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Sinomenine attenuates pulmonary fibrosis @
by downregulating TGF-B1/Smad3, PI3K/Akt
and NF-kB signaling pathways

Fugiang Yao'", Minghao Xu®", Lingjun Dong'", Xiao Shen? Yujie Shen?, Yisheng Jiang? Ting Zhu', Chu Zhang' and
Guangmao Yu'"

Abstract

Background Since COVID-19 became a global epidemic disease in 2019, pulmonary fibrosis (PF) has become more
prevalent among persons with severe infections, with IPF being the most prevalent form. In traditional Chinese
medicine, various disorders are treated using Sinomenine (SIN). The SIN's strategy for PF defense is unclear.

Methods Bleomycin (BLM) was used to induce PF, after which inflammatory factors, lung histological alterations,
and the TGF-/Smad signaling pathway were assessed. By administering various dosages of SIN and the TGF- receptor
inhibitor SB-431,542 to human embryonic lung fibroblasts (HFL-1) and A549 cells, we were able to examine
proliferation and migration as well as the signaling molecules implicated in Epithelial-Mesenchymal Transition (EMT)
and Extra-Cellular Matrix (ECM).

Results In vivo, SIN reduced the pathological changes in the lung tissue induced by BLM, reduced the abnormal
expression of inflammatory cytokines, and improved the weight and survival rate of mice. In vitro, SIN inhibited the
migration and proliferation by inhibiting TGF-B1/Smad3, PI3K/Akt, and NF-kB pathways, prevented the myofibroblasts
(FMT) of HFL-1, reversed the EMT of A549 cells, restored the balance of matrix metalloenzymes, and reduced the
expression of ECM proteins.

Conclusion SIN attenuated PF by down-regulating TGF-3/Smad3, PI3K/Akt, and NF-kB signaling pathways, being a
potential effective drug in the treatment of PF.
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Introduction

The appearance of the severe acute respiratory syndrome
coronavirus type 2 (SARS-CoV-2) in Wuhan in Decem-
ber 2019 caused more than 641 million cases of severe
acute progressive respiratory diseases worldwide and
more than 6.6 million deaths by December 2022 [1]. Even
though it has been four years since the outbreak of New
Crown Pneumonia, people nowadays often live with a
high incidence of influenza, during which time hospi-
tal emergency centers are filled with many patients who
test positive for New Crown infections. Some infected
people are still prone to develop interstitial pneumonia,
and even life-threatening acute respiratory distress syn-
drome (ARDS) [2]. ARDS is characterized by excessive
inflammation and endothelial dysfunction, and a number
of specific inflammatory factors and markers of endothe-
lial dysfunction have been shown to correlate with dis-
ease extent and mortality in COVID-19 [3, 4]. For the
published histopathological analysis of COVID-19 post-
mortem lungs the literature shows Idiopathic pulmonary
fibrosis (IPF) manifestations in addition to diffuse alveo-
lar damage and hyaline membranes [5]. IPF is the most
common form of PF, with a median survival time of 2—4
years [6]. The only feasible treatment for patients with
end-stage PF is still lung transplantation due to the lack
of appropriate drug treatments. At present, the drugs for
treating PF have side effects on the liver, skin, myocar-
dium, and growth and development of organism which
limit their use, especially in patients with liver problems
[7]. Therefore, it is of the utmost importance to find new
drugs with improved therapeutic effects and fewer side
effects.

PF is considered an inflammatory repair mechanism of
repeated micro-injury of the alveolar epithelium, which
leads to the directional chemotaxis of fibrogenic media-
tors, specifically activating fibroblasts to differentiate
into myofibroblasts and producing extracellular matrix
(ECM). The excessive accumulation of ECM destroys the
structure of the normal lung tissue, affects gas exchange,
and the ECM-cell signaling induces positive feedback in
ECM production, which further aggravates the progress
of fibrosis [8, 9].

Although the mechanism of PF is not clear at pres-
ent, many hypotheses have been formulated to explain
its mechanism, and among these, that of EMT of alveo-
lar epithelial cells is one of the most substantial. Nuclear
factor kB (NF-kB) is an important mediator of EMT.
It promotes the transcription of various inflamma-
tory cytokines, such as tumor necrosis factor a (TNF-
a), interleukin (IL), and transforming growth factor 3
(TGE-B), which are strongly related to the progress of
IPE, especially TGF-p [10-12]. The classical pathway of
TGF-B-mediated fibrosis is related to the Smad protein
family signaling pathway. Once the downstream effector
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complex enters the nucleus, it regulates the expression of
EMT-related target genes. However, also non-Smad path-
ways exist downstream of TGF-f [13]. PI3K/Akt pathway
is the key signal node in the process of fibrosis, and it
interacts with the TGF-B/Smad signal transduction path-
way to alleviate the progress of PF [14, 15]. Therefore,
these factors should be considered when evaluating the
effect of drugs on IPE.

