs were isolated from 350-500g specified pathogen-free 
male Wistar rats (Charles River, Wilmington, MA, USA). Rats were housed 
under standard animal laboratory conditions with free access to food 
and drinking water. All experiments were carried out according to the 
guidelines for welfare of laboratory animals from the Committee for Care 
and Use of laboratory animals of the University of Groningen. Cells were 
isolated via portal vein perfusion with Pronase-E (Merck, Amsterdam, 
the Netherlands) and Collagenase-P (Roche, Almere, the Netherlands) 
until complete digestion of the liver, followed by gradient centrifugation 
on 13% (w/v) Nycodenz (Axis-Shield POC, Oslo, Norway). Isolated cells 
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, Vervier, Belgium), 10 µg/mL 
streptomycin (Lonza) and 250 ng/mL fungizone (Lonza) in an incubator 
containing 5% CO2 at a 37°C.

Experimental design
Isolated quiescent HSCs were cultured in culture medium for 7 days for 
culture-activation. Activated HSCs were then seeded at 70% confluency 
in plates. Unless otherwise stated, all treatments were performed in fresh 
medium. Esculetin, (Alfa Aesar, MA, USA) and the pan-PI3k inhibitor 
LY294002 (Calbiochem, Darmstadt, Germany) were diluted in DMSO to 
prepare stock solutions. Each experimental condition was performed in 
duplicate and repeated at least 3 times.
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Quantitative Real-Time Polymerase Chain Reaction
Gene expression levels were quantified by real-time reverse transcription 
polymerase chain reaction. Total mRNA was isolated from cells using 
Tri-reagent (Sigma Aldrich) according to the manufacturer’s protocol. 
Concentration of RNA was determined by Nano-Drop 2000c (Thermo 
Fisher Scientific). cDNA was synthesized from 0.5-2.5 µg RNA by MLV 
reverse transcriptase and RNase Out (Sigma-Aldrich). Gene expression 
was determined by TaqMan probes and primers by real-time polymerase 
chain reaction on the QuantStudioTM 3 system (Thermo Fisher Scientific). 
Relative gene expression was calculated via the 2- ΔΔCt method. The primers 
and probes are shown in Table 1. All samples were measured in duplicate 
using 36b4 as housekeeping gene. 

Senescence-associated β-galactosidase staining
Senescent cells were identified by Senescence-associated β-galactosidase 
staining kit (Cell Signaling Technology, Danvers, Massachusetts, USA) 
according to the supplier’s instruction. Briefly, after treatment, activated 
HSCs were fixated and stained by X-gal solution (pH= 5.9-6.1) for 24 hr 
at 370C in a dry incubator. After incubation, the β-galactosidase staining 
solution was removed and wells were rinsed in 70% glycerol and images 
were evaluated on the EVOS xl cell imaging (Thermo Fisher Scientific) 
microscope (200x magnification). 

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

36b4 GCTTCATTGTGGGAGCAGACA CATGGTGTTCTTGCCCATCAG TCCAAGCAGATGCAGCAGATCCGC 

Col1α1 TGGTGAACGTGGTGTACAAGGT CAGTATCACCCTTGGCACCAT TCCTGCTGGTCCCCGAGGAAACA 

Acta2 GCCAGTCGCCATCAGGAAC CACACCAGAGCTGTGCTGTCTT CTTCACACATAGCTGGAGCAGCTTCTCGA 

Cdkn1a (P21Cip1) TTGTCGCTGTCTTGCACTCTG CGCTTGGAGTGATAGAAATCTGTTA CTGCCTCCGTTTTCGGCCCTG 

Il-6 CCGGAGAGGAGACTTCACAGA AGAATTGCCATTGCACAACTCTT ACCACTTCACAAGTCGGAGGCTTAATTACA 

Tp53 CCATGAGCGTTGCTCTGATG CAGATACTCAGCATACGGATTTCCT CGGCCTGGCTCCTCCCCAAC 

Pparg GACCCCAGAGTCACCAAATGA GGCCTGCAGTTCCAGAGAGT CCCCATTTGAGAACAAGACTATTGAGCGAACC 

Lrat ACTGTGGAACAACTGCGAACAC AGGCCTGTGTAGATAATAGACACTAAT
CC TTGTGACCTACTGCAGATACGGCTC 

Mmp9 CCCTCTGCATGAAGACGACAT GGAGGTGCAGTGGGACACA TCCAGCATCTGTATGGTCGTGGCTCTAAAC 

 

