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The SIRT1/Nrf2 signaling pathway 
mediates the anti-pulmonary fibrosis effect 
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Abstract 

Background At present, the treatment options available for idiopathic pulmonary fibrosis are both limited and often 
come with severe side effects, emphasizing the pressing requirement for innovative therapeutic alternatives. Myofi-
broblasts, which hold a central role in pulmonary fibrosis, have a close association with the Smad signaling pathway 
induced by transforming growth factor-β1 (TGF-β1) and the transformation of myofibroblasts driven by oxidative 
stress. Liquiritigenin, an active compound extracted from the traditional Chinese herb licorice, boasts a wide array 
of biomedical properties, such as anti-fibrosis and anti-oxidation. The primary objective of this study was to examine 
the impact of liquiritigenin on bleomycin-induced pulmonary fibrosis in mice and the underlying mechanisms.

Methods The anti-pulmonary fibrosis and anti-oxidant effects of liquiritigenin in vivo were tested by HE staining, 
Masson staining, DHE staining and bio-chemical methods. In vitro, primary mouse lung fibroblasts were treated 
with TGF-β1 with or without liquiritigenin, the effects of liquiritigenin in inhibiting differentiation of myofibroblasts 
and facilitating the translocation of Nrf2 were valued using Quantitative real-time polymerase chain reaction (Q-PCR), 
western blotting and immunofluorescence. Nrf2 siRNA and SIRT1 siRNA were used to investigate the mechanism 
underlies liquiritigenin’s effect in inhibiting myofibroblast differentiation.

Results Liquiritigenin displayed a dose-dependent reduction effect in bleomycin-induced fibrosis. In laboratory 
experiments, it was evident that liquiritigenin possessed the ability to enhance and activate sirtuin1 (SIRT1), thereby 
facilitating the nuclear translocation of Nrf2 and mitigating the oxidative stress-induced differentiation of primary 
mouse myofibroblasts. Moreover, our investigation unveiled that SIRT1 not only regulated myofibroblast differen-
tiation via Nrf2-mediated antioxidant responses against oxidative stress but also revealed liquiritigenin’s activation 
of SIRT1, enabling direct binding to Smad. This led to decreased phosphorylation of the Smad complex, constrained 
nuclear translocation, and suppressed acetylation of the Smad complex, ultimately curtailing the transcription 
of fibrotic factors. Validation in live subjects provided substantial evidence for the anti-fibrotic efficacy of liquiritigenin 
through the SIRT1/Nrf2 signaling pathway.

Conclusions Our findings imply that targeting myofibroblast differentiation via the SIRT1/Nrf2 signaling pathway 
may constitute a pivotal strategy for liquiritigenin-based therapy against pulmonary fibrosis.
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Introduction
Idiopathic Pulmonary Fibrosis (IPF) is a chronic, pro-
gressive lung disease characterized by the accumulation 
of myofibroblasts and extensive deposition of extracellu-
lar matrix (ECM) within the lung tissue: myofibroblasts 
in the fibrotic foci secret excessive extracellular matrix, 
mainly collagens, leading to scarring and destruction 
of lung architecture [1]. The median survival time post-
diagnosis is only 3 years [2]. Currently, pharmacological 
treatment options for IPF are suboptimal. While pirfeni-
done and nintedanib have been approved for IPF therapy, 
their effectiveness is limited, and concerns regarding 
their safety persist [3]. Therefore, the development of safe 
and efficacious therapeutic drugs is of paramount impor-
tance for ameliorating patient symptoms and reducing 
IPF mortality.

Reactive oxygen species (ROS), the typical byproducts 
of oxygen metabolism, are vital for cell metabolism and 
intracellular signaling [4]. Specific pathological triggers 
can significantly elevate ROS levels, leading to exten-
sive cell damage and functional impairments, resulting 
in oxidative stress [5, 6]. Oxidative stress is considered 
a crucial molecular mechanism associated with fibrotic 
diseases, increasing evidence indicates that oxidative 
stress contributes to the processes of pulmonary fibrosis, 
including myofibroblast differentiation, alveolar epithe-
lial cell apoptosis, endothelial cell barrier disruption, and 
elevated expression of transforming growth factor-beta 
1 (TGF-β1), promoting fibrosis [7–9]. Further, deletion 
of antioxidant defenses leads to oxidative stress, aug-
ments fibrosis [7]. To prevent damage from oxidative 
stress, many substances in the body participate in anti-
oxidant defense, with nuclear factor erythroid 2-related 
factor 2 (Nrf2) being a key regulatory factor [10]. In a 
bleomycin-induced pulmonary fibrosis mouse model, 
Nrf2 knockout mice exhibited increased sensitivity to 
bleomycin-induced lung fibrosis compared to wild-type 
mice [11]. Additionally, primary lung fibroblast cultures 
obtained from control and IPF patients suggested that 
reduced Nrf2 expression was associated with increased 
myofibroblast differentiation, while Nrf2 activation 
enhanced antioxidant defense and reduced myofibroblast 
phenotypic expression [12]. These findings suggest that 
Nrf2 may serve as a therapeutic target for IPF and other 
fibrotic diseases induced by oxidative stress.

As an upstream kinase of Nrf2, Sirtuin1 (SIRT1) 
is a cytosolic nicotinamide adenine dinucleotide 
(NAD +)-dependent deacetylase [13–15]. Upon activa-
tion, it promotes the nuclear translocation of Nrf2 and 
enhances Nrf2’s nuclear transcription by deacetylating 
Nrf2 [15, 16]. SIRT1 levels are suppressed in pulmonary 
fibrosis lesions [17–19]. Additionally, SIRT1 overex-
pression has been demonstrated to improve age-related 

pulmonary fibrosis [20]. Resveratrol, a SIRT1 activator, 
has the potential to alleviate cardiac, hepatic, and renal 
fibrosis [21–23]. While the significant role of SIRT1 in 
fibrosis has been confirmed, its precise mechanism of 
action remains unclear. Only a few small molecules tar-
geting SIRT1 have been studied for the treatment of 
pulmonary fibrosis. Therefore, there is an urgent need 
to develop drug strategies that utilize SIRT1 for fibrosis 
treatment.

