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1. Introduction
In liver fibrosis, abnormal connective tissue prolife-

ration and excessive extracellular matrix accumulation 
occur as the result of various pathogenic factors. Liver 
fibrosis commonly develops in chronic liver diseases such 
as autoimmune hepatitis, hepatitis B and C, alcoholic liver 
disease, non-alcoholic liver disease, and cholestasis [1, 2]. 
Liver fibrosis can progress to cirrhosis, liver failure, and 
liver cancer if left untreated [3]. Approved drugs are far-
fetched for liver fibrosis, despite its increasing morbidity 
and mortality rates [4].

A key step in liver fibrosis is hepatic stellate cell 
(HSCs) activation. As soon as resident HSCs are activated, 
they manifest as fibrogenic myofibroblasts, which produce 
large quantities of extracellular matrix proteins, including 
collagen 1, so that liver fibrosis ensues. A range of growth 
factors and cytokines stimulate HSC activation, including 
TGF-β [5, 6]. For this reason, blocking HSC activation 
may prove beneficial in treating liver fibrosis.

A multi-protein complex called NLRP3 inflammasome 
is expressed by both hepatic parenchymal and nonparen-

chymal cells [7, 8]. In normal circumstances, NLRP3 in-
flammasome is inactive. NLRP3 inflammasome activates 
in response to danger signals and interacts with pro-cas-
pase 1 and ASC. NLRP3 inflammasome activation triggers 
the cleavage and activation of pro-caspase 1, subsequently 
enhancing the maturation of proinflammatory factors and 
leading to proinflammatory reactions [9]. Activation of in-
flammasomes has been implicated in liver diseases, inclu-
ding NASH and fibrogenesis [10, 11]. There is evidence 
that NLRP3 inflammasome activates HSCs and promotes 
fibrosis development [12].

In hepatocytes, mitochondria are the primary energy 
source and are essential for the normal function of the liver. 
For ATP synthesis, electrons are transported by the elec-
tron transport chain (ETC) and mitochondrial membrane 
potential (MMP) is generated. There is a possibility that 
some electrons may escape and generate ROS [13, 14]. 
ROS promotes HSC activation [15-17], and intracellular 
ROS can cause NLRP3 inflammasome activation [18-20].

An aromatic cationic peptide, Szeto-Schiller (SS)-
31 peptide, scavenges hydrogen peroxide, superoxide, 
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hydroxyl radicals, and peroxynitrite exclusively from 
mitochondrial inner membranes [21]. In epithelial, endo-
thelial, and neuronal cells stimulated with pro-oxidants 
and ETC blockers, SS-31 decreases mitochondrial ROS 
[22, 23]. SS-31 is effective when administered to animal 
models that have mitochondrial oxidative stress, including 
ischemic brain injury [24], neurotoxicity [25], and excess 
fat intake-induced insulin resistance [26]. However, until 
now, the role of SS-31 in liver fibrosis has been unclear.

Therefore, this study was to investigate SS-31 in liver 
fibrosis. In this study, SS-31 blocks HSC activation by 
NLRP3 inflammasomes, thereby alleviating liver fibrosis. 
These results may provide a new approach for the treat-
ment of liver fibrosis.

2. Materials and methods
2.1. Cell culture and treatments

LX-2 HSCs (Cell Center, Shanghai Academy of Bio-
logical Sciences, Shanghai, China) were cultured with 
DMEM (Gibco, Rockville, MD, USA) containing 10% 
FBS and 1% streptomycin/penicillin (Gibco, Rockville, 
MD, USA). TGF-β1 (10 ng/mL) was added to serum-free 
DMEM to activate LX-2 cells for 24 h. LX-2 cells were 
pretreated with SS-31 (50 μM) or the NLRP3 blockor 
MCC950 (1 μM) to explore the regulatory mechanism of 
SS-31 on HSC activation.

