
Citation: Zhang, M.; Chen, S.; Bai, L.;

Chen, W.; Li, R. Protective Effects of

Resveratrol on Cytotoxicity of Mouse

Hepatic Stellate Cells Induced by

PM2.5. Atmosphere 2024, 15, 588.

https://doi.org/10.3390/

atmos15050588

Academic Editor: Célia Alves

Received: 11 April 2024

Revised: 8 May 2024

Accepted: 10 May 2024

Published: 12 May 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

atmosphere

Article

Protective Effects of Resveratrol on Cytotoxicity of Mouse
Hepatic Stellate Cells Induced by PM2.5

Mei Zhang †, Shanshan Chen †, Lirong Bai, Wenqi Chen and Ruijin Li *

Institute of Environmental Science, Shanxi University, Taiyuan 030006, China
* Correspondence: lirj@sxu.edu.cn
† These authors contributed equally to this work.

Abstract: The atmosphere’s fine particulate matter (PM2.5) can enter the liver through the circulatory
system, leading to hepatic inflammation and fibrosis. As a non-flavonoid polyphenolic compound,
resveratrol (RES) has anti-oxidant, anti-inflammatory and hepatoprotective effects, but the molecular
mechanisms of liver fibrosis induced by PM2.5 exposure are still limited. In this study, we established
an in vitro cell model to investigate the intervention effect of RES with different concentrations (5
and 20 µmol/mL) on mouse hepatic stellate cells (mHSCs) injury induced by PM2.5 (100 µg/mL).
We determined the cell viability in mHSCs after treatment with PM2.5 or/and RES for 24 h. We
investigated the intracellular oxidative stress by detecting the changes in reactive oxygen species
(ROS), malondialdehyde (MDA), superoxide dismutase (SOD) and lactate dehydrogenase (LDH)
levels. We also measured the protein expressions of fibrosis-related genes (α-SMA, Collagen I
and Collagen III) and key genes (SIRT1, NF-κB, NLRP3, Cleaved-Caspase1, IL-1β) in the NLRP3
pathway in mHSCs exposed to PM2.5 with or without RES. The results showed that (1) PM2.5 has
cytotoxic effects on mHSCs, whereas RES (5 µmol/L and 20 µmol/L) inhibited PM2.5-induced
cytotoxicity and LDH leakage; (2) RES effectively reduces ROS and MDA production caused by
PM2.5 while concurrently enhancing SOD levels, thereby improving cellular anti-oxidant capacity;
(3) the expression of α-SMA, Collagen I and Collagen III were notably downregulated in the PM2.5

plus RES treatment group compared to the PM2.5-exposed group; (4) RES significantly increased
SIRT1 expression and decreased the expression of NF-κB, NLRP3, Cleaved-Caspase1 and IL-1β in
mHSCs exposure to PM2.5 compared to the PM2.5 group. These results demonstrate that RES can
up-regulate SIRT1 and mitigate PM2.5-induced fibrosis by suppressing oxidative stress in mHSCs
and the SIRT1/NF–κB/NLRP3 pathway activated by PM2.5.

Keywords: PM2.5; resveratrol; oxidative stress; liver fibrosis; NLRP3 pathway; mHSCs

1. Introduction

Fine particulate matter (PM2.5) is a common air pollutant with a complex composition
that easily adsorbs toxic substances, posing a threat to the cardiovascular, respiratory,
nervous and reproductive systems [1–3]. PM2.5 particles can traverse the air–blood bar-
rier, and once they enter the circulation, their detrimental effects extend far beyond the
lungs, reaching various organs, such as the liver, throughout the body. Empirical research
has revealed that PM2.5 infiltrates the liver via the bloodstream, instigating a cascade of
pathological alterations, including hepatic inflammation, oxidative stress, steatosis, and
liver fibrosis [4–6], exerting profound impacts on liver function. A meta-analysis indicated
that long-term exposure to PM2.5 was associated with an increased risk of chronic liver
disease [7]. Studies have also pointed to a significant relationship between exposure to
PM2.5 and the incidence of non-alcoholic fatty liver disease (NAFLD) [8]. A prospective
cohort study has shown that long-term exposure to PM2.5 positively correlates with the
risk of NAFLD. An increase of 1 µg/m3 in PM2.5 concentration above 23.5 µg/m3 was
associated with a hazard ratio (HR) of 1.06 (95% CI: 1.04–1.09) for NAFLD identified by the
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Fatty Liver Index (FLI), and an HR of 1.05 (95% CI: 1.03–1.07) for NAFLD identified by the
Hepatic Steatosis Index (HSI) [9]. Prolonged exposure to PM2.5 induces inflammation and
oxidative stress, promoting lipid accumulation in the liver and ultimately increasing the
risk of NAFLD [4]. These studies suggested that PM2.5 is a risk factor for liver diseases.