Table 1.
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Cell proliferation assay
Cell proliferation was determined by Real Time Cell Analysis system 
xCELLigence (RTCA DP; ACEA Biosciences, Inc., CA, USA) and results were 
confirmed using the BrdU incorporation assay (Roche Diagnostic Almere, 
the Netherlands). Using the xCELLigence system, cell confluence was 
monitored in real-time and cell index was measured in E-plates. Cells were 
seeded in 96 well plates and treated as described before. Incorporation 
of BrdU in proliferating cells was detected by chemiluminiscence using 
Synergy-4 (Bio-Tek).

Western blot analysis
Protein samples were prepared in lysis buffer (HEPES 25 mmol/L, KAc 150 
mmol/L, EDTA pH 8.0 2mmol/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). Protein concentration was quantified by Bio-Rad protein assay 
(Bio-Rad; Hercules, CA, USA) according to the manufacturer’s protocol 
using bovine serum albumin (BSA) to prepare a standard curve. Gel 
electrophoresis was performed with 10-20 µg protein using the Mini-
Protein® TGX™ precast 4-15% gels (Bio-Rad), followed by transblotting to 
0.2 µm nitrocellulose membrane (Bio-Rad). 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.   

Protein Species Dilution Company 
β-Actin Polyclonal rabbit 1:1000 4970, Cell Signaling 
COL1α1 Polyclonal goat 1:2000 1310-01, Southern Biotech 
ACTA2 Polyclonal rabbit 1:2000 Ab5694, Abcam 

Phospho-AKT 
(Ser473) Polyclonal rabbit 1:1000 9271L, Cell Signaling 

Phospho-AKT (Thr 
308) Polyclonal rabbit 1:1000 sc-16646-R, Santa Cruz 

Total AKT Polyclonal rabbit 1:2000 9272, Cell Signaling 
Phospho-

GSK3β(Ser9) Polyclonal rabbit 1:1000 9336, Cell Signaling 

Total GSK3β Monoclonal rabbit 1:2000 9315, Cell Signaling 
P21 

(Gene is Cdkn1a) Monoclonal rabbit 1:1000 ab109199, Abcam 

GAPDH Monoclonal mouse 1:1000 CB1001, Calbiochem 
 

Table 2.
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Statistical analysis
Data are presented as mean ± standard deviation (meanSD) and mean  
standard error of means (mean ±  sem). Each result was obtained from 
at least three independent experiments. Statistical significance was 
determined by Mann-Whitney U test between the two groups, one-way 
ANOVA or Kruskal-Wallis followed by post-hoc Dunnet’s test for multiple 
comparison test and two-way ANOVA followed by Tukey’s multiple 
comparison. P<0.05 was considered statistically significant (*: p<0.05, 
**: p<0.01, ***: p<0.001, ****: p<0.001, ns: p>0.05). Data analysis was 
performed using GraphPad Prism 7 (GraphPad Software, San Diego, CA, 
USA). 

Results

Freshly isolated quiescent HSCs become activated during cell culture (17). 
D1 and D7 cultured HSCs represent quiescent HSCs (qHSC) and activated 
HSCs (aHSC), respectively. Senescence associated β-Galactosidase (SA-β-
Gal) staining was used to determine cell senescence. As shown in Figure 
1A, esculetin treatment increased the number of β-Gal positive cells in 
both qHSCs and aHSCs. Senescence associated genes Cdkn1a, Tp53 and Il6 
mRNA expression were measured as markers of senescence. Expression 
of Cdkn1a and Il6 was increased four-fold and two-fold, respectively, in 
esculetin-treated aHSCs. In contrast, Tp53 mRNA expression was not 
affected by esculetin. 