2.2. Mitochondrial ROS detection
The probe (5 μm, Beyotime, Shanghai, China) was 

added to HSCs and detected avoiding light. After PBS 
washing, HSCs were stained with 10 μg/ml Hoechst33342 
solution (Beyotime, Shanghai, China), and viewed under a 
fluorescence microscope (DMI3000B, Leica Corporation, 
Wetzlar, Germany).

2.3. MMP detection
MMP was measured by a JC-1 probe (Beyotime, Shan-

ghai, China). Simply put, HSCs were treated with JC-1 
probe, and the nucleus was then observed in the dark with 
DAPI staining (Beyotime, Shanghai, China). An analysis 
of the red-green fluorescence intensity of the JC-1 probe 
was conducted.

2.4. ATP measurements
ATP in HSCs was detected by the assay kit (Beyotime, 

Shanghai, China) as required by the manufacturer's pro-
tocol.

2.5. CCK-8 assay
LX-2 cells were put in 96-well plates at 5 × 103 cells/

well at 37°C under 5% CO2. At days 1, 2, and 3, cells were 
detected with 10 μl CCK-8 reagent in each well (Shan-
ghai Obio Technology, Shanghai, China) for 4 h. Using a 
microplate reader (Bio-Tek Instruments, Biotek Winooski, 
VT, USA), optical density at 450 nm was quantified.

2.6. Colony formation experiment
LX-2 cells were cultured in 6-well plates at 1000 cells 

per well. Over a span of 14 days, the culture medium was 
replaced every three days. Subsequently, the colonies were 
immobilized using a 4% paraformaldehyde solution and 
subjected to staining with crystal violet for a duration of 
30 min. A quantitative assessment was conducted to deter-
mine the number of colonies consisting of more than 50 

cells.

2.7. Flow cytometry
Apoptosis was assessed through flow cytometry utili-

zing a cell cycle and apoptosis assay kit (Beyotime, Shan-
ghai, China). Specifically, the cells were immobilized with 
70% ethanol and subjected to staining with 0.5 mL of pro-
pidium iodide (PI) staining buffer (200 mg/mL RNase A 
+ 50 µg/mL PI) at 37°C for a duration of 30 min in the 
absence of light. Subsequently, analysis was conducted 
using the BD LSR flow cytometer (BD Biosciences, San 
Jose, CA, USA) and the number of apoptotic cells was 
quantified.

2.8. Animal experiment
Male SPF-grade C57BL/6 mice (6-8 weeks old, 20 ± 

2 g) were purchased from SLAC Laboratory Animal Co., 
Ltd (Shanghai, China) and raised in the SPF animal room. 
There were five mice in each cage (20-25°C, 40-70% hu-
midity) and they had enough food and water. The Animal 
Experiment Ethics and Welfare Committee of Ganzhou 
People's Hospital granted approval for all animal experi-
ments conducted. After 1-week adaptive feeding, carbon 
tetrachloride (CCl4) diluted by vegetable oil at 1:4 was 
injected subcutaneously at 5 ml/kg into mice twice a week 
for 6 weeks. The Sham group consisted of mice that were 
solely injected with vegetable oil. To investigate the regu-
latory effect of SS-31, mice were injected with 3 mg/kg 
SS-31 (China Peptides Co., Ltd., Shanghai, China) subcu-
taneously, once a day for 6 weeks. There was Sham group, 
CCl4 group, and CCl4 + 3 mg/kg SS-31 group, with 6 
mice in each group.

2.9. Serum biochemical analysis
Approximately 500 μl of blood was collected from the 

mouse eyeball and left to stand in centrifuge tubes at room 
temperature for a duration of 1-2 hours. Subsequently, the 
tubes were subjected to centrifugation at 4°C and 3,000 
rpm for a period of 10 min, resulting in the collection 
of serum. The harvested serum was either transferred to 
a centrifuge tube or stored at -80°C. The analysis of se-
rum ALT and AST levels was conducted using assay kits 
(Nanjing Jiancheng, Nanjing, China).