Liquiritigenin, an active ingredient derived from the 
dual-purpose medicinal herb licorice, is a compound 
obtained from its herbal extract. It has been shown to 
possess significant immunomodulatory, anti-allergic, and 
anti-inflammatory biological effects [24–27]. However, 
the impact and mechanisms of action of liquiritigenin 
on pulmonary fibrosis remain unclear. In this study, we 
have made the novel discovery that liquiritigenin can 
activate and promote the expression of SIRT1, which, in 
turn, exerts antioxidant capabilities by modulating Nrf2, 
thereby inhibiting myofibroblast differentiation involved 
in oxidative stress. Additionally, we found that SIRT1 
activated by liquiritigenin can directly interact with the 
Smad complex, inhibiting the phosphorylation of Smad3 
and Smad4 induced by TGF-β1, thus preventing their 
nuclear translocation and also blocking the acetylation 
of Smad3 and Smad4, further inhibiting their nuclear 
transcription. This study aims to investigate the effects 
and mechanisms of liquiritigenin on bleomycin-induced 
pulmonary fibrosis in vivo and TGF-β-induced myofibro-
blast differentiation in vitro.

Materials and methods
Experimental animals
Female C57BL/6 mice (6–8  weeks old) were housed 
under specific pathogen-free (SPF) conditions with unre-
stricted access to food and water. This study adhered to 
ethical principles for experimental animal welfare.

To evaluate the therapeutic effects of liquiritigenin, 
mice were intratracheally injected with 50 μL of bleo-
mycin (3 mg/kg, diluted in 0.9% saline) (Nippon Kayaku, 
Japan) or with an equivalent volume of 0.9% saline on 
day 0 following pentobarbital sodium anesthesia. Liq-
uiritigenin (Selleck, China) was diluted in 0.9% saline 
and subjected to ultrasonication. A total of 75 mice were 
randomly divided into five groups and treated as fol-
lows: control group (intratracheal 0.9% saline on day 
0 + oral 0.9% saline on days 15–28); pulmonary fibrosis 
model group (intratracheal bleomycin on day 0 + oral 
0.9% saline on days 15–28); low does group (intratracheal 
bleomycin on day 0 + oral liquiritigenin 25 mg/kg on days 
15–28); medium does group (intratracheal bleomycin on 
day 0 + oral liquiritigenin 50 mg/kg on days 15–28); high 
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does group (intratracheal bleomycin on day 0 + oral liq-
uiritigenin 100 mg/kg on days 15–28).

The dose (100 mg/kg) that resulted in the most effective 
in the treatment of fibrosis was chosen for further investi-
gation of the molecular mechanism of liquiritigenin. Sev-
enty-five mice were randomly divided into five groups: 
control group (intratracheal 0.9% saline on day 0 + oral 
0.9% saline on days 15–28); pulmonary fibrosis model 
group (intratracheal bleomycin on day 0 + oral 0.9% saline 
on days 15–28); liquiritigenin treatment group (intratra-
cheal bleomycin on day 0 + oral liquiritigenin 100  mg/
kg on days 15–28); SIRT1 inhibitor group (intratracheal 
bleomycin on day 0 + intraperitoneal EX527 10  mg/kg 
on days 15–28 + oral liquiritigenin 100  mg/kg on days 
15–28); Nrf2 inhibitor group (intratracheal bleomy-
cin on day 0 + intraperitoneal ML385 25 mg/kg on days 
15–28 + oral liquiritigenin 100  mg/kg on days 15–28). 
ML385 and EX527 were administered intraperitoneally, 
3  h before oral administration of liquiritigenin. On day 
29, the mice were euthanized for lung tissue collection.

Histological analysis
The lung tissues were fixed in a 4% (w/v) paraformalde-
hyde solution, followed by paraffin embedding and sec-
tioning. These sections were subsequently subjected to 
hematoxylin–eosin and Masson’s trichrome staining.

Hydroxyproline assay
We utilized a Hydroxyproline Assay Kit (Nanjing Insti-
tute of Built-up Biotechnology, Nanjing, China) to deter-
mine the hydroxyproline content in lung tissue. Lung 
tissue fragments were homogenized in a solution at a 
ratio of 1 mg tissue to 9 ml solution (w/v). The homog-
enized samples were then mixed with the digestion solu-
tion from the kit at a volume ratio of 5:1 (v/v), resulting 
in a total volume of 300 μL. This mixture was incubated 
in a water bath at 37 °C for 3 h. Following this incubation, 
500 μL of reagent 1 was added to the sample and allowed 
to stand at room temperature for 10 min. Subsequently, 
500 μL of reagent 2 was introduced, and the mixture was 
left at room temperature for 5 min. Finally, 1 mL of rea-
gent 3 was added, thoroughly mixed, and incubated in a 
water bath at 60  °C for 15  min. After cooling, the mix-
ture underwent centrifugation at 3500  rpm for 10  min, 
and the supernatant was meticulously collected without 
disturbing the sediment at the bottom. The absorbance at 
550 nm was measured in each tube using a cuvette with 
a 1 cm path length, and zero adjustment was performed 
using double-distilled water.