Uncontrolled proliferation of aHSCs is one of most important characteristics 
during fibrosis progression(3). Therefore we investigated whether 
esculetin had anti-proliferative effects. As shown in Figure 2A, esculetin 
inhibited the proliferation of aHSCs significantly after 48h of incubation. 
To verify whether the decreased cell index was the result of inhibition of 
proliferation, we performed the BrdU incorporation assay. As shown in 
Figure 2B, incorporation of BrdU in proliferating HSCs was reduced by 70% 
in esculetin-treated cells, which demonstrated that esculetin inhibited 
DNA replication in S-phase cells. Next, we examined whether esculetin 
could prevent activation of qHSCs. As shown in Figure 2C, expression of 
the activation markers Acta2 and Col1a1 was decreased by about 40% and 
60%, respectively upon treatment with esculetin. In contrast, esculetin-
treated qHSCs had more than two-fold higher expression of the quiescence 
marker Pparg than vehicle treated cells. Lrat expression did not change 
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upon esculetin treatment as shown in Figure 2D. Collagen type1 but 
not αSMA protein expression in aHSCs was inhibited by esculetin in a 
dose-dependent manner. Moreover, we performed immunofluorescence 
microcopy to determine intracellular collagen expression. The result 
was in line with the Western blotting results of figure 2E as shown in 
supplemental Figure S1.

Figure 1. Esculetin induces senescence of primary HSCs. A. Senescence Associated β-Galactosidase 
staining. Quiescent qHSCs (D1) and activated aHSCs (D7) were treated with 50 μmol/L esculetin or 
vehicle for 48 h. Magnification: 200x. B. aHSCs were treated with 50 μmol/L esculetin or vehicle for 48h 
and mRNA expression of Cdkn1a, Tp53 and Il6 was determined and is shown as mean±sem.
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Since cellular senescence is characterized as stable cell-cycle arrest, we 
designed a wash-out strategy to determine the proliferation potential 
of HSCs as illustrated in Figure 3A. aHSCs pretreated with esculetin for 
48h exhibited much lower proliferation ability compared to vehicle-
treated ones in the subsequent 48h wash-out period as shown in Figure 
3B. Furthermore, doubling time was sharply increased in esculetin pre-
treated groups after wash-out as shown in Figure 3C. Proliferating cell 
nuclear antigen (PCNA) stimulates DNA polymerases and promotes DNA 
synthesis and its expression is used as a marker for cell replication (18, 
19). In line with the proliferation data, expression of PCNA in esculetin pre-
treated groups was significantly lower than in non-pretreated ones after 
the 48h wash-out period as shown in Figure 3D. In addition, the number 
of β-Galactosidase positive cells in esculetin pre-treated groups remained 
higher than non-treated groups in spite of the wash-out as shown in Figure 
3E.

As shown in Figure 4A-F, aHSCs pre-treated by esculetin following wash-
out generally maintained a similar transcription profile compared to cells 
continuously treated with esculetin. However, compared to non-treated 
cells, pre-treated aHSCs demonstrated a 50% and 40% reduction of 
expression of Acta2 and Col1a1, respectively. Additionally, expression of 
Cdkn1a, Il6 and Mmp9 mRNA was increased 2-3 fold while Tp53 tended to 
increase but not significantly in esculetin pre-treated aHSCs. 

Cooperation between intracellular Akt and P21Cip1 is essential for the 
induction of senescence (20). Phosphorylation at the Ser473 site activates 
Akt kinase. GSK3β is its main target and is phosphorylated at Ser9 by 
active Akt(21). We hypothesized that esculetin treatment activates Akt 
in HSCs. Therefore, we investigated phosphorylation of Akt at Ser473 