Sinomenine (SIN) is an alkaloid monomer extracted
from the dried stems of Sinomenium actum Rehd.et wils.,
and is a popular traditional Chinese medicine used to
treat rheumatoid arthritis and arrhythmia. Recent stud-
ies show that SIN is effective against tumor and inflam-
matory diseases. It inhibits the migration and invasion
of breast cancer cells, prostate cancer cells, and glioblas-
toma cells [16—18], as well as oxidative stress, inflam-
mation, and apoptosis to alleviate acute liver injury [19].
Moreover, SIN alleviates liver fibrosis and improves air-
way remodeling caused by chronic asthma by regulating
TGEF-B/Smad in vitro and in vivo [20, 21]. However, the
anti-fibrosis mechanism of action of SIN on PF is unclear.

This study showed that SIN alleviated the pathologi-
cal changes in the lung induced by bleomycin (BLM),
reduced the abnormal expression of inflammatory cyto-
kines, and improved the weight and survival rate of mice
treated with BLM. In vitro experiments showed that
SIN inhibited the migration and proliferation of human
embryonic lung fibroblast cell line (HFL-1) and human
lung adenocarcinoma basal epithelial cell line (A549)
cells by the inhibiting TGF-f1/Smad3, PI3K/Akt, and
NF-«B pathways, prevented the transformation of HFL-1
into myofibroblasts (FMT), reversed the EMT of A549
cells, restored the balance of matrix metalloenzymes, and
reduced the expression of ECM marker proteins. These
results support the role of SIN as a potential medicine for
IPF treatment.

Materials and methods

BLM-induced IPF mouse model

A total of 36 male C57BL-6 ] mice (8—10 weeks, 25-28 g)
(SCXK(Zhe)2022-0005) were purchased from Hang-
zhou Qizhen Laboratory Animal Technology Co., Ltd.
(Hangzhou, China), and were housed under controlled
environmental conditions (22 ‘C and 12:12-hour light-
dark cycle). A total of 36 mice were randomly allocated
into 6 groups (6 mice per group): Control group, BLM
group, B+L group (SIN 50 mg/kg), B+4M group (SIN
100 mg/kg), B+H group (SIN 150 mg/kg) and SIN group
(SIN 150 mg/kg). Except Control and SIN group, PF was
induced with 3 mg/kg bleomycin (BLM) (HY-17,565;
MCE, Monmouth Junction, NJ, USA) preparation solu-
tion via Intratracheal injection on the first day. The mice
were injected with SIN or 0.9% NaCl solution (control
group) intraperitoneally for two weeks after day 1 of
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modeling. The body weight was monitored and recorded
every day, and the mice were euthanized by injecting
excessive pentobarbital sodium (150 mg/kg) on the 14th
day.

Cell culture and reagents

HFL-1 and A549 were purchased from the cell bank of
China Academy of Sciences (Shanghai, China). All the
cells used were passaged less than 20 times. Both cell
types were cultured in Ham’s F12K medium (Bio-Chan-
nel, Nanjing, China) supplemented with 10% fetal bovine
serum (FBS) (Gibco, GrandlIsland, NY, USA), and incu-
bated in a humid environment of 37 ‘C and 5% CO2.
When the cells reached 70-80% confluence, they were
put into experiments. All the experiments were carried
out in triplicate. Moreover, HFL-1 and A549 cells in each
group were starved in serum-free F12K for 12 h, then
10 ng/mL TGF-B1 (PeproTech, Cranbury, NJ, USA) was
added for 12 h to induce fibrosis, and then the cells were
treated with SIN (5235903, Selleck, Shanghai, China)
for 12 h. A stock solution of SIN was prepared (solvent:
water) at a concentration of 1 mM, stored at -20 C, and
diluted to the specified working solution before each
experiment. The TGF-B receptor inhibitor SB-431,542
(MCE, Monmouth Junction, NJ, USA) was also used
to further explore the mechanism of fibrosis in the cell
model, and starved cells were treated with the inhibitor
30 min before TGF-P1 treatment.

Determination of drug toxicity and cell proliferation rate
HFL-1 and A549 cells were seeded into 96-well plates
(100 pL/well, NEST, Wuxi, China) at a density of 8,000—
10,000 cells per well and cultured overnight. When the
cells reached 70—-80% confluence, they were treated with
different concentrations of SIN for 12 h and 24 h. Cell
viability was assessed by Cell counting kit —8 (CCK-8;
MCE, Monmouth Junction, NJ, USA) after the addition
of 10 pL/well reagent and incubated for 1.5 h. In addition,
A549 and HFL-1 cells were seeded into 96-well plates in
the same way as above, and treated with 10 ng/mL TGEF-
B1 for 12 h to induce EMT after the density was appro-
priate. A549 cells and HFL-1 cells induced by TGF-1
were treated with different suitable concentrations of SIN
(125, 250, 500, and 1000 pM) for 12 h, and cell viability
was measured by CCK-8 reagent used in the same way as
above.