Immunofluorescence
Immunofluorescence was employed to examine the 
expression and localization of α-SMA, Collagen I, and 

SIRT1 in primary lung myofibroblasts. After the sam-
ples were fixed in a 4% paraformaldehyde solution, they 
underwent washing and permeabilization using a 0.5% 
Triton X-100 solution. Subsequently, to block non-
specific binding, goat serum blocking solution (ZSGB 
Biologicals, China) was applied. Primary antibodies, 
including Collagen I polyclonal antibody (1:100, Protein-
tech, China), α-SMA polyclonal antibody (1:100, Pro-
teintech, China), and SIRT1 polyclonal antibody (1:100, 
Proteintech, China), were incubated with the samples 
overnight at 4 °C. Following a thorough wash with PBST, 
fluorescent secondary antibodies (1:100; Proteintech, 
China) diluted in PBS containing 0.1% (v/v) Tween 20 
were applied. This mixture was then incubated at room 
temperature for 1  h, and DAPI staining was performed 
to label the cell nuclei. Finally, the sections were treated 
with an antifading agent (Solarbio, China) and covered 
with a mounting medium.

Cells culture
Primary mouse lung fibroblasts were obtained through a 
digestion method. In brief, mice were anesthetized using 
sodium pentobarbital, and their lungs were excised, per-
fused with pre-chilled PBS, and sectioned into 1–2  cm2 
pieces. The lung tissue fragments were then digested in 
Dulbecco’s modified Eagle medium (DMEM) digestion 
medium containing 1  mg/ml collagenase I at 37  °C for 
1 h. After digestion, the cells were passed through 70 μm 
and 40  μm cell filters, centrifuged, and resuspended in 
high-glucose DMEM (Gibco, Waltham, MA, USA) sup-
plemented with 20% fetal bovine serum (FBS, Sigma, 
USA) and 1% streptomycin/penicillin (Gibco, Waltham, 
MA, USA). These cells were cultured at 37 °C in a humid-
ified atmosphere with 5% CO2.

Upon reaching a confluence of over 90%, the cells were 
trypsinized using 0.5% w/v trypsin–EDTA (Hyclone) for 
passaging. After three purification rounds, the cells were 
ready for subsequent experiments. Subsequently, pri-
mary mouse fibroblasts were induced into myofibroblasts 
by stimulating them with TGF-β1 (10 ng/mL, Peprotech, 
USA) for 48  h. Liquiritigenin intervention was applied 
2 h prior to TGF-β1 treatment to investigate the impact 
and mechanism of liquiritigenin on TGF-β1-induced 
myofibroblast transformation.

Cell viability assay
Cell viability was evaluated utilizing the Cell Counting 
Kit-8 (CCK-8) (Biosharp, China). Cells were plated onto 
96-well plates and exposed to different concentrations of 
liquiritigenin (0, 1, 3, 10, 30, and 100 μM). Following 48 h 
of TGF-β1 treatment, a high-glucose DMEM solution 
containing 10% CCK-8 was introduced into each well, 
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and incubation was carried out at 37  °C for 1.5  h. The 
absorbance was then measured at 450 nm.

RNA extraction and Quantitative real‑time polymerase 
chain reaction (Q‑PCR)
Total RNA was isolated from lung tissue or cells using 
TRIzol Reagent (Thermo Fisher Scientific, USA). Sub-
sequently, cDNA was synthesized using a Reverse Tran-
scription Kit from Thermo Fisher Scientific. Quantitative 
PCR (Q-PCR) was carried out with SYBR GREEN (Pro-
mega, USA) on a Bio-Rad CFX96 Touch Real-Time PCR 
Detection System (Bio-Rad, USA). The Q-PCR proto-
col consisted of an initial denaturation step at 95  °C for 
2 min, followed by 40 cycles of 95 °C for 3 s and 60 °C for 
30 s. The procedure concluded with a melting curve anal-
ysis spanning from 60 °C to 95 °C. Primer sequences are 
followed: β-actin, forwrad-5′-CCT GCG ACT TCA ACA 
GCA AC-3′, reverse-5′-TGG GAT AGG GCC TCT CTT 
GC-3′; Collagen I, forward-5′-GAG CGG AGA GTA CTG 
GAT CG-3′, reverse-5′-GCT TCT TTT CCT TGGGG-
TTC-3′; α-SMA, forward-5′-GCG TGG CTA TTC CTT 
CGT GAC TAC -3′, reverse-5′-CGT CAG GCA GTT CGT 
AGC TCTTC-3′; SIRT1, forward-5′-ATG CCA GAG TCC 
AAG TTT AGA AGA ACC-3′, reverse-5′-AAA TCC AGA 
TCC TCC AGC ACA TTC G-3′.

Western blotting
Lung tissues and cells were lysed using radioimmuno-
precipitation assay (RIPA) lysis buffer from Solarbio, 
China. The protein concentration was determined using 
the bicinchoninic acid (BCA) assay. A 10% fraction of the 
total protein was separated by electrophoresis and trans-
ferred onto PVDF membranes (Millipore, USA). These 
membranes were then blocked in a solution consisting of 
5% skim milk in a TBS buffer containing 0.1% Tween 20 
(TBST).

Next, the membranes were incubated with primary 
antibodies overnight at 4 °C, including β-actin monoclo-
nal antibody (1:5000, Proteintech, China), α-SMA mono-
clonal antibody (1:1000, CST, USA), collagen I polyclonal 
antibody (1:1000, Millipore, USA), SIRT1 polyclonal 
antibody (1:1000, Proteintech, China), CAT polyclonal 
antibody (1:3000, Abcam, UK), HO-1 polyclonal anti-
body (1:1000, Abcam, UK), NQO-1 monoclonal antibody 
(1:1000, Abcam, UK), Nrf2 polyclonal antibody (1:1000, 
Proteintech, China), smad3 monoclonal antibody 
(1:1000, Proteintech, China), Pho-smad3 monoclonal 
antibody (1:1000, Proteintech, China), smad4 monoclo-
nal antibody (1:1000, Proteintech, China), Pho-smad4 
monoclonal antibody (1:1000, Proteintech, China).