2.10. HE staining
Liver tissue was dehydrated with gradient-concentra-

tion ethanol, and immersed in paraffin, and the section 
thickness was 5 μm. The sections underwent dewaxing 
using xylene, followed by treatment with ethanol and im-
mersion in distilled water. Hematoxylin was subsequently 
introduced and allowed to react for a duration of 10 min. 
The sections were then differentiated using a 5% acetic 
acid solution for 30 s, stained with a 1% eosin solution for 
5 min, dehydrated, permeabilized, mounted, and finally 
observed under an optical microscope manufactured by 
Olympus (Tokyo, Japan).

2.11. Masson staining
The liver tissue paraffin sections underwent dewaxing 

and hydration, followed by staining with Weigert hema-
toxylin iron stain (Beyotime, Shanghai, China) for a dura-
tion of 5 min. Subsequently, the sections were treated with 
1% hydrochloric acid alcohol for 10 s, rinsed with run-
ning water, and stained with Ponceau acid fuchsin solution 



185

SS-31 in hepatic fibrosis.                                                                                                                                                                        Cell. Mol. Biol. 2024, 70(2): 183-188

ATP content was increased (Figure 1C).

3.2. SS-31 can block HSC proliferation induced by 
TGF-β1 and enhance cell apoptosis

Subsequently, LX-2 cell proliferation was assessed 
using CCK-8 and colony formation assay, revealing that 
the administration of SS-31 effectively inhibited the pro-
liferative capacity of LX-2 cells (Figure 2A-2C). Flow 
cytometry analyzed the apoptosis of LX-2 cells, and it was 
found that LX-2 cell apoptosis rate increased after SS-31 
treatment (Figure 2D, 2E).

3.3. SS-31 alleviates TGF-β1-activated HSC fibrosis
The fibrosis markers, COL1A1 and α-SMA, were as-

sessed using Western blot analysis. Following treatment 
with SS-31, COL1A1 and α-SMA proteins in LX-2 cells 
exhibited a decrease (Figure 3A, 3B), indicating that SS-
31 possesses the ability to mitigate TGF-β1-induced fibro-
sis in HSCs.

3.4. SS-31 blocks HSC activation by regulating NLRP3 
inflammasomes

To explore the potential mechanism of SS-31 blocking 
HSC activation, NLRP3 inflammasomes (NLRP3, cas-
pase-1, and ASC) were assayed by Western blot analysis. 
The three indicators were downregulated in LX-2 cells af-
ter SS-31 conditioning (Figure 4A, 4B). In addition, simi-
lar to SS-31 treatment, treatment with the NLRP3 blockor 
MCC950 blocked HSC activation (Figure 5A-5G).

3.5. SS-31 can alleviate liver injury and fibrosis in mice
CCl4 was used to induce liver fibrosis in mice, while 

the mice were injected with 3 mg/kg SS-31. Then, serum 

for 10 min. Aniline blue solution was then applied to the 
sections for 5 min, followed by treatment with 1% gla-
cial acetic acid for 1 min and dehydration with ethanol. 
The sections were examined under an optical microscope 
(Olympus, Tokyo, Japan) after undergoing penetration and 
quenching.

2.12. Western blot
The total protein of HSCs or tissues was extracted 

using radioimmunoprecipitation assay (RIPA) lysis buffer 
and assayed by bicinchoninic acid (BCA) kit (Shanghai Ji-
ning Biotechnology Co., LTD., Shanghai, China). A 30 µg 
protein sample was separated by 12% sodium dodecyl sul-
phate-polyacrylamide gel electrophoresis (SDS-PAGE), 
and then wet transferred to nitrocellulose membranes (GE 
Healthcare, Little Chalfont, Buckinghamshire, UK). Sub-
sequently, the membrane was closed with 5% skim milk 
for 2 h and detected with COL1A1 (1:2000, ab260043, Ab-
cam, Cambridge, MA, USA), α-SMA (1:5000, ab124964, 
Abcam, Cambridge, MA, USA), NLRP3 (1:1000, 15101, 
Cell Signaling Technology, Danvers, MA, USA), Cas-
pase-1 (1:1000, ab179515, Abcam, Cambridge, MA, 
USA), ASC (1:1000, 67824, Cell Signaling Technology, 
Danvers, MA, USA), and GAPDH (1:1000, 41549, Cell 
Signaling Technology, Danvers, MA, USA) at 4°C over-
night. Then, the membrane was combined with a secon-
dary anti-rabbit antibody at room temperature for 1 h, on 
which protein signals were visualized using electrochemi-
luminescence (ECL) Plus (Solarbio, Beijing, China) and 
analyzed using ImageJ.