Wound healing assay

A549 cells and HFL-1 cells were seeded into 6-well
plates (1 mL/well, NEST, Wuxi, China) at a density of 10°
cells per well. They were divided into four groups: con-
trol group (without drugs and inducers), TGF-B1 group,
TGEF-B1+SIN (500 pM) group and TGF-f1+SIN (1000
uM) group. Except control group, the A549 and HFL-1
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cells induced by TGF-B1 for 12 h were cultured in serum-
free F12K medium with or without different concentra-
tions of SIN for 6-12 h. A 200 pL micropipette tip was
used to generate horizontal scratches in the center of the
well. At different time points, the image of scratch width
in each well was obtained by optical microscope imaging
and analyzed by Image] software. The wound healing rate
was calculated as follows = (0 h wound width — 6 h/12 h
wound width) / 0 h wound width.

Detection of cytokines in bronchoalveolar lavage fluid
(BALF) and serum of mice

Right lungs were collected and fixed in formalin for
48 h before being processed to make histological
slides. Left lungs were flash-frozen in liquid nitrogen
for molecular analysis. The washing fluid was collected
as the bronchial alveolar lavage fluid (BALF) by using
intratracheal perfusion. Blood (1 mL) was collected
from the inferior vena cava using a 1 mL syringe.
TBALF and serum were placed into a 100 pL tube and
stored at -80 ‘C. ELISA kits (EK0527, EK0411, EK0398,
EKO0515, Wuhan Boster Biological Technology, Ltd.,
Wuhan, China) were used for testing IL-2, IL-6, TNF-«a
and TGEF-B1 level according to the manufacturer’s
instructions. The unit of the calculation result was
unified as pg/mL.

Histology and immunohistochemistry

The left lung of the mice was fixed in 4% paraformal-
dehyde for 2 days, embedded in paraffin, and cut into
4 um-thick slides. After dewaxing and gradient etha-
nol hydration, the paraffin sections were stained with
hematoxylin-eosin (H&E) staining kit or Masson
trichrome staining kit. Three slices were randomly
selected from each group, and five views were ran-
domly selected from each slice under the microscope
at 200x magnification. Assessment of outcome was
performed by pathologists blinded to the treatment
group, and the degree of lung injury was scored accord-
ing to a method previously reported [22]. In addition,
the Ashcroft score [23] was used to evaluate the PF.
As regards immunohistochemistry, 3% hydrogen per-
oxide solution was added dropwise to tissue sections
to quench endogenous peroxidase activity. Then, the
slices were immersed in citrate antigen repair solution
(AR0024, Wuhan Boston Biological Technology, Ltd.,
Wuhan, China), and the antigen was repaired by heat-
induced epitope repair method. The follow-up steps
were performed in accordance with the manufacturer’s
instructions. The freshly prepared DAB working solu-
tion (AR1022, Wuhan Boston Biological Technology,
Ltd., Wuhan, China) was dropped on the glass slide
and the slices were counterstained with hematoxylin
for 2 min. The stained tissue sections were observed
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under a microscope (Leica, DM3000) and the staining
degree was evaluated. The antibodies used are listed in
supplementary material, Table S1.

Determination of hydroxyproline content

The right lung was accurately weighed according to the
instructions of the hydroxyproline test kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).
The results were expressed as pg of hydroxyproline/mg
of protein.

Western blot analysis

Cell and mouse lung were lysed using RIPA buffer
(P0013, Beyotime, Shanghai, China) containing PMSF
(ST506, Beyotime, Shanghai, China), protease inhibi-
tor, and phosphatase inhibitor (P1050, Beyotime,
Shanghai, China), and centrifuged at 12,000 rpm and
4 C. The concentration of total proteins was detected
by BCA kit (P0009, Beyotime, Shanghai, China). The
protein samples were diluted with 5x sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE, P0015, Beyotime, Shanghai, China) and boiled
for 5 min. An amount of 30 pg of the total proteins was
added to each lane of the SDS-polyacrylamide gel, then
they were transferred to a PVDF membrane (Immobi-
lon-P, Darmstadt, Germany) and incubated with the
primary antibody at 4 ‘C overnight, followed by incu-
bation with HRP-labeled secondary antibody for 1 h at
room temperature. An ECL chemiluminescence detec-
tion kit (P00185, Beyotime, Shanghai, China) was used
for visualization and imaging with Tanon 5200 auto-
matic chemiluminescence fluorescence image analysis
system (Shanghai, China). The intensity of the bands
was analyzed and standardized by the internal control
(GAPDH) of each sample using Image] (Version 1.37c,
Bethesda, MD, USA). The antibodies used are listed in
supplementary material, Table S2.