Afterward, the membranes were washed three times 
with TBST and then incubated with either horseradish 
peroxidase-conjugated goat anti-rabbit immunoglobulin 

G monoclonal antibody (1:5000, Proteintech, China) 
or goat anti-mouse immunoglobulin G monoclonal 
antibody (1:5000, Proteintech, China) for 2  h at room 
temperature.

Finally, protein bands were visualized using the Lumi-
nata™ Crescendo chemiluminescent horseradish peroxi-
dase substrate from Millipore, USA, and the images were 
captured using a Bio-Rad imager from USA.

siRNA Transfection
siRNAs specific for SIRT1 (Santa Cruz, USA), Nrf2 
(Santa Cruz, USA) or scrambled control (Santa Cruz, 
USA) were transfected into primary mouse fibroblasts 
using Lipofectamine™ 3000 (Invitrogen, USA). Knock-
down efficiency was determined by Q-PCR and western 
blotting.

ROS levels and mitochondrial ROS levels
ROS levels were assessed using H2DCFDA (50 μM, Inv-
itrogen™, USA), while mitochondrial ROS levels were 
determined using Mitosox (5 μM, Invitrogen, USA), fol-
lowing the manufacturer’s instructions. In brief, cells 
were washed twice with cold PBS and suspended in 
serum-free DMEM medium at a concentration of 1 ×  106 
cells/ml. The cells were then stained with H2DCFDA or 
Mitosox dyes and incubated for 30 min at 37 °C, shielded 
from light. The results were visualized and captured using 
fluorescence microscopy (Nikon Ti-s, Tokyo, Japan).

Immunoprecipitation assay
To assess the interactions between SIRT1 and Smad3, 
SIRT1 and Smad4, Ac-lysine and Smad3, Ac-lysine and 
Smad4, we conducted the following experimental steps: 
Firstly, cells were washed three times with PBS, and then 
lysed on ice for 1 h in a lysis buffer containing complete 
protease inhibitor PMSF (Solarbio, China). Subsequently, 
cells were collected and centrifuged at 12,000  rpm for 
10 min at 4 °C. The supernatant was collected and incu-
bated with Dynabeads™ Protein G (Invitrogen, USA) for 
3 h at 4  °C, followed by centrifugation. Dynabeads were 
separated using DynaMag™-2 (Invitrogen, USA). The 
supernatant was supplemented with antibodies (Protein-
tech, China) and incubated overnight at 4 °C. Dynabeads 
were separated again using DynaMag™-2 and washed 
three times with lysis buffer. The immunoprecipitated 
proteins were analyzed by western blotting.

Measurement of MDA, GSH and SOD levels in lung tissues
After euthanizing the mice, the right lungs were removed. 
Then, we homogenized the lung tissues and prepared 
them in an extraction buffer for the analysis of MDA, 
SOD, and GSH contents. To determine the extent of 
lipid peroxidation in the lung tissue, we measured MDA 
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content using commercially available assay kits (Nan-
jing Jiancheng, China) following the provided instruc-
tions. Furthermore, to assess the activity of antioxidant 
enzymes in the lung tissues, we quantified SOD and GSH 
levels as per the manufacturer’s instructions (Nanjing 
Jiancheng, China).

ROS staining of lung tissue
Frozen lung tissue sections were allowed to equilibrate 
to room temperature and were dried to remove any 
residual moisture. A histochemical pen was employed to 
create a boundary around the tissue to prevent the dif-
fusion of antibodies, and an autofluorescence quencher 
was applied within this boundary. The sections were 
then rinsed under running water. Subsequently, the ROS 
dye solution was added meticulously within the marked 
boundary, and the sections were incubated in a dark 
incubator at 37  °C for 30 min. Following this, the slides 
were submerged in PBS (pH 7.4) and subjected to wash-
ing using a decolorizing shaker. After a brief air-drying 
step, the cell nuclei were counterstained with DAPI dye 
solution applied within the boundary and incubated 
at room temperature in the absence of light. The slides 
were again submerged in PBS (pH 7.4) and washed using 
a decolorizing shaker. Once the sections had air-dried 
slightly, they were mounted onto slides with anti-fluo-
rescence quenching properties, and these slides were 
positioned beneath a fluorescence microscope for obser-
vation and image capture.

Statistical analysis
The data were presented as mean values with corre-
sponding standard deviations, and statistical analyses 
were carried out using GraphPad Prism 9.0 software. 
Group-wise comparisons were made using one-way anal-
ysis of variance (ANOVA) followed by the Student–New-
man–Keuls (SNK) post hoc test. Survival analysis was 
performed using the log-rank test. A p-value below 0.05 
was considered to indicate statistical significance.

Results
Liquiritigenin attenuates bleomycin‑induced pulmonary 
fibrosis in mice
We initiated oral administration of liquiritigenin to mice 
from the 14th day onwards, using doses of 25, 50, and 
100  mg/kg, continuously for 14  days (Fig.  1A). Notably, 
liquiritigenin significantly reduced the thickening of alve-
olar walls and deposition of extracellular matrix, with the 
most pronounced effect observed at the dose of 100 mg/
kg (Fig. 1B, D). Furthermore, liquiritigenin dose-depend-
ently reduced the mortality rate in bleomycin-induced 
pulmonary fibrosis mice (Fig.  1C). The assessment of 
hydroxyproline levels further confirmed the anti-fibrotic 

ability of liquiritigenin (Fig.  1E). Additionally, liquir-
itigenin inhibited the upregulation of collagen I and 
α-SMA, key markers of myofibroblast differentiation 
and critical components of fibrotic foci, which were 
induced by bleomycin at both mRNA and protein levels 
(Fig. 1F–J). In summary, liquiritigenin exhibits a concen-
tration-dependent anti-fibrotic effect in mice with bleo-
mycin-induced pulmonary fibrosis.