2.13. Statistical analysis
All data were demonstrated as mean ± SEM and sta-

tistically analyzed by Statistic Package for Social Science 
(SPSS) 22.0 (IBM, Armonk, NY, USA). Differences 
between groups were compared using the Student t-test, 
while those between multiple groups were compared using 
the one-way analysis of variance. P < 0.05 was considered 
statistically significant.

3. Results
3.1. SS-31 can ameliorate TGF-β1-activated HSC mito-
chondrial dysfunction

Mitochondrial ROS levels increased (Figure 1A) and 
MMP and ATP content decreased (Figure 1B, 1C) in 
TGF-β1-activated LX-2 cells, suggesting mitochondrial 
damage. To determine SS-31’s action in HSC activation, 
activated LX-2 cells were treated with 50 μM SS-31. 
After SS-31 treatment, mitochondrial ROS in HSCs was 
reduced (Figure 1A), MMP was restored (Figure 1B), and 

Fig. 3. SS-31 alleviates TGF-β1-activated HSC fibrosis. (A-B) Wes-
tern blot measured fibrosis markers (COL1A1 and α-SMA). Data are 
expressed in mean ± SD; * P < 0.05 vs. Control group; # P < 0.05 vs. 
TGF-β1 group.

Fig. 2. SS-31 can block the proliferation of HSCs induced by TGF-β1 
and promote cell apoptosis. (A) CCK-8 detected cell proliferation; 
(B-C) Colony formation assay detected cell proliferation; D-E: Flow 
cytometry detected apoptosis. Data are expressed in mean ± SD; * P 
< 0.05 vs. Control group; # P < 0.05 vs. TGF-β1 group.

Fig. 1. SS-31 can improve TGF-β1-activated mitochondrial dysfunc-
tion of HSCs. (A) MitoSOX Red fluorescence images (the heavier 
the red, the more damage); (B) JC-1 fluorescence images (the more 
JC-1 monomers with green, the more damage to mitochondria); (C) 
ATP content; Data are expressed in mean ± SD; * P < 0.05 vs. Control 
group; # P < 0.05 vs. TGF-β1 group.
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ALT and AST of mice were quantified, and the results 
demonstrated that serum AST and ALT of mice with liver 
fibrosis were increased, and decreased after SS-31 treat-
ment (Figure 6A, 6B). The liver stained with HE had a 
large number of inflammatory cells infiltrated in fibrotic 
mice (Figure 6C), and Masson staining found significant 
collagen fiber deposition (Figure 6D). After SS-31 treat-
ment, liver inflammatory damage and collagen deposition 
were alleviated (Figure 6A, 6B).

4. Discussion
Our study confirms that SS-31 treatment mitigated 

mitochondrial damage and NLRP3 inflammasome activa-
tion, blocked HSC activation and alleviated liver damage 
and fibrosis.

A pro-fibrotic cytokine, TGF-1, can induce extracellu-
lar matrix production [27]. This study established a TGF-
β1-activated LX2 cell model, which has been studied in li-
ver fibrosis [28]. In this study, HSCs were stimulated with 
TGF-β1 at 10 ng/mL. A well-known fact is that activated 
HSCs are the main source of stroma-secreting myofibro-
blasts that cause liver fibrosis [29]. In an activated state, 
the proliferation capacity of HSCs is promoted, and apop-
tosis is reduced [30]. Our results showed that SS-31 could 
block the proliferation of TGF-β1-activated LX2 cells and 
promote cell apoptosis, suggesting that SS-31 could effec-

tively block HSC activation. As HSCs are activated, they 
transform into myofibroblasts, undergo morphological al-
teration, form extracellular matrix massively, and express 
α-SMA. As collagen builds up in the extracellular matrix, 
it is thought that collagen represents liver fibrosis progress 
or regression [31]. This research demonstrated that SS-31 
lowered COL1A1 and α-SMA.