RNA isolation and quantitative real-time PCR (qRT-PCR)

At the end of treatment, total RNA was isolated from
the mouse lung and HFL-1 cells by RNA-Quick Puri-
fication Kit (ES Science Biotechnology, Shanghai,
China) according to the manufacturer’s instructions.
GAPDH was used as the internal control for HFL-1
cells and mouse lung. RNA amplification kit SYBR®
Premix EX TAG™ II (Takara Biotechnology Co., Ltd.,
Dalian, China) was used and qRT-PCR was performed
using LightCycler® 480 II system (Roche, Alameda, CA,
USA). The relative quantification of mRNA expression
was calculated according to the 2744¢* method, where
Ct is the cycle threshold. Primers were synthesized by
Shanghai Sangon Bioengineering Co., Ltd. The prim-
ers used are listed in Table S3.
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10. Immunofluorescence by confocal microscope

Cells were seeded in confocal Petri dishes (#801,001,
NEST, Wuxi, China) and incubated overnight. After
EMT induction and SIN treatment, 4% paraformal-
dehyde (PFA, P0099, Beyotime, Shanghai, China) was
added at room temperature for 15 min. Hydrogen perox-
ide 3% was used to block endogenous peroxidase activity.
Cells were treated with Triton X-100 (P0096, Beyotime,
Shanghai, China) for 15 min. Then, they were incubated
with QuickBlockTM immunostaining blocking solution
(P0260, Beyotime, Shanghai, China) for 15 min at room
temperature to block nonspecific binding. Afterward, the
primary antibody was added and incubated at 4 ‘C over-
night, and the appropriate HRP-labeled secondary anti-
body was added and incubated at room temperature for
1 h. The nucleus was stained with DAPI solution (P0131,
Beyotime, Shanghai, China), incubated for 15 min and
the slides were sealed. The glass slide was observed under
a confocal microscope (Leica Stellaris) and imaged. The
antibodies used are listed in supplementary material,
Table S4.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 6.01). Student ¢-test was used for the compari-
son between two groups, and one-way analysis of vari-
ance was used for the comparison among more than two
groups. Results are expressed as mean+SEM of at least
three independent experiments (#2>3). A value of p<0.05
was considered statistically significant.

Results

SIN reduces BLM-induced PF in mice

A preclinical IPF model was established by BLM to
evaluate the potential anti-fibrosis effect of SIN in vivo
(Fig. 1A). Mice treated with BLM began to die on day 6.
The weight loss trend in the SIN treatment group was less
and the weight increased with the increase of the treat-
ment dose at a certain range as compared with the BLM
group (Fig. 1B, C), although the dose of 200 mg/kg SIN
also showed certain toxic effects (Fig. S1A, B). The mor-
tality of the BLM group on day 10 and 14 was 33-69%.
In contrast, the mortality of mice treated with SIN was
12.5-37.5% (Fig. 1C). In addition, the weight of the drug
control group increased rapidly after one week compared
with the model group, and the weight gain reached that
of the control group.

SIN attenuates lung tissue injury and fibrosis in a dose-
dependent manner

The lungs of the PF model mice are dark red and lack
the spongy texture, while the control mice showed pink
and soft lungs. Surprisingly, SIN treatment improved the
color and texture of the lungs (Fig. 2A). H&E staining
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Intratracheal instillation
of BLM/Saline

Intraperitoneal injection
of SIN, everyday
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Fig. 1 SIN reduces BLM-induced PF in mice. (A) C57BL-6 J mice were treated with BLM or 0.9% NaCl solution as BLM (control) at a dose of 3 mg/kg;
BLM-induced mice were treated with an intraperitoneal injection of SIN (50, 100 and 150 mg/kg) or vehicle once a day for 2 weeks from the first day after
intratracheal instillation of the drug (vehicle). Lungs were collected at designated time points for H&E staining, Masson staining, BALF, hydroxyproline, and
other indicators. (B, C) Body weight of mice monitored every day during the treatment, and assessment of the survival rate in each group. n=6 mice per
group. # p<0.05, compared with control; * p < 0.05, compared with BLM; one-way analysis of variance