Protective agents significantly mitigate the hepatotoxicity induced by PM2.5 exposure,
as research has shown that loquat leaf can alleviate PM2.5-induced NAFLD [10]. Resveratrol
(RES) is a non-flavonoid phenolic substance mainly found in grapes, mulberries, pine trees
and Japanese knotweed [11]. RES, characterized by its distinctive anti-oxidant, anti-aging,
cardio-protective, neuroprotective and anti-fibrotic properties [12–15], has emerged as a
focal point of investigation for numerous researchers. Scientific studies have definitively
demonstrated that RES can inhibit the proliferation of rat hepatic stellate cells, manifesting
a pronounced anti-fibrotic effect on the liver [16]. Studying the inhibitory impact of
protective agents on the occurrence and development of liver fibrosis is of great significance
for treating liver diseases. However, there are few reports on the resistant effects of RES
against liver fibrosis caused by PM2.5 exposure. This study investigated the antagonistic
effects of RES on PM2.5-induced liver fibrosis.

2. Materials and Methods
2.1. PM2.5 Collection and Preparation

The sampling location for PM2.5 is on the rooftop of a campus building at Shanxi
University (Taiyuan, China). Taiyuan is a typical resource-based city, and its PM2.5 con-
centration in the air during the winter heating period was relatively high among Chinese
cities. PM2.5 samples were collected using a medium-volume atmospheric sampler (ADS-
2062E, AMAE Co., Ltd., Shenzhen, China) with quartz filter membranes (Whatman, Kent,
UK) during the winter of 2019. We cut the membranes into small pieces, immersed them
in ultrapure water, subjected the mixture to ultrasonication, and then filtered it through
six layers of gauze to collect the PM2.5-containing solution. The PM2.5 dry powder was
obtained by vacuum freeze-drying. A flow chart for PM2.5 preparation is shown in Figure
S1. PM2.5 suspensions of different concentrations using sterilized phosphate buffer saline
(PBS) were stored at 4 ◦C until further experiment.

2.2. mHSC Culture

Mouse hepatic stellate cells (mHSCs) were purchased from Mingzhou Biotechnology
Co., Ltd. (Ningbo, China). The cells were cultured in high-sugar DMEM culture with
10% fetal bovine serum (Gibco, Fitzroy North, Australia) and 1% penicillin/streptomycin
in a humidified incubator with 5% CO2 at 37 ◦C. When the cells reached a density of
80–90%, they were washed twice with sterile PBS at 37 ◦C, digested with 0.25% trypsin
for subculturing, and seeded into new culture bottles. The animal cell study protocol
was approved by the Animal Ethics Committee of Shanxi University, China (Approval
No. SXULL-2021019).

2.3. Assessment of Cytotoxicity

The cell suspension was seeded into a 96-well plate at a density of 1.0 × 104 cells/well
and incubated overnight to allow for cell attachment. RES was weighed and dissolved in
DMSO to form different concentration solutions. Different concentrations of resveratrol
solution were added to the cell culture medium in the dish to keep a final concentration of
DMSO less than 0.1% in the culture medium. Then, the cytotoxicity test in the mHSCs after
different concentrations of PM2.5 (0, 1, 5, 10, 25, 50, 100, 200, 250, 500 µg/mL) and RES (0, 1,
2.5, 5, 10, 20, 50, 100 and 200 µmol/mL) was performed according to the previous study [17]
and the instructions of the CCK8 assay kit (Beyotime Biotechnology, Shanghai, China).
In brief, we prepared a mixture solution by combining cell culture medium and CCK-8
solution at a volume ratio of 10:1. Following the exposure period, we removed the culture
medium and added 110 µL of the above-mixed solution to each well. After incubating the
96-well plate in a cell incubator for 3 h, we took the plate from the incubator. Then, we
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measured the absorbance values of the reaction solution at 450 nm using a Multifunctional
Microplate Reader (Thermo Scientific Varioskan Flash, Waltham, MA, USA).