Figure 2. Esculetin inhibits proliferation and activation of primary hepatic stellate cells.
A. xCELLigence proliferation assay. Activated primary HSCs were cultured and treated with 50 μmol/L 
esculetin or vehicle for 96h. Normalized cell index is shown as mean±SD. B. BrdU incorporation assay. 
Activated primary HSCs were cultured in 96-well plates and treated by 50 μmol/L esculetin or vehicle 
for 72h. Data are shown as mean±sem, n = 3. C, D. Quiescent primary HSCs were treated by 50 μmol/L 
esculetin or vehicle for 48h. Data are shown as mean±sem, n = 4. E. Expression of collagen type I and 
αSMA protein was determined by Western blotting in aHSCs treated for 72h with 0, 50 and 100 μmol/L 
esculetin, respectively.
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Figure 3. Esculetin induced long-lasting senescence of primary HSCs. A. Graphical illustration of 
wash-out strategy of different groups. B. xCELLigence proliferation assay. Primary HSCs were seeded 
into plates and treated by wash-out strategy as indicated. C. Doubling time of cell index before and 
after wash-out was calculated and depicted as mean±SD. D. PCNA protein expression, determined by 
Western blotting using GAPDH as loading control. E. SA-β-Gal staining. Magnification 200X.
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Figure 4. Esculetin induces senescence progression in aHSCs. aHSCs were treated with esculetin, 
followed by wash-out protocol and mRNA levels were measured by RT-qPCR. Data are shown as 
mean±sem; n=3.

and phosphorylation of its downstream target GSK3β at Ser9 as well as 
P21Cip1 by Western blot at different time points after esculetin treatment 
(Figure 5A). Phosphorylation of Akt-Ser473 and GSK3β-Ser9 was induced 
within 48h of esculetin treatment, in line with increased expression of 
P21Cip1. PI3K is one of the kinases able to activate Akt and LY294002 is a 
non-selective inhibitor of PI3K that is used to block Akt activity(20). As 
shown in Figure 5B, phosphorylation of Akt-Ser473 and Akt-Thr308 was 
efficiently inhibited in aHSCs treated with esculetin in combination with 
LY204002 compared to esculetin alone. Phosporylation of GSK3β-Ser9 
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Figure 5. Esculetin induces senescence via the PI3K-Akt-GSK3β pathway. A. aHSCs were treated with 
esculetin and harvested at 0, 12, 24 and 48h after treatment. B. aHSCs were treated with or without 
2 μmol/L LY294002 followed by treatment with 50 μmol/L esculetin or vehicle for 24h. C. SA-β-Gal 
staining. aHSCs were treated with or without 2 μmol/L LY294002 followed by 50 μmol/L esculetin or 
vehicle for 48h.
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and expression of P21Cip1 were also downregulated by LY294002. While 
total Akt and total GSK3β amount were not changed across conditions, 
LY294002 decreased phosphorylation of Akt as expected. The number 
of β-Gal positive cells was markedly diminished in aHSCs treated by the 
combination of esculetin and LY294002 compared to esculetin alone. 

Considering that the senescence phenotype is repressed by PI3K inhibitor, 
we investigated whether the anti-senescent PI3K inhibitor could also affect 
the fibrogenic phenotype of HSCs which was suppressed by esculetin. In 
the first 72h, the PI3K inhibitor inhibited proliferation of aHSCs and did 
not rescue the impaired proliferation of esculetin-treated aHSCs. However, 
after wash-out and addition of fresh medium, aHSCs treated with esculetin 
in combination with PI3K inhibitor proliferated more rapidly than cells 
treated by esculetin or PI3K inhibitor alone as shown in Figure 6B. 
Likewise, collagen expression was restored by PI3K inhibitor in esculetin-
treated aHSCs, as shown in Figure 6 B-C, while expression of αSMA was not 
significantly changed across conditions.

Disscussion

Liver fibrosis is characterized by the excessive deposition of extracellular 
matrix (ECM) in the liver. Activated hepatic stellate cells are the main 
source of excessive matrix production in response to liver injury (2). 
Transdifferentiation of quiescent stellate cells into activated stellate cells 
is characterized by increased proliferation, contractility, chemotaxis and 
matrix synthesis (3). Activated HSCs have a specific phenotype, including 
increased expression of αSMA and collagen and decreased expression 
of PPARγ and LRAT (4). Cellular senescence of HSCs was observed in 
a model of experimental liver fibrosis and is thought to slow down the 
progression of fibrosis (11). Cellular senescence is characterized by a 