showed pathological changes in the lungs, and the nor-
mal alveolar structure in the BLM group was blurred
or disappeared, with incomplete alveolar shape, diffuse
fibrosis, and inflammatory cell infiltration. In addition,
SIN helped the lung to keep intact most of the alveolar
structure and significantly reduced the fibrotic lesions.
The higher the dose, the less proliferating cells (Fig. 2A).
The inflammation of the lungs in the SIN plus BLM group
was gradually relieved and the degree of relief was dose-
dependent, although edema, inflammatory cell infiltra-
tion, and vascularization still existed in some areas, as
compared with the control group (Fig. 2A). Masson
staining showed that the lung in the control group had a
small amount of blue staining, which represented the col-
lagen component of the ECM of the normal lung. After
14 days, a large amount of blue staining appeared in the
lung of the BLM group mice, suggesting the deposit of
a large amount of collagen due to inflammation. With
the increase of the SIN dose, the blue staining gradually
decreased after treatment. Sirius red staining also showed
the same trend as Masson (Fig. S1C). In addition, the
changes in the expression of pulmonary fibrosis marker
proteins such as a-SMA, collagen I, fibronectin, and con-
nective tissue growth factor are important features of

pulmonary fibrosis progress. The immunohistochemical
detection of pulmonary fibrosis markers in mice showed
that a-SMA, collagen I, fibronectin, and connective tissue
growth factor in the lung were significantly increased by
a single intratracheal administration of BLM, while the
concentration of SIN in the treatment group was nega-
tively correlated with the staining degree of fibronectin.
In addition, the intraperitoneal injection of SIN did not
affect the expression of a-SMA, collagen I, and fibronec-
tin (brown) (Fig. 2A).

Hydroxyproline content indirectly quantifies collagen
deposition, since this amino acid exists almost exclusively
in collagen. The collagen deposition in the fibrosis focus
of BLM mice increased significantly compared with that
in the control mice. The continuous treatment with SIN
resulted in a gradual reduction of the collagen deposition.
It is worth noting that 150 mg/kg of SIN significantly
inhibited the collagen deposition (Fig. 2B). The Ashcroft
score and lung injury score also showed that lung inflam-
mation and collagen deposition in the BLM group were
consistent with the previous trend (Fig. 2C, D). In addi-
tion, the degree of inflammation in the lung assessed by
the detection of the expression of the inflammatory fac-
tors TNF-a, IL-2, and IL-6 in the BALF revealed that
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Fig. 2 SIN attenuates lung tissue injury and fibrosis in a dose-dependent manner. (A) Morphological changes of mouse lung: pink represents normal
lung tissue and dark red represents fibrotic lung tissue. Representative micrographs (200x magnification) of paraffin-embedded lung tissue sections
stained with H&E and Masson trichrome. Effect of SIN on the expression of collagen |, fibronectin, and a-SMA proteins in the lung of mice after BLM-in-
duced PF on day 14 (200x magnification). (B) Analysis and quantification of the content of hydroxyproline in the lung of different groups. (C) PF score. (D)
Lung injury severity score. (E-G) Concentrations of TNF-a, IL-2, and IL-6 in BALF detected by ELISA kit. n=6 mice per group. Scale bar: 100 um. # p < 0.05, ##
p<0.01, ### p<0.001, compared with control; * p <0.05, ** p<0.01, *** p<0.001, and ns, not significant, compared with BLM; one-way analysis of variance
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BLM caused their significant increase compared with
the control group. However, the release of cytokines was
inhibited by SIN (Fig. 2E-G).

SIN alleviates BLM-induced PF, as well as neutralizes ECM
deposition and EMT

Western blot results showed that the expressions of
fibronectin, collagen I, and a-SMA in the BLM group
were significantly higher than those in the control group,
and the expressions of these proteins were effectively
inhibited after SIN treatment (Fig. 3A, B). Western blot
also showed that the expressions of MMP-9, MMP-2,
and TIMP-1 in the lungs of mice in the BLM group were
significantly increased, and this trend was effectively sup-
pressed by SIN (Fig. 3C, D).

The classical markers of EMT such as E-cadherin and
vimentin, were assessed by immunohistochemistry to
verify whether SIN was able to alleviate pulmonary
fibrosis by inhibiting BLM-induced EMT [24]. Immu-
nohistochemistry (Fig. 3E) showed the same trend. The
expression of vimentin in the lung significantly increased
after BLM induction, while the expression of E-cadherin
significantly decreased compared with the control group.
However, SIN induces a decrease in the expression of
vimentin and an increase in the expression of E-cadherin.

SIN regulates TGF-B1/Smad3 signaling pathway

The quantitative analysis of TGF-B1 by qRT-PCR showed
that the transcription of TGF-f1 in the BLM group was
significantly increased, and it decreased after the treat-
ment with SIN in a dose-dependent manner (Fig. 4A).
In addition, the results of the assessment of TGF-P1 sig-
naling pathway revealed that the expression of TGF-p1
in the lung was significantly increased after BLM induc-
tion, and the downstream key protein P-smad3 was sig-
nificantly activated. SIN induced an inhibition in the
expression of TGF-Pf1 and the hyperphosphorylation of
Smad3 induced by BLM (Fig. 4B-D). Further, a down-
regulatory effect of SIN on the levels of NF-kb and PI3K/
AKT signaling pathway-related proteins was detected
in BLM-induced mouse lungs (Fig. 4B, E-G). In addi-
tion, the results of BALF and serum of mice showed that
the up-regulation of serum TGF-P1 stimulated by BLM
was significantly inhibited by SIN treatment (Fig. 4H, I).
Similarly, the immunohistochemical analysis of the lung
showed that TGF-P1 and P-Smad3 had the same trend in
SIN-treated mouse lungs (Fig. 4]).