2.4. Experimental Grouping

The experimental concentrations of PM2.5 and RES were determined based on the
cytotoxicity test by the CCK-8 assay kit. Based on the cell viability results and previous
studies [18–20], PM2.5 suspensions with 100 µg/mL and RES concentrations with 5 and
20 µmol/mL were selected for subsequent cell experiments.

We divided them into six groups, including the control group (Control, PBS), RES
low-dose group (RES/L, 5 µmol/mL), RES high-dose group (RES/H, 20 µmol/mL), PM2.5
group (100 µg/mL), PM2.5 + RES low-dose group (PM2.5 + RES/L), and PM2.5 + RES
high-dose group (PM2.5 + RES/H).

2.5. Measurement of ROS, SOD, MDA, LDH and IL-1β Levels in the Cells

mHSCs were seeded in 96-well plates at a density of 1.0 × 104 cells/well. After the
cells confluence reached 80–90%, they were treated with Control, RES/L, RES/H, PM2.5,
PM2.5 + RES/L and PM2.5 + RES/H suspensions for 24 h. Cell membrane damage was
evaluated using the lactic dehydrogenase (LDH) cytotoxicity assay kit (Beyotime Biotech-
nology, Shanghai, China). The ROS assay kit (Nanjing Jiancheng Biological Engineering
Research Institute, Nanjing, China) utilized the fluorescent probe DCFH-DA to detect
reactive oxygen species (ROS). DCFH-DA is non-fluorescent by itself and, upon entering
the cell, is hydrolyzed by intracellular esterases to generate DCFH. ROS within the cell
can then oxidize the non-fluorescent DCFH to produce the fluorescent compound DCF. By
measuring the fluorescence of DCF, the level of intracellular ROS can be determined. The
superoxide dismutase (SOD) activity was determined using the xanthine oxidase method
(hydroxylamine method) with a specific SOD assay kit (Nanjing Jiancheng Biological En-
gineering Research Institute, China). The malondialdehyde (MDA) assay kit (Nanjing
Jiancheng Biological Engineering Research Institute, China) employs a colorimetric ap-
proach based on the reaction between MDA and thiobarbituric acid (TBA), which yields a
red product. We strictly followed the procedures outlined in the kit manual.

Acute inflammatory response was measured using the IL-1β assay kits (Beyotime
Institute of Biotechnology, China). All experiment steps were according to the manufac-
turer’s protocols.

2.6. Western Blot

mHSCs (5 × 105 cells/well) were seeded in 6 cm culture dishes. After treatment
with different groups of suspensions for 24 h, we added a protein lysis buffer containing
phenylmethanesulfonyl fluoride (PMSF) (100:1). The primary components of the protein
lysis buffer include 20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, as well as
various inhibitors such as sodium pyrophosphate, β-glycerophosphate, EDTA, Na3VO4
and leupeptin. All cells in the culture dishes were scraped off with a cell scraper and
then centrifuged at 12,000 rpm for 15 min at 4 ◦C to collect the supernatant. Following
the instructions of the BCA kit, we measured the protein concentration of all samples,
normalized the protein samples, added a loading buffer and prepared the protein loading
samples. Then, the protein samples were transferred to nitrocellulose membranes via an
SDS-PAGE gel experiment. The membrane was blocked with a blocking solution, followed
by incubation with primary antibodies specific to SIRT1, NF-κB, NLRP3, Caspase1, α-SMA,
Collagen I, Collagen III and β-actin overnight at 4 ◦C. The next day, the membrane was
washed three times with PBST, followed by incubation with fluorescently labeled goat
anti-rabbit secondary antibody (Yeasen Biotech, Shanghai, China, 1:20,000) for 1.5 h, and
then washed four times with PBST. Finally, protein expression was detected using the
Odyssey system. β-actin antibody was purchased from Sangon Biotech (Shanghai) Co., Ltd.
(Shanghai, China) The remaining antibodies were all purchased from Beijing Biosynthesis
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Biotechnology Co., Ltd. (Beijing, China) The primary antibody for β-actin was diluted at a
ratio of 1:3000, while the remaining primary antibodies were diluted at 1:100.

2.7. Statistical Analysis

The results were expressed as mean ± SD (n = 4). By using SPSS 19.0 software, the
data with homogeneity of variance were evaluated using analysis of variance (ANOVA)
followed by Fisher’s least significant difference (LSD) test. p < 0.05 was considered to be
statistically significant.