Liquiritigenin alleviates bleomycin‑induced pulmonary 
oxidative stress in mice
Oxidative stress plays a crucial role in pulmonary fibro-
sis [7]. Therefore, we first observed that liquiritigenin 
reversed bleomycin-induced oxidative stress in the lungs 
of mice, as indicated by DHE staining (Fig.  2A). Subse-
quently, we assessed MDA and GSH levels, as well as 
SOD activity, with increasing concentrations of liquir-
itigenin, there was a dose-dependent reversal of the 
elevated MDA content, reduced GSH content, and atten-
uated SOD activity induced by bleomycin (Fig.  2B–D). 
Furthermore, liquiritigenin treatment led to a significant 
increase in the levels of phase II antioxidant enzymes, 
including CAT, HO-1, and NQO-1. (Fig. 2E–J). In sum-
mary, liquiritigenin alleviated the levels of oxidative 
stress induced by bleomycin in the lungs of mice.

Liquiritigenin reverses TGF‑β1‑induced myofibroblast 
differentiation in vitro
Subsequently, we investigated the potential of liquiriti-
genin to inhibit TGF-β1-induced myofibroblast differen-
tiation. First, we determined the non-toxic concentration 
of liquiritigenin using the CCK8 assay (Fig. 3A), and then 
assessed the impact of liquiritigenin pretreatment on 
myofibroblast markers following TGF-β1 stimulation. 
Both qPCR and western blotting analyses demonstrated 
that liquiritigenin effectively countered the TGF-β1-
induced increase in collagen I and α-SMA levels (Fig. 3B–
F). Immunofluorescence analysis further validated the 
reversal of TGF-β1-induced elevation in collagen I and 
α-SMA levels upon liquiritigenin treatment (Fig.  3G, 
H). In summary, these findings suggest that liquiriti-
genin effectively inhibits TGF-β1-induced myofibroblast 
differentiation.

Liquiritigenin reduces TGF‑β1‑induced oxidative stress 
in vitro
Considering the pivotal role of ROS in fibrosis, we 
investigated whether liquiritigenin could counteract 
oxidative stress during myofibroblast differentiation. 
We used H2DCFDA to measure ROS levels, and the 
results consistently demonstrated that liquiritigenin 
effectively suppressed the TGF-β1-induced increase 
in ROS levels (Fig.  4A). Furthermore, we employed 
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MitoSOX probes to assess levels of mitochondrial 
ROS, a primary source of intracellular ROS, revealing 
that liquiritigenin reduced mitochondrial ROS lev-
els (Fig.  4B). Nrf2, as a regulatory target of phase II 
antioxidant enzymes, activates the nuclear transloca-
tion, leading to the upregulation of CAT, HO-1, and 
NQO-1 levels, which are crucial for ROS scavenging. 

The results indicated that liquiritigenin could promote 
Nrf2 nuclear translocation (Fig.  4C–E). Moreover, we 
found that liquiritigenin upregulated the mRNA and 
protein levels of CAT, HO-1, and NQO-1 regulated by 
Nrf2 (Fig.  4F–K). These findings confirm that liquir-
itigenin activates Nrf2 to enhance cellular antioxidant 
capacity, thereby alleviating TGF-β1-induced oxidative 
stress.

Fig. 1 Liquiritigenin attenuates bleomycin-induced pulmonary fibrosis in mice. A To assess the impact of liquiritigenin on pulmonary fibrosis, 
mice were orally administered with 25 mg/kg, 50 mg/kg, and 100 mg/kg of liquiritigenin from day 15 to day 28 following intratracheal injection 
of bleomycin. B Lung morphology and ECM deposition were evaluated through HE and Masson staining. Scale bars represent 100 μm. C 
The survival curve of mice was recorded. D Scoring of pulmonary fibrosis severity in mice. E Hydroxyproline content, an indicator of fibrosis, 
was quantified using biochemical methods. F–G mRNA levels of myofibroblast markers, collagen I, and α-SMA, were analyzed through qPCR. (H-J) 
Protein expression levels of collagen I and α-SMA were determined by Western blotting. Data are presented as means ± standard deviation, and all 
experiments were independently repeated at least three times. (*P < 0.05, **P < 0.01, ***P < 0.001)
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Nrf2 mediates the blocking effect of liquiritigenin 
on myofibroblast differentiation
Given the regulatory role of liquiritigenin on Nrf2 and 
the significant role of Nrf2 in myofibroblast differen-
tiation, we knocked down Nrf2 expression in fibroblasts 
using Nrf2 siRNA (Fig. 5A–C). The results demonstrated 
that the knockdown of Nrf2 reversed the regulatory 
effects of liquiritigenin on phase II antioxidant enzymes 
(Fig.  5F–H, K–M). Similarly, we observed that Nrf2 
silencing reversed the inhibitory effect of liquiritigenin 
on myofibroblast differentiation (Fig.  5D–E, H–J, N, 
O). In summary, our findings suggest that liquiritigenin 
inhibits TGF-β1-induced myofibroblast differentiation by 
modulating the involvement of Nrf2.

SIRT1 regulates the liquiritigenin‑mediated inhibition 
of myofibroblast differentiation through Nrf2
SIRT1, as an upstream kinase of Nrf2, has been dem-
onstrated to play a significant role in various biological 

activities [19]. Therefore, we investigated whether liq-
uiritigenin could regulate the expression of SIRT1. 
Results from both in  vitro and in  vivo experiments 
indicated that liquiritigenin elevated the mRNA and 
protein levels of SIRT1 (Fig.  6A–G). Subsequently, we 
conducted SIRT1 knockdown in fibroblasts (Fig.  6H–
J). The results demonstrated that SIRT1 knockdown 
reversed liquiritigenin’s regulation of phase II anti-
oxidant enzymes and ROS clearance mediated by 
Nrf2 (Fig.  5M–O, R–T). We also observed that SIRT1 
silencing reversed the inhibitory effect of liquiritigenin 
on myofibroblast differentiation (Fig.  5K–L, O–Q, U). 
In summary, our findings suggest that liquiritigenin 
inhibits TGF-β1-induced myofibroblast differentiation 
through the SIRT1/Nrf2 signaling pathway.