Different chronic and acute liver diseases have been 
linked to NLRP3 inflammasome activation, causing liver 
damage and fibrosis [8]. The findings of our study provide 
confirmation that there was an increase in NLRP3 inflam-
masome protein in activated HSCs. It is widely accepted 
that ROS serves as the primary trigger for NLRP3 inflam-
masome activation [32], consequently promoting the de-
velopment of chronic inflammation and fibroplasia. This 
activation of HSCs ultimately leads to the progression of 
fibrosis [33, 34]. Furthermore, the induction of oxidative 
stress plays a substantial role in HSC activation and fi-
brosis [35]. This study analysis confirmed an increase in 
mitochondrial ROS production in activated HSCs. The 
reduction of oxidative stress and elimination of ROS are, 
therefore, promising therapeutic strategies for treating li-
ver fibrosis.

Under multiple conditions, SS-31 can reduce mito-
chondrial ROS production, improve ATP production, and 
interact with mitochondrial cardiolipin, decreasing oxida-
tive stress [36,37]. Antioxidant properties of SS-31 have 
been applied to treat Alzheimer's disease [38], atheroscle-
rosis [39], and ischemia-reperfusion injury [40]. In this 
study, SS-31 treatment reduced mitochondrial ROS pro-
duction and down-regulated NLRP3 inflammasome pro-
tein expression, thereby alleviating liver fibrosis.

The subcutaneous injection of CCl4 has proven to be 
effective in inducing histological changes resembling hu-
man liver disease, as well as elevating serum ALT levels. 
The occurrence of fibrosis in the liver can be attributed to 
the persistent injury of hepatic cells, excessive deposition 
of extracellular matrix (ECM), and abnormal proliferation 
of connective tissue within the liver [41]. In this study, se-
rum AST and ALT levels were elevated in mice with liver 
fibrosis and decreased after SS-31 treatment. Following 
administration of SS-31, mice with liver fibrosis exhibited 
mitigated liver inflammation damage and reduced collagen 
deposition. In summary, SS-31 mitigated liver injury and 
fibrosis in mice.

Fig. 4. SS-31 blocks HSC activation by regulating NLRP3 inflam-
masomes. (A-B) Western blot analysis of NLRP3 inflammasomes 
(NLRP3, caspase-1, and ASC); Data are expressed in mean ± SD; * P 
< 0.05 vs. Control group; # P < 0.05 vs. TGF-β1 group.

Fig. 5. Treatment with NLRP3 blockor MCC950 can block HSC acti-
vation. (A) CCK-8 detected cell proliferation; (B-C) Colony forma-
tion assay detected cell proliferation; (D-E) Flow cytometry detected 
apoptosis; (F-G) Western blot detected fibrosis markers (COL1A1 
and α-SMA). Data are expressed in mean ± SD; * P < 0.05 vs. Control 
group; # P < 0.05 vs. TGF-β1 group.

Fig. 6. SS-31 alleviates CCL4-induced liver injury and liver fibrosis 
in mice. (A-B) Serum ALT and AST levels; (C) HE staining; (D) Mas-
son dyeing; Data are expressed in mean ± SD; * P < 0.05 vs. Sham 
group; # P < 0.05 vs. CCl4 group.
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5. Conclusion
In summary, SS-31 blocks HSC activation by blocking 

NLRP3 inflammasome activation and mitochondrial ROS 
production, thereby blocking liver injury and fibrosis. It 
is suggested that SS-31 may be an effective drug for liver 
fibrosis.
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