3. Results
3.1. mHSC Viability Results Provide a Dosage Basis of PM2.5 and RES

As shown in Figure 1A, after 24 h of exposure, PM2.5 exhibited significant toxicity to
mHSCs at higher concentrations (≥100 µg/mL) than the control group (p < 0.05 or p < 0.01),
with no apparent toxicity at lower concentrations (1–50 µg/mL). Based on the results of
the CCK8 experiment, PM2.5 suspensions with 100 µg/mL were selected for subsequent
cell experiments.

Atmosphere 2024, 15, x FOR PEER REVIEW 5 of 16 
 

 

The results were expressed as mean ± SD (n = 4). By using SPSS 19.0 software, the 
data with homogeneity of variance were evaluated using analysis of variance (ANOVA) 
followed by Fisher’s least significant difference (LSD) test. p < 0.05 was considered to be 
statistically significant. 

3. Results 
3.1. mHSC Viability Results Provide a Dosage Basis of PM2.5 and RES 

As shown in Figure 1A, after 24 h of exposure, PM2.5 exhibited significant toxicity to 
mHSCs at higher concentrations (≥100 µg/mL) than the control group (p < 0.05 or p < 0.01), 
with no apparent toxicity at lower concentrations (1–50 µg/mL). Based on the results of 
the CCK8 experiment, PM2.5 suspensions with 100 µg/mL were selected for subsequent 
cell experiments. 

From Figure 1B, after treating mHSCs with different concentrations of RES (1, 2.5, 5, 
10, 20, 50, 100, 200 µmol/mL) for 24 h, RES at concentrations below 20 µmol/mL exhibited 
no cytotoxic effects on mHSCs. In this study, we selected RES concentrations of 5 and 20 
µmol/mL for subsequent experiments. 

 

 
Figure 1. The effects of PM2.5 and RES on mHSCs cell viability. (A) The impact of PM2.5 at different 
concentrations on mHSCs viability. (B) The influence of RES at various concentrations on mHSCs 
viability (n = 4, compared with control group, * p < 0.05, ** p < 0.01). 

3.2. Effect of RES on Oxidative Stress and Cytotoxicity Induced by PM2.5 
From Figure 2A, compared to the control group, the PM2.5 group showed a significant 

increase in cytoplasmic LDH activity (p < 0.01). Following RES intervention, there was a 
considerable reduction in cytoplasmic LDH release compared to the PM2.5 group, with 

Figure 1. The effects of PM2.5 and RES on mHSCs cell viability. (A) The impact of PM2.5 at different
concentrations on mHSCs viability. (B) The influence of RES at various concentrations on mHSCs
viability (n = 4, compared with control group, * p < 0.05, ** p < 0.01).

From Figure 1B, after treating mHSCs with different concentrations of RES (1, 2.5, 5,
10, 20, 50, 100, 200 µmol/mL) for 24 h, RES at concentrations below 20 µmol/mL exhibited
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no cytotoxic effects on mHSCs. In this study, we selected RES concentrations of 5 and
20 µmol/mL for subsequent experiments.

3.2. Effect of RES on Oxidative Stress and Cytotoxicity Induced by PM2.5

From Figure 2A, compared to the control group, the PM2.5 group showed a significant
increase in cytoplasmic LDH activity (p < 0.01). Following RES intervention, there was a
considerable reduction in cytoplasmic LDH release compared to the PM2.5 group, with
higher concentrations of RES exhibiting a greater attenuation of PM2.5-induced LDH
activity enhancement.

As shown in Figure 2B–D, compared to the control group, the PM2.5 group exhibited
significantly increased intracellular ROS levels and MDA content, with significantly de-
creased SOD activity, suggesting that PM2.5 exposure causes cellular oxidative damage.
However, with RES intervention, intracellular ROS levels and MDA content were signifi-
cantly reduced compared to the PM2.5 group (p < 0.05 or p < 0.01), and SOD levels were
significantly increased (p < 0.01), indicating that RES can reduce ROS generated by PM2.5
and enhance cellular anti-oxidant enzyme activity, improving the cell’s anti-oxidant capacity.
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Figure 2. The effects of RES on PM2.5-induced alterations in cell LDH and oxidative stress. (A) LDH
activity, (B) ROS levels, (C) SOD activity, (D) MDA content (n = 4, compared with the control group,
* p < 0.05, ** p < 0.01; compared with PM2.5 group, # p < 0.05, ## p < 0.01).