Figure 6. Inhibition of PI3K restores pro-fibrogenic phenotype in esculetin-treated aHSCs. A. 
xCELLigence assay. aHSCs were treated with 2 μmol/L LY294002 or vehicle combined with or without 
esculetin for 72h after which medium was refreshed. B. Doubling time before and after wash-out (72h 
periods) were calculated and shown as median and quartile. C-E. aHSCs were treated by esculetin 
or vehicle with or without LY294002 for 72h. Collagen type I and αSMA were assessed by Western 
blotting. 
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specific phenotype: P21Cip1, P16INK4A and P53 are important effectors of 
the cell cycle arrest in senescence induction(10). Senescence-associated 
β-Galactosidase (SA-β-Gal) is increased as a consequence of lysosomal 
stress and is one of the well-established markers to identify senescent 
cells (22, 23). Senescent cells secrete a specific proteome consisting of 
cytokines, proteasomes and chemokines, collectively known as senescence 
associated secretory phenotype (SASP). Among the components of the 
SASP is interleukin-6 (IL6), one of the essential cytokines that contribute 
to senescence in a paracrine manner (24). In contrast to fibrogenic HSCs, 
senescent HSCs exhibit decreased expression of αSMA and collagen and 
increased expression of inflammatory cell receptor ligands facilitating their 
clearance by the immune system (11, 16). The phenotype and biological 
properties of senescent HSCs suggest that inducing senescence of HSCs 
might be considered as a therapeutic strategy for liver fibrosis (12). In this 
study, we demonstrate that the coumarin-derivative esculetin induced a 
senescence-like phenotype in HSCs as demonstrated by increased mRNA 
expression of Cdkn1a (P21) and Il6 and an increased number of SA-β-Gal 
positive cells. In our experimental protocol, an increase in P53 mRNA level 
was not observed. Because P21 is an established downstream target of 
and transcriptionally controlled by P53 (25), we assume that P53 might 
be changed in a posttranslational manner to induce the expression of P21.
   Since cellular senescence of HSCs was induced by esculetin, the fibrogenic 
phenotype of HSCs was also investigated to explore the association 
between senescence and fibrogenesis. P21, encoded by the gene CDKN1A, 
is the checkpoint of cell cycle progression in G1/S and G2/M transitions 
(26). Real-time xCELLigence assay as well as BrdU incorporation revealed 
that esculetin inhibited mitosis and DNA replication in HSCs (as reported 
previously; Bai X et al: submitted). In line with this, P21 expression was 
increased upon treatment with esculetin in aHSCs. 

Primary quiescent HSCs cultured in vitro on tissue culture plastic undergo 
activation into a fibrogenic phenotype characterized by active proliferation, 
increased expression of the fibrogenic markers Acta2 and Col1a1 and 
gradual loss of Pparg and Lrat (27). In our study, the increased expression 
of Acta2 and Col1a2 was inhibited by esculetin whereas expression 
of the quiescence marker Pparg was preserved. The expression of the 
quiescence marker Lrat was not affected by esculetin. Interestingly, it has 
been demonstrated that depletion of Lrat may not be an important factor 
in the acquisition of the fibrogenic phenotype (28). These results confirm 
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the reciprocal regulation of the senescent and fibrogenic phenotype by 
esculetin in HSCs.