Fig. 2 Liquiritigenin mitigates bleomycin-induced pulmonary oxidative stress in Mice. A DHE staining reflects lung ROS levels. Scale bars represent 
100 μm. B–D Biochemical quantification of MDA and GSH levels, as well as SOD activity. E, F mRNA levels of HO-1 and NQO-1 analyzed by qPCR. 
G–J Protein expression levels of CAT, HO-1, and NQO-1 determined by Western blotting. Data are presented as means ± standard deviation, and all 
experiments were independently repeated at least three times. (*P < 0.05, **P < 0.01, ***P < 0.001)
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Fig. 3 Liquiritigenin blocks TGF-β1-induced myofibroblast differentiation. A A CCK-8 assay was employed to determine non-toxic concentrations 
of liquiritigenin for myofibroblasts. B, C qPCR analysis depicted the impact of pretreatment with liquiritigenin at 3 μM, 10 μM, 30 μM, and 100 μM 
for 2 h on the mRNA levels of TGF-β-induced collagen I and α-SMA. D–F Protein expression levels of the myofibroblast markers collagen I and α-SMA 
were assessed using Western blotting. G–H Immunofluorescence microscopy visualized the effect of liquiritigenin on the TGF-β1-induced increase 
in collagen I and α-SMA expression levels, with scale bars representing 100 μm. Data are presented as means ± standard deviation, and each 
experiment was independently repeated at least three times. (*P < 0.05, **P < 0.01, ***P < 0.001)
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Fig. 4 Liquiritigenin activates Nrf2 and reverses TGF-β1-induced oxidative stress. A H2DCFCDA probe represented ROS levels. Scale bars represent 
100 μm. B MitoSOX probe represented mitochondrial ROS levels. Scale bars represent 100 μm. C Immunofluorescence microscopy observed 
the effect of liquiritigenin on Nrf2 nuclear translocation, with scale bars representing 50 μm. D–E The impact of liquiritigenin on Nrf2 nuclear 
translocation was assessed through Western blotting. F–G mRNA levels of HO-1 and NQO-1 analyzed by qPCR. H–K Protein expression levels of CAT, 
HO-1, and NQO-1 determined by Western blotting. Data are presented as means ± standard deviation, and each experiment was independently 
repeated at least three times. (*P < 0.05, **P < 0.01, ***P < 0.001)

(See figure on next page.)
Fig. 5 Nrf2 mediates the effects of liquiritigenin on myofibroblast differentiation. A–C Efficiency of Nrf2 siRNA was assessed by qPCR analysis 
and Western blotting. D–G qPCR analysis demonstrated the impact of liquiritigenin treatment on TGF-β1-induced myofibroblast collagen I, 
α-SMA, HO-1, and NQO-1 mRNA levels under control siRNA and Nrf2 siRNA conditions. (H-M) Western blotting assessed the protein expression 
levels of collagen I, α-SMA, CAT, HO-1, and NQO-1 in myofibroblasts treated with liquiritigenin under control siRNA and Nrf2 siRNA conditions 
following TGF-β1 intervention. N–O Immunofluorescence microscopy displayed the effect of liquiritigenin treatment on collagen I and α-SMA 
expression levels in myofibroblasts under control siRNA and Nrf2 siRNA conditions following TGF-β1 intervention, with scale bars representing 
100 μm. Data are presented as means ± standard deviation, and each experiment was independently repeated at least three times. (*P < 0.05, 
**P < 0.01, ***P < 0.001)
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Fig. 5 (See legend on previous page.)
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Liquiritigenin‑activated SIRT1 suppresses myofibroblast 
differentiation regulated by the TGF‑β1/Smad signaling 
pathway
Our research findings suggest that SIRT1 may directly 
modulate the Smad signaling pathway. In a novel discov-
ery, we have demonstrated that during the initial phase 
of TGF-β1 treatment (2 h), liquiritigenin activated SIRT1. 
This activation, in turn, inhibits the phosphorylation 
and acetylation of Smad3 and Smad4, and reduced the 
nuclear translocation of Smad3 (Fig. 7A–C). Importantly, 
our study has revealed a direct interaction between 
SIRT1 and the Smad complex during myofibroblast dif-
ferentiation (Fig.  7D). Based on our experimental evi-
dence, we propose that the interaction between SIRT1 
and the Smad complex serves as a mechanism through 
which activated SIRT1 effectively inhibits the Smad sign-
aling pathway.

SIRT1/Nrf2 pathway mediates antifibrotic effects 
of liquiritigenin in vivo
To validate the role of the SIRT1/Nrf2 signaling pathway 
in mediating the effects of liquiritigenin in bleomycin-
induced pulmonary fibrosis, we administered specific 
inhibitors of SIRT1 (EX527) or Nrf2 (ML385) 3 h before 
liquiritigenin treatment (Fig.  8A). Histopathological 
analyses, including HE staining and Masson’s trichrome 
staining, indicated that both EX527 and ML385 reversed 
the anti-fibrotic effects of liquiritigenin (Fig.  8B). This 
observation was further substantiated by assessing sur-
vival rates, hydroxyproline levels, collagen I, and α-SMA 
expression (Fig.  8C–J). In summary, our results suggest 
that in mice with pulmonary fibrosis, the SIRT1/Nrf2 
signaling pathway mediates the anti-fibrotic effects of 
liquiritigenin.