3.3. Effect of RES on PM2.5-Induced Fibrosis Biomarker Level Change in mHSCs

The Western blot results showed that after PM2.5 exposure, the expression of liver fibro-
sis marker proteins α-SMA, Collagen I and Collagen III significantly increased
(Figure 3, p < 0.01). Compared to the PM2.5 group, RES intervention under two con-
centrations significantly downregulated the expression of three fibrosis-related proteins
(p < 0.05).



Atmosphere 2024, 15, 588 7 of 15Atmosphere 2024, 15, x FOR PEER REVIEW 8 of 16 
 

 

 

 
Figure 3. RES can inhibit PM2.5-induced fibrosis in mHSCs. (A) Protein expression (fold 
change/control) of fibrosis-related protein expression(/control) and (B) protein bands of α-SMA, 
Collagen I and Collagen III (n = 4, compared with the control group, ** p < 0.01; compared with PM2.5 
group, # p < 0.05). 

3.4. The Effects of RES Activate SIRT1 on PM2.5-Induced NF-κB/NLRP3 Pathway 
Compared to the control group, PM2.5 suppresses the protein expression of SIRT1 

(Figures 4A,D, p < 0.05), while high-dose RES significantly increases SIRT1 expression (p 
< 0.01). After the addition of RES (5 and 20 µmol/mL), SIRT1 expression significantly rises 
compared to the PM2.5 group (p < 0.05 or p < 0.01). These results indicate that RES can 
activate SIRT1, playing an anti-oxidative role during PM2.5-induced oxidative damage in 
the body. 

Figure 4 also shows that PM2.5 exposure leads to the upregulation of NF-κB, NLRP3, 
Cleaved-Caspase1 and IL-1β protein expression, significantly higher than the control 
group (p < 0.05). However, after RES intervention (20 µmol/mL), the expression of NF-κB, 
NLRP3 and Cleaved-Caspase1 significantly reduced in mHSCs relative to the PM2.5 group 
(p < 0.05 or p < 0.01). Two concentrations of RES treatment significantly decreased IL-1β 
protein expression in the cells compared with the PM2.5 group (p < 0.05 or p < 0.01). 
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3.4. The Effects of RES Activate SIRT1 on PM2.5-Induced NF-κB/NLRP3 Pathway

Compared to the control group, PM2.5 suppresses the protein expression of SIRT1
(Figure 4A,D, p < 0.05), while high-dose RES significantly increases SIRT1 expression
(p < 0.01). After the addition of RES (5 and 20 µmol/mL), SIRT1 expression significantly
rises compared to the PM2.5 group (p < 0.05 or p < 0.01). These results indicate that RES can
activate SIRT1, playing an anti-oxidative role during PM2.5-induced oxidative damage in
the body.

Figure 4 also shows that PM2.5 exposure leads to the upregulation of NF-κB, NLRP3,
Cleaved-Caspase1 and IL-1β protein expression, significantly higher than the control group
(p < 0.05). However, after RES intervention (20 µmol/mL), the expression of NF-κB, NLRP3
and Cleaved-Caspase1 significantly reduced in mHSCs relative to the PM2.5 group (p < 0.05
or p < 0.01). Two concentrations of RES treatment significantly decreased IL-1β protein
expression in the cells compared with the PM2.5 group (p < 0.05 or p < 0.01).
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## p < 0.01).

4. Discussion

Atmospheric PM2.5 is widely distributed in the environment and harms human health.
The liver is an active organ central to metabolism and detoxification for exogenous chemi-
cals. Many research studies indicate that PM2.5 has toxic effects on the liver [7,8], including
triggering liver cancer and NAFLD. The toxicological mechanisms involve liver pathology
injury, inflammation, oxidative stress, liver fibrosis and abnormal lipid metabolism induced
by prolonged exposure to PM2.5 [4,6,21]. Finding active substances or protective agents to
reduce liver damage caused by PM2.5 pollution and protect people’s health is significant.
In this study, we used the mHSC cell model to investigate the liver fibrosis mechanism of
PM2.5 by measuring oxidative stress biomarkers, inflammatory factors and fibrosis-related
genes. We also explored the protective effects of RES against liver fibrosis in mHSCs caused
by PM2.5.

First, our study demonstrates that PM2.5 exhibited significant cytotoxicity and oxida-
tive stress to mHSCs when the concentration exceeds 100 µg/mL, along with decreased
cell survival, elevated ROS and LDH levels and changed oxidative stress biomarker levels.
LDH release is a mark when the plasma membrane is damaged. Interestingly, RES could
inhibit such responses incurred by PM2.5.