Cellular senescence has been described as a time-dependent process: 
initiation and maintenance of senescence are highly regulated by different 
signaling pathways (20, 29). The complete senescence phenotype depends 
on the combined action of various signaling pathways. For instance, 
P21Cip1 initiates senescence whereas P16INK4A accounts for maintaining 
growth arrest (10). Permanent cell cycle arrest and non-responsiveness 
to mitogens and growth factors are essential to the senescent phenotype 
(10). We performed wash-out experiments to investigate the response of 
esculetin-treated HSCs to mitogens and growth factors in the absence of the 
senescence inducer. Our results show that the ability to proliferate remains 
inhibited in senescent cells. In line with this, protein expression of PCNA, 
which represents the S-phase of cells undergoing DNA replication (18), 
was also inhibited in senescent cells. Additionally, the SA-β-Gal staining 
demonstrated that during the wash-out period, the senescence phenotype 
did not reverse to the fibrogenic phenotype by the mitogens and growth 
factors present in medium. This phenomenon was also observed in co-
cultures of senescent cells and proliferating cells (30). During the wash-
out period, the expression levels of the senescence markers Cdkn1a, Il6 
and Mmp9 remained at almost the same high level as in esculetin pre-
treated cells with or without additional esculetin. These results indicate 
that the maintenance of the senescent phenotype is not dependent on 
the inducer itself (esculetin). This is in accordance with the mechanism 
described as SASP-induced non-cell-autonomous effect(14). Non-cell 
autonomous refers to the non-intrinsic mechanism and is attributed to e.g. 
the cell microenvironment (14, 31). The mRNA expression of Acta2 and 
Col1a1 remained lower than in non-treated cells, demonstrating that the 
suppressed fibrogenic phenotype results from induced senescence.

Induction of senescence is a highly regulated biological process with 
different signaling pathways involved. Cooperation between Akt and 
P21 has been demonstrated to be essential in the initiation of cellular 
senescence (20, 32). Phosphorylation of Ser473 and Thr308 are well-
known posttranslational modifications in the activation of Akt. GSK3β is 
the first downstream target of Akt and is phosphorylated by active Akt at 
Ser9. In addition, it has been demonstrated that phosphorylation at Ser9 
of GSK3β is necessary to maintain protein expression of P21 (33) and 
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that it correlates positively with cellular senescence(34). In our study, we 
observed that during the period of senescence induction, phosphorylation 
at Ser473 of Akt was accompanied by phosphorylation at Ser9 of GSK3β 
and increased gradually with time, indicating the existence of an Akt-GSK3β 
axis in senescence induction. PI3K is one of the main upstream activators 
of Akt and its non-selective inhibitor has been shown to reverse the 
inhibition of proliferation of fibroblasts in response to oncogene-induced 
senescence (20). LY294002 has been shown to inhibit phosphorylation 
at Ser9 of GSK3β and consequently to reduce P21 expression (33). Using 
PI3K inhibition, we could establish the importance of the PI3K-Akt-
GSK3β pathway in the induction of senescence of esculetin-treated HSCs: 
LY294002 reduced phosphorylation at Ser473 and Thr308 of Akt and Ser9 
of GSK3β as well as expression of P21 expression which was increased 
by esculetin treatment. In accordance with the reduced P21 expression, 
a sharp reduction in the number of SA-β-Gal positive cells was observed 
in esculetin treated cells after LY294002 pretreatment. Therefore, it can 
be concluded that esculetin-induced HSC senescence depends on an intact 
PI3K-Akt-GSK3β pathway.

In addition to senescence induction, the PI3K-Akt pathway participates in 
a variety of biological processes including cell survival and proliferation 
(21). The PI3K inhibitor LY294002 failed to rescue the proliferative ability 
of HSC which was inhibited by esculetin. However, the ability of HSCs to 
respond to mitogens and growth factors was preserved during the wash-
out period. Furthermore, collagen synthesis was completely rescued by 
the PI3K inhibitor. It should be noted that non-selective inhibition of PI3K 
also inhibited proliferation of HSC but did not affect collagen synthesis. 
These results suggest that concurrence of proliferation inhibition and loss 
of fibrogenic phenotype of HSCs is not indispensable for the induction of 
senescence.

In conclusion, esculetin induces HSC senescence and consequently 
inactivates HSC activation in vitro. The induction of senescence depends 
on an intact PI3K-Akt-GSK3β signaling pathway. In addition, our results 
demonstrate that inadequate induction of senescence can prevent 
inactivation and preserve the fibrogenic phenotype of HSCs. In this regard, 
esculetin could be a potential therapeutic drug for liver fibrosis.
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Supplement figure 1. Immunofluorescence staining for collagen type I. Primary quiescent HSCs were 
treated with different concentrations of esculetin for 72h. 

Supplemental figure
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