SIN inhibits the proliferation and migration of HFL-1 and
A549 cells induced by TGF-f1

SIN showed an anti-fibrotic effect in the in vivo PF
model. Thus, in vitro experiments using two cell lines
were performed to further explore the anti-fibrotic
mechanism. Epithelial cells have the ability to respond to
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changes in the microenvironment through EMT. EMT
is also the driving force of normal repair, promoting the
emergence of myofibroblasts that secrete collagen in IPF.
Therefore, the down-regulation of epithelial markers, up-
regulation of mesenchymal markers, and ECM deposi-
tion are observed during EMT [24].

In this study, HFL-1 and A549 cells were treated with
TGE-PB1 to induce EMT in vitro. HFL-1 and A549 cells
were treated with SIN at different concentrations, and
the results revealed that 62.5-1000 uM SIN did not
induce evident cell death within 24 h (Fig. 5A, B). There-
fore, the dose of 125-1000 uM was selected for all cell
experiments. The proliferation of HFL-1 and A549 cells
was promoted when treated with TGF-p1, but the prolif-
eration of HFL-1 and A549 cells was inhibited by TGF-1
combined with SIN in a dose-dependent manner (Fig. 5C,
D). The results showed that the migration of HFL-1 and
A549 cells treated with TGF-B1 was increased, but it was
inhibited by the treatment of SIN combined with TGF-
B1, with a migration inhibition effect that increased in a
dose-dependent manner (Fig. 5E and F).

SIN prevents TGF-1-induced fibroblasts transformation
into FMT and improves ECM

The mRNA expression of a-SMA, collagen I, and fibro-
nectin significantly increased in the TGF-f1 group,
and decreased after the treatment with SIN in a dose-
dependence manner (Fig. 6A). The protein expression of
a-SMA in HFL-1 cells increased after TGF-f1 treatment,
but it was inhibited after SIN treatment (Fig. 6B). In addi-
tion, the expression of a-SMA, collagen I, vimentin, and
fibronectin in the TGF-B1 group was significantly higher
than that in the control group, and the expression of the
above proteins was effectively inhibited by SIN (Fig. 6C,
D). The protein expression of MMP-9 and TIMP-1
in HFL-1 cells induced by TGF-B1 was significantly
increased compared with that in the control group, but
their expression was down-regulated by SIN (Fig. 6E-G).

SIN reverses ECM and EMT induced by TGF-B1 in A549 cells
The anti-fibrotic effect of SIN on A549 cells was con-
firmed by the ability of SIN to reduce the expression of
a-SMA, fibronectin, and collagen I that were increased
by TGE-PB1 (Fig. 7A, B). In addition, the protein expres-
sion of MMP-9 and TIMP-1 in A549 cells induced by
TGEF-B1 was significantly increased compared with that
in the control group, while their expression was also
decreased by SIN (Fig. 7C, D). Moreover, the expres-
sion of E-cadherin decreased in TGF-f1 group compared
with that in the control group, while the expression of
vimentin increased, while the treatment with SIN com-
bined with TGF-P1 significantly increased the expression
of E-cadherin and decreased the expression of vimentin
(Fig. 7A, B, E). Finally, the trend after the treatment with
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p <0.001, compared with control; * p<0.05, ** p<0.01, *** p <0.001, and ns, not significant, compared with BLM; one-way analysis of variance

SB-431,542 (10 mM) combined with TGF-f1 was basi-
cally the same as that after the treatment with SIN com-
bined with TGF-B1 (Fig. 7E).

Effect of SIN on TGF-B1/Smad3, PI3K/Akt and NF-kB
pathways in HFL-1 cells induced by TGF-1

The phosphorylation level of Smad3, PI3K/Akt, and the
protein expression of NF-«kB in HFL-1 cells treated with

TGEF-B1 alone or in combination with SIN were evalu-
ated to explore the regulatory effect of SIN on the signal-
ing pathway in the HFL-1 cells. The results showed that
SIN decreased the increase of phosphorylated Smad3,
PI3K/Akt, and NF-xB in TGF-Bl-induced cells with-
out changing the overall levels of Smad3 and PI3K/Akt
(Fig. 8A-E). These results suggested that SIN inhibited
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TGF-B1-induced fibrosis in HFL-1 cells by inhibiting
Smad3, PI3K/Akt, and NF-«B signaling pathways.