Excessively generated ROS can induce oxidative stress and directly impair cell mem-
branes, instigating an irreversible cell demise process. MDA is a product of LPO, while SOD
is one of the anti-oxidant enzymes. They are important biomarkers of oxidative stress [22].
Levels of SOD and MDA in liver tissue can reflect the extent of lipid peroxidation and the
ability to eliminate free radicals [23]. As the primary end product of lipid peroxidation,
MDA can directly activate Kupffer cells and hepatic stellate cells, ultimately leading to
liver cell damage. SOD is an essential anti-oxidant enzyme capable of reducing the attack
of oxygen free radicals on cells [24]. Oxidative stress, a critical intermediary mechanism
for such detrimental effects, is pivotal in the pathogenesis of liver fibrosis triggered by
PM2.5 exposure. Qiu et al. found that PM2.5 may induce mitochondrial autophagy by
increasing ROS and activating the PINK1/Parkin signaling pathway, which activates HSCs
and contributes to liver fibrosis [5]. Xin et al. found that exposure to PM2.5 for eight weeks
enhanced oxidative stress (SOD and MDA) in the liver of rats [25]. These research findings
support our results.

As a natural polyphenol plant compound, RES possesses anti-inflammatory proper-
ties, protects cardiovascular and cerebral vessels and exhibits an anti-fibrotic effect [26].
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Studies have found that RES can scavenge ROS produced by the body, demonstrating
anti-oxidant capability and protective effects against damage to multiple organs [12,27].
Ahmad et al. found a significant restoration of levels of oxidative damage biomarkers
(MDA, SOD, protein carbonyls and membrane-bound ATPases) to inhibit HSC activation
in N’-nitrosodimethylamine-induced liver fibrosis [28]. Bujanda et al. demonstrated that
RES significantly decreased MDA and nitric oxide synthase levels in the rats, while increas-
ing the activities of SOD, glutathione peroxidase (GSH-Px) and catalase, thereby greatly
lessening NAFLD [29]. Polydatin, a glucoside form of RES, can inhibit the production of
4-Hydroxynonenal (4-HNE) in the liver and the expression of NADPH oxidase 4 (NOX4).
It alleviates chronic liver injury and fibrosis by suppressing oxidative stress and inflam-
mation [30]. We found that after PM2.5 stimulation, intracellular ROS levels and MDA
content increased while SOD activity decreased. Of note, RES intervention alleviated the
cytotoxic effect to a certain extent and combatted lipid peroxidation, exerting a positive
anti-oxidant function.

Second, we focused on the PM2.5-caused liver fibrosis in mHSCs and the RES-induced
anti-fibrotic effect. Liver fibrosis refers to the process in which the liver excessively produces
an extracellular matrix after chronic injury, destroying normal liver tissue structure and
forming fibrotic scars [31]. Although liver fibrosis is reversible, without timely intervention
or treatment, liver fibrosis will gradually develop into liver cirrhosis with a high mortality
rate [32]. Liver fibrosis is a reversible damage repair process based on the transdifferen-
tiation of human HSCs [33]. The expression of α-SMA is intimately linked to the fibrotic
disease process [34]. In the context of liver fibrosis, quiescent HSCs respond to injury cues
by undergoing a marked phenotypic shift towards a myofibroblast-like state [33]. During
this transition, HSCs become highly activated, producing an abundance of extracellular
matrix components and significantly upregulating the expression of both α-SMA and
Collagen I [35]. The excessive generation and deposition of these two molecules form
the principal scaffold of the fibrotic scar tissue. The expression levels and deposition of
Collagen I, due to their strong correlation with the extent of fibrosis and the pace of disease
progression, are widely employed as critical yardsticks for gauging the depth and velocity
of the fibrotic process [35,36]. Concurrently, Collagen III assumes a non-negligible role in
the early stages of liver fibrosis. The dynamic changes in Collagen III expression serve as
crucial indicators of the initiation and evolving trajectory of the fibrotic process [37]. Taken
together, the expression regulation of α-SMA, Collagen I and Collagen III collectively con-
stitutes pivotal biological markers within the fibrotic pathology of the liver. Their dynamic
fluctuations contribute to a deeper understanding of fibrosis development mechanisms,
offering valuable leads for diagnosis and therapeutic strategies.