SIRT1/Nrf2 pathway mediates anti‑oxidative stress effects 
of liquiritigenin in vivo
DHE staining revealed that EX527 or ML385 reversed the 
antioxidant stress effect of liquiritigenin (Fig.  9A). This 
observation was further supported by assessing MDA 
levels, GSH levels, SOD activity, as well as the expression 

of CAT, HO-1, and NQO-1 (Fig. 9B–J). In summary, our 
study results indicate that in mice with pulmonary fibro-
sis, the SIRT1/Nrf2 signaling pathway mediates the anti-
oxidant stress effect of liquiritigenin.

Discussion
Our study, for the first time, confirms that liquiritigenin 
can alleviate bleomycin-induced pulmonary fibrosis in 
mice and provides in  vitro evidence that liquiritigenin 
could inhibit TGF-β-induced fibroblasts to myofibro-
blasts differentiation, the effect may be mediated by the 
SIRT1/Nrf2 signaling pathway.

Tracheal bleomycin injection is a critical method for 
establishing an IPF model. In the first 7  days following 
injection, the lungs undergo acute injury and epithelial 
cell damage, accompanied by a surge in inflammation. 
Subsequently, the inflammation gradually subsides and 
persists until day 14. From day 14 to day 28, the lungs 
experience a transformation of fibroblasts into myofibro-
blasts, marked by substantial secretion of extracellular 
matrix, with fibrous foci peaking on day 28 [28]. Some 
studies choose to initiate drug interventions from day 1, 
primarily for their anti-inflammatory effects rather than 
their direct anti-fibrotic effects [29, 30]. Focusing on the 
potential effect in anti-fibrosis, we opted to administer 
liquiritigenin orally from day 15 to day 28 and showed 
that orally administration of liquiritigenin alleviated 
bleomycin-induced pulmonary fibrosis, indicating that it 
may directly counteract the development of lung fibrosis.

Reportedly, oxidative stress plays a crucial role in 
promoting fibrosis development, including exacerbat-
ing macrophage inflammation, inducing epithelial cell 
apoptosis, and facilitating myofibroblast differentiation 
[7, 31–33]. The importance of antioxidants in pulmo-
nary fibrosis has been emphasized, deletion of antioxi-
dant defenses, including CAT, GSH, SOD and Nrf2 has 
been revealed in animal models of pulmonary fibrosis 
[34]. Here, we found that oral administration of liquiriti-
genin led to reduced levels of MDA and increased GSH 
levels, along with enhanced SOD activity. Additionally, it 
promoted the expression of downstream Nrf2-regulated 

Fig. 6 SIRT1 mediates Nrf2-induced effects of liquiritigenin on myofibroblast differentiation. A–D The influence of liquiritigenin on SIRT1 expression 
in vitro was evaluated through qPCR analysis and Western blotting. Scale bars represent 100 μm. E–G The impact of liquiritigenin on SIRT1 
expression in vivo was assessed through qPCR analysis and Western blotting. H–I The efficiency of SIRT1 siRNA was evaluated through qPCR analysis 
and Western blotting. (K-N) qPCR analysis revealed the effects of liquiritigenin treatment on myofibroblast collagen I, α-SMA, HO-1, and NQO-1 
mRNA levels under control siRNA and SIRT1 siRNA conditions following TGF-β1 intervention. O–T Western blotting assessed the protein expression 
levels of collagen I, α-SMA, CAT, HO-1, and NQO-1 in myofibroblasts treated with liquiritigenin under control siRNA and SIRT1 siRNA conditions 
following TGF-β1 intervention. U Immunofluorescence microscopy displayed the effect of liquiritigenin treatment on collagen I and α-SMA 
expression levels in myofibroblasts under control siRNA and SIRT1 siRNA conditions following TGF-β1 intervention, with scale bars representing 
100 μm. V H2DCFCDA probe indicated ROS levels. MitoSOX probe indicated mitochondrial ROS levels. Scale bars represent 100 μm. Data are 
presented as means ± standard deviation, and each experiment was independently repeated at least three times. (*P < 0.05, **P < 0.01, ***P < 0.001)

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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phase II antioxidant enzymes such as CAT, HO-1, and 
NQO-1. These results suggest that the antifibrotic prop-
erties of liquiritigenin may be closely related to its anti-
oxidative effects. TGF-β1, a key cytokine promoting 
myofibroblast differentiation, is regulated by oxidative 
stress in its secretion and activation [35]. In our in vitro 
experiments, liquiritigenin also activated Nrf2 in TGF-β1 
stimulated fibroblasts, exhibiting its antioxidative charac-
teristics by reducing both total ROS and mitochondrial 
ROS levels. Notably, myofibroblasts are recognized as 
the primary generators of ROS, and the release of ROS 
can, in turn, modulate macrophage inflammation storms 
and epithelial cell apoptosis [36]. Therefore, liquiriti-
genin’s potential to mitigate ROS-mediated macrophage 
inflammation and epithelial cell apoptosis could be a pro-
spective antifibrotic mechanism worthy of further inves-
tigation. Moreover, as an activator of Nrf2, liquiritigenin 
merits further research in other oxidative stress-medi-
ated diseases.

SIRT1, a crucial NAD + -dependent deacetylase, plays 
a pivotal role in combating or delaying pulmonary fibro-
sis while also serving as a key antioxidant [14]. Previous 
research indicates that the absence of SIRT1 in organs 
results in elevated levels of ROS [37, 38]. Furthermore, 
SIRT1 has the ability to upregulate the expression of 
antioxidant enzymes through various pathways, thereby 

protecting the body from the harmful effects of oxida-
tive stress [39]. These pathways may involve Nrf2 sign-
aling, FOXO3A signaling, and several others [40, 41]. 
Consistent with these research findings, our study dem-
onstrates that liquiritigenin significantly increases SIRT1 
expression and exerts anti-fibrotic effects, the regulation 
of oxidative stress by liquiritigenin may involve SIRT1-
mediated activation of the Nrf2 pathway. Additionally, 
our in  vivo experiments using EX527 and ML385 fur-
ther support the notion that liquiritigenin ’s antioxidant 
effects may be mediated by the SIRT1/Nrf2 signaling 
pathway. Nevertheless, it is essential to note that fur-
ther research is needed to elucidate the specific regula-
tory mechanisms between SIRT1 and Nrf2. SIRT1 plays 
crucial roles in the biological functions of various cell 
types, including endothelial cells, epithelial cells, and 
macrophages [13, 17]. This study primarily focuses on 
fibroblasts, which are pivotal in the development of lung 
fibrosis. Further investigation is warranted to determine 
whether liquiritigenin also exerts antioxidant and anti-
fibrotic effects through other cell types.