3.9. SIN plays an anti-fibrotic role by regulating
TGEF-B1-induced abnormal activation of Smad
pathway and non-Smad downstream pathway.

The treatment with SIN (1000 pM) for 12 h significantly
reduced the protein expression of a-SMA, collagen I, and
fibronectin induced by TGF-p1, and the degree of inhibi-
tion was similar to that induced by SB-431,542 combined
with TGF-B1 (Fig. 8F, G). Furthermore, SIN combined
with TGE-B1 inhibited the expression of MMP-9 and
TIMP-1 to some extent compared with TGF-B1, and the
degree of inhibition was similar to that of SB-431,542
combined with TGF-B1 (Fig. 8F, G). In addition, the
expression of collagen I and a-SMA in HFL-1 cells

induced by TGF-B1 showed that SIN reversed the fibrosis
markers induced by TGF-B1, which was consistent with
the above trend (Fig. 8I). Finally, the expression of the
core functional proteins P-NF-kB. P-Smad3 and P-AKT
of the above-mentioned pathways were evaluated and the
results revealed that SIN decreased the expression of the
proteins mentioned above by different degrees, which
was similar to the trend obtained by the treatment with
SB-431,542 combined with TGF-B1 treatment group
(Fig. 8F, H, S1E, S1F).

Discussion

IPF is a progressive disease, with most of the patients
worsening within 2-3 years after diagnosis, with a
mortality rate of 50% [25]. The outbreak of COVID-19
resulted in the occurrence of complications including
IPF in critically ill patients, making it one of the main
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problems that need to be solved and effectively treated
[26]. IPF is a progressive disease caused by the continu-
ous injury of the alveolar epithelium, which leads to the
continuous activation of repair mechanisms, the uncon-
trolled proliferation and differentiation of fibroblasts into
myofibroblasts, and then excessive proliferation, EMT
and ECM production as well as collagen deposition in the
affected organs [27]. In the initial stage of IPF, a variety of
proinflammatory factors (such as TNF-a, IL-6, IL-1, and

TGEF-B) and matrix metalloenzymes secreted by fibro-
blasts participate in the chemotaxis and proliferation
of inflammatory cells and the mediation of intercellular
interaction, promoting the further progress of inflam-
matory repair reaction [28]. NF-kB is one of the classical
molecules involved in inflammation, usually activated to
protect it from pathogens, but its abnormal activation is
usually the cause of chronic inflammation.
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SIN has anti-rheumatic and pharmacological effects, as
demonstrated already in the 70s [29]. At present, SIN has
been approved by China Food and Drug Administration
(CFDA) for the treatment of rheumatoid arthritis (RA),
but its mechanism of action against other diseases has
not been fully clarified. Previous studies reported that
SIN has anti-inflammatory effects in adjuvant arthritis
rats, and it regulates T cells and Th17 cells in intestinal-
associated lymphoid tissues [28, 30]. Similarly, studies

have shown that Sinomenine hydrochloride can treat
NSCLC and RA by the specific mechanism of selectively
inhibiting the growth of NSCLC cells and the progres-
sion of RA through activation of the AMPK pathway,
providing new insights into the treatment of tumors and
autoimmune diseases [31]. Based on the current situ-
ation, there is no doubt that SIN possesses anti-tumor
and anti-fibrosis ability. The fact is that in clinical prac-
tice the incidence of concurrent lung cancer in patients
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with interstitial lung abnormalities or pulmonary fibrosis
increases despite cumulative increases in survival time,
but a worldwide questionnaire showed great heteroge-
neity in the strategy and quality of management of IPF-
lung cancer [32]. The PD-1/PD-L1 pathway is currently

one of the main targets of immunologic drugs for the
treatment of lung cancer, and some studies have shown
that IPF patients with concurrent enlarged lymph nodes
have higher PD-1 expression and CD4/CD8 ratios,
whereas pembrolizumab shows antifibrotic effects in the
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bleomycin model in mice [33, 34]. In addition, the dual-
specificity protein phosphatase protein family (DUSP10/
MKP-5, DUSP9/ MKP-4) shows antagonistic effects in
cancer and fibrosis [35, 36]. This reminds us that for this
easily overlooked population, they urgently need to find a
common target of anti-cancer and anti-fibrosis, and also
need a consensus statement of unified standard meth-
ods. The present study showed that the antifibrotic effect
of SIN was associated with the regulation of TGF-$1/
Smad3, PI3K/Akt and NF-kB signaling pathways.
Fibroblasts are vital in the formation of IPF structure
and in the maintenance of the lung tissue function. The
continuous proliferation of fibroblasts combined with
alveolar epithelial cells interaction due to the stimulation
of cytokines promotes fibrosis [37, 38]. In the process of
alveolar epithelial damage and abnormal repair, excessive
collagen deposition occurs in the tissue, and fibroblasts
are transformed into myofibroblasts, with a-SMA being
the main sign of the transformation from fibroblasts to
myofibroblasts [39]. Our results showed that SIN inhib-
ited the proliferation and migration of HFL-1 cells in a
dose-dependent manner. MMPs are a group of enzymes
mainly responsible for the degradation of ECM, but their
activity increases during the pathogenesis of PF and
the repair or remodeling of inflammatory tissues [37,