Activated human HSCs differentiate into fibroblasts or myofibroblasts, expressing a
large amount of α-SMA [38]. Meanwhile, the proliferative and differentiating abilities of
human HSCs are enhanced, producing large amounts of collagen, resulting in imbalanced
degradation and deposition of the extracellular matrix. Fibrous tissue proliferation and
deposition, mainly composed of type I and III collagen fibers in the portal vein area and
hepatic lobules, trigger the occurrence and development of liver fibrosis [33,38]. Previous
research demonstrated that exposure to PM2.5 upregulated myofibroblast markers Collagen
I and α-SMA, activating HSCs and causing liver fibrosis [5]. An in vivo study revealed the
anti-fibrotic effect of RES on dimethylnitrosamine (DMN)-induced liver fibrosis in rats due
to its anti-oxidant properties (glutathione levels elevation and MDA content decline) [39].
In this study, PM2.5 exposure activated the protein expression of fibrotic markers (α-SMA,
Collagen I and Collagen III). However, after RES intervention, the protein expression of
fibrotic markers decreased. It suggested that RES intervention can significantly alleviate
PM2.5-induced liver cell fibrosis.

Third, we have investigated the inflammatory factor changes in mHSCs exposure
to PM2.5 and RES in this study. The NLRP3 inflammasome is a large multimeric protein
complex composed of the NOD-like receptor NLRP3, the adaptor molecule apoptosis-
associated speck-like protein containing a CARD (ASC) and the effector molecule pro-
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Caspase1 [40]. It plays a key role in liver injury and the development of fibrosis [41]. The
inflammasome can participate in the formation of liver fibrosis by activating hepatic stellate
cells [42]. The NLRP3 inflammasome is an upstream signaling factor that activates Caspase-
1 and controls IL-1β release. Various external stimuli can activate the NLRP3 inflammasome,
promoting the activation of pro-Caspase1 and the release of downstream factors like IL-
1β [43]. IL-1β is a major pro-inflammatory component produced by activation of NLRP3
inflammasome. Our research showed that NLRP3 was activated in mHSCs by PM2.5, along
with elevated levels of Caspase1 and IL-1β, which confirmed that NLRP3–Caspase-1–IL-1β
pathway activation was involved in the occurrence and development of inflammation and
Caspase1 and IL-1β expression mediated by NLRP3 was related to fibrosis in liver cells [44].
A study aimed at elucidating the potential mechanisms underlying liver inflammation
during type 2 diabetes mellitus (T2DM) established a diabetic rat model through a 20-
week high-fructose diet [45]. The results demonstrated a significant upregulation of NLRP3
inflammasome components in the livers of diabetic rats, with histopathological examination
revealing hepatic fibrosis. Treatment with RES significantly attenuated the expression
of the NLRP3 inflammasome. This indicated that RES can alleviate liver inflammation
in diabetic rats by decreasing NLRP3 inflammasome levels [45]. Another study utilized
carbon tetrachloride (CCL4) to establish a liver fibrosis model in BALB/c mice to investigate
whether resveratrol exerts regulatory effects on liver fibrosis in these mice through the
NLRP3 inflammasome. The results showed that resveratrol can modulate CCL4-induced
liver fibrosis by influencing the activation of the NLRP3 inflammasome and its downstream
gene expression [46]. In this study, with RES intervention, NLRP3, Caspase1 and IL-1β
expression decreased, suggesting that RES can alleviate liver fibrosis responses in mHSCs
by inhibiting inflammation mediated by the NLRP3–Caspase-1–IL-1β signaling pathway.

Activation of the NF-κB/NLRP3 signaling pathway is responsible for oxidative stress,
inflammatory response and liver cell fibrosis [47]. NF-κB, as a crucial nuclear transcription
factor, can activate NLRP3 and induce the transcriptional expression of NLRP3 and pro-IL-
1β [48]. NF-κB plays a vital role in the development of liver fibrosis [49] and it regulates
pro-inflammatory cytokine (IL-6, IL-1β and TNF-α) levels in livers of NAFLD model
rats [50]. Furthermore, a review paper has shown that RES can promote the expression of
anti-oxidant enzymes (SOD, CAT and glutathione) through the NF-κB pathway, enhancing
liver anti-oxidant and anti-inflammatory capacity, reducing oxidative stress and thus
effectively alleviating liver fibrosis [51]. In this study, RES intervention could significantly
downregulate the expression of NF-κB/NLRP3 signaling pathway-related proteins and
increase SOD activity, suggesting that RES can reduce the expression of fibrosis-related
genes (α-SMA, Collagen I and Collagen III) by inhibiting oxidative stress and inflammation
mediated by NF-κB/NLRP3 signaling pathway.