TGF-β, while playing a central role in the fibrotic pro-
cess, modulates ROS generation, ECM production and 
myofibroblast differentiation, led us to investigate the 
impact of liquiritigenin on the canonical TGF-β1/Smad 
signaling pathway [42]. Upon stimulation by TGF-β1, 

Fig. 7 Liquiritigenin activated SIRT1 suppresses phosphorylation and acetylation of Smad. A Immunofluorescence microscopy displayed the effect 
of liquiritigenin treatment on Smad2/3 translocation in myofibroblasts with scale bars representing 100 μm. B Protein levels of Pho-Smad3 
and Pho-Smad4 were assessed using Western blotting. C Deacetylation on Smad3 and Smad4 by liquiritigenin were measured by Western blotting. 
D Western blotting showed the interactions between Sirt1 and Smad3. Data are presented as means ± standard deviation, and all experiments were 
independently repeated at least three times. (**P < 0.01, ***P < 0.001)
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downstream Smad3 and Smad4 undergo phosphoryla-
tion and translocate into the cell nucleus, collectively 
regulating the transcription of profibrotic factors [43]. 
Recent studies have revealed that TGF-β1 can also 

induce acetylation of Smad3 and Smad4, enhancing their 
nuclear transcription under the catalysis of p300/CBP 
[44]. Activated SIRT1, a crucial target within the cellular 
deacetylase family, has been shown to exert deacetylation 

Fig. 8 The SIRT1/Nrf2 signaling pathway mediates the effects of liquiritigenin on bleomycin-induced pulmonary fibrosis in mice. A To assess 
whether EX527 and ML385 influence the effects of liquiritigenin on pulmonary fibrosis induced by bleomycin, mice were orally administered 
with 100 mg/kg of liquiritigenin 3 h before receiving EX527 and ML385 from day 15 to day 28 following intratracheal injection of bleomycin. B 
Lung morphology and ECM deposition were evaluated through HE and Masson staining. Scale bars represent 100 μm. C The survival curve of mice 
was recorded. D Scoring of pulmonary fibrosis severity in mice. E Hydroxyproline content, an indicator of fibrosis, was quantified using biochemical 
methods. F–G mRNA levels of myofibroblast markers, collagen I and α-SMA, were analyzed through qPCR. H–J Protein expression levels of collagen 
I and α-SMA were determined by Western blotting. Data are presented as means ± standard deviation, and all experiments were independently 
repeated at least three times. (*P < 0.05, **P < 0.01, ***P < 0.001)
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functions [45]. In line with these findings, our research 
demonstrates that liquiritigenin activates SIRT1, lead-
ing to the deacetylation of Smad3 and Smad4, ultimately 
affecting the differentiation of myofibroblasts. Impor-
tantly, our study findings indicate that activated SIRT1 
directly interacts with Smad3, influencing the phospho-
rylation and nuclear translocation of both Smad3 and 
Smad4. This interaction may involve activated SIRT1 
competitively binding to the phosphorylation sites of the 
Smad complex, thereby exerting an anti-fibrotic effect. 
These discoveries suggest that liquiritigenin’s activation 
of SIRT1 directly intervenes in the TGF-β1/Smad signal-
ing pathway, contributing to its anti-fibrotic effects. This 
mechanism provides a new perspective for understand-
ing other diseases based on the Smad signaling pathway.

Our research has provided significant insights into 
the potential of liquiritigenin as a therapeutic agent 
for pulmonary fibrosis. It’s worth noting that liquiriti-
genin serves not only as an antifibrotic but also as an 
antioxidative agent. Liquiritigenin can activate and 
enhance the expression of SIRT1, on one hand, elevat-
ing the SIRT1/Nrf2 signaling pathway to exert its anti-
oxidative capacity and inhibit oxidative stress-mediated 
myofibroblast differentiation. The remarkable effects of 
liquiritigenin have prompted further exploration of its 
potential impact on other fibrosis-related pathways and 
diseases associated with myofibroblast differentiation. 
This discovery marks a significant step forward in the 
development of novel interventions against pulmonary 
fibrosis.

Fig. 9 The SIRT1/Nrf2 signaling pathway mediates the effects of liquiritigenin on bleomycin-induced pulmonary oxidative stress in mice. A DHE 
staining reflects lung ROS levels. Scale bars represent 100 μm. B–D Biochemical quantification of MDA and GSH levels, as well as SOD activity. E, F 
qPCR analysis of HO-1 and NQO-1 mRNA levels. G–J Western blotting determined the protein expression levels of CAT, HO-1, and NQO-1. Data are 
presented as means ± standard deviation, and all experiments were independently repeated at least three times. (*P < 0.05, **P < 0.01, ***P < 0.001)
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Conclusions
Our findings indicated liquiritigenin’s anti-pulmonary 
fibrosis effect, further, its effect was mediated by the 
SIRT1/Nrf2 signaling pathway. Implying that targeting 
myofibroblast differentiation via the SIRT1/Nrf2 signal-
ing pathway may constitute a pivotal strategy for liquiriti-
genin-based therapy against pulmonary fibrosis.
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