40]. TIMPs, which inhibit MMP cleavage activity, are
abundant in lung parenchyma of IPF patients and ani-
mals with induced PF, which contributes to the failure
of degradation of collagen and other ECM components
[41]. This study showed that SIN inhibited the abnormal
expression of TIMP-1 and MMP-2/9 caused by pulmo-
nary fibrosis and improved the physiological homeostasis
of ECM. Therefore, our hypothesis was that SIN restored
the imbalance of MMPs/TIMPs ratio caused by PF, delay-
ing its further development.

EMT is a key step in the process of PF. Lung epithe-
lial cells are common targets of injury, the driving force
of normal repair, and the key factor of fibrotic lung dis-
ease. An important feature of epithelial cells is that they
have the ability to respond to microenvironment signals
through EMT. EMT regulation consists of a series of key
steps to produce pro-inflammatory signals that cause
cell damage. EMT is not the transformation from alveo-
lar epithelial cells to fibroblasts, but the ability to revers-
ibly acquire mesenchymal characteristics and enhance
mesenchymal crosstalk [8, 42]. In these highly regulated
repair pathways, repeated injuries are superimposed with
persistent inflammation and hypoxia, which leads to
excessive ECM deposition in activated fibroblasts, which
in turn destroys normal lung structure and affects gas
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exchange [9]. Once this positive feedback mechanism is
formed, PF continues to progress [43]. Our experiments
in vivo showed that SIN inhibited the increase of collagen
I, fibronectin, and a-SMA protein expression induced by
BLM. Furthermore, TNF-a, IL-1p1, IL-6, and TGF-p1 in
BALF of mice significantly decreased after SIN treatment,
as well as TGF-B1 in the serum. The expression of NF-kB
protein also significantly decreased in a dose-depen-
dent manner in the SIN treatment group, suggesting
that the potential mechanism to inhibit the inflamma-
tory response might be the down-regulation of NF-kB
expression and the inhibition of the downstream release
of inflammatory cytokines. Interestingly, SIN reversed
the expression of E-cadherin and vimentin in A549 cells
treated with TGF-B1, and also reduced the expression of
vimentin and a-SMA in HFL-1 cells treated with TGF-p1
to inhibit EMT. Our research results showed for the first
time that SIN alleviated the damage in the structure of
the lung, collagen fiber deposition, and inflammatory cell
accumulation induced by BLM, significantly inhibited the
release of inflammatory cytokines in the lung, reversed
EMT, and improved PF.

Next, the molecular mechanism used by SIN to allevi-
ate PF was investigated. TGF-B/Smad is recognized as a
key signaling pathway in the process of fibrosis [44, 45].
Our experiment showed that BLM led to a significant
increase in the expression of TGF-B1 and P-Smad3 pro-
teins in the lung, and SIN selectively reduced the accu-
mulation of TGF-f1 and P-Smad3. TGF-pB1 induced the
proliferation of HFL-1 cells in a time-dependent man-
ner, while SIN significantly reduced the cell prolifera-
tion induced by TGF-B1 in a dose-dependent manner.
Many studies reported that TGF-B/Smad and PI3K/Akt
signaling pathways are involved in regulating the forma-
tion of PF [46, 47]. Based on the fact that the increased
TGEF-B1 production in BLM-induced IPF was effectively
inhibited by SIN, the anti-fibrotic effect of SIN might be
due to the inhibition of Smad and PI3K/Akt signaling
pathways. TGF-B1/Smad3 and PI3K/Akt signaling path-
ways were activated by TGF-B1, and the expression of
phosphorylated proteins in Smad3 and PI3K/Akt signal-
ing pathways was significantly inhibited by SIN. This sug-
gested that SIN blocked the TGF-B1/Smad3 and PI3K/
Akt signaling pathways. The effect of SIN on the down-
stream target of TGF-P1 was confirmed using SB-431,542
to explore its mechanism. Indeed, the expression of
fibronectin, a-SMA, type I collagen, and MMP-related
proteins in HFL-1 cells pretreated with SB-431,542 was
inhibited compared with their expression in the TGF-p1
group, and the same trend was observed in the SIN treat-
ment group, but the degree of inhibition was not com-
plete. NF-kB, P-smad3, and P-AKT were significantly
decreased in the inhibitor group, and the slight difference
from the treatment group might be due to the interaction
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and relationship between signaling pathways. The up-
regulation of collagen and a-SMA expression in the TGF-