Finally, our study showed that PM2.5 regulates NF-κB expression via SIRT1, whereas
SIRT1 exerts protective effects against PM2.5-induced liver damage in mHSCs. SIRT1 plays
a vital role in the regulation of NF-kB. As a pivotal regulatory factor, SIRT1 not only plays
a significant role in modulating inflammatory responses within the organism but also
intricately engages in vital physiological processes governing energy balance and metabolic
homeostasis, such as glucose and lipid metabolism [52]. In the process of regulating inflam-
matory responses, one central aspect of SIRT1′s mechanism of action lies in its effective
suppression of inflammation-related signaling pathways. SIRT1′s inhibitory effect on the
NF-κB signaling cascade highlights the critical juncture it occupies within the network of
inflammatory control. A study revealed that allyl isothiocyanate significantly ameliorates
hepatic inflammation by activating SIRT1 and inhibiting the NF-κB pathway [53]. Peng
et al.’s study found that SIRT1 upregulating in chronic obstructive pulmonary disease
can inhibit the activation of the NLRP3 inflammasome, thereby suppressing inflammatory
responses [54]. Moreover, SIRT1 can regulate acetylation modification of the NF-κB p65
subunit, reducing NF-κB expression and modulating the progression of inflammatory re-
sponses [55]. Yan et al. reported that RES can inhibit the activity of the NF-κB pathway in a
liver fibrosis model, improving fibrosis conditions [54]. Research indicates that RES targets
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a protein family of Sirtuins (SIRTs) [56]. As an agonist of SIRT1, it activates SIRT1, which
modulates the activity of anti-oxidant enzymes by negatively regulating the expression
of nuclear factor-κB (NF-κB), thereby alleviating oxidative stress and inflammation in the
liver [57]. This may represent a key mechanism by which RES mitigates liver injury induced
by PM2.5. In this study, RES relieved PM2.5-induced inflammation and the expression of
fibrosis-related genes in mHSCs in vitro by activating SIRT1 activation and inhibiting NF-
κB signaling pathways, consistent with the previous research [58]. It suggests that SIRT1
exerts a positive regulating role in NF-κB signaling pathways.

In a mHSC model, we proposed the possible mechanisms of RES-relieved liver fi-
brosis against PM2.5 through the SIRT1–NF-κB–NLRP3–Caspase1–IL-1β pathway. After
exposure to PM2.5, ROS and MDA levels increased while SOD activity decreased in mH-
SCs. NF-κB, NLRP3, Caspase1 and IL-1β expressions were upregulated, whereas SIRT1
was downregulated. RES inhibited the SIRT1/NF-κB pathway, reducing oxidative stress
and inflammation, and then regulated the NLRP3 pathway, decreasing the expression of
fibrosis-related genes in mHSCs.

RES’s application has some limitations due to its low bioavailability [59]. Scientists are
also actively exploring strategies to enhance RES’s bioavailability, focusing on synergetic
interactions, pro-drug designs and formulation improvements to increase its bioaccessibil-
ity [59]. This will facilitate the better application of resveratrol in treating various diseases.
Furthermore, reinforcing fundamental research on resveratrol, such as investigating the op-
timal dosage and elucidating the mechanisms behind its anti-oxidative, anti-inflammatory
and anti-fibrotic effects on the liver, is essential and will actively promote its utilization.
Researchers should drive the translation of resveratrol from basic research to clinical ap-
plication, furnishing ample and compelling clinical evidence for its efficacy in treating
liver diseases.

5. Conclusions

The present study indicated that PM2.5 significantly increased the expression of fibrotic
proteins and oxidative stress in the mHSCs. At the same time, RES downregulated the ex-
pression of fibrosis-related proteins, reduced ROS levels, decreased lipid peroxidation and
increased the activity of anti-oxidant enzymes. Our study showed that RES is potentially
protective against liver injury induced by PM2.5, and its regulatory mechanism is associated
with the SIRT1/NF-κB/NLRP3 pathway. However, the specific mechanism of SIRT1 on
NLRP3 and how NLRP3 activates downstream factors to regulate HSC cell fibrosis require
further in-depth investigation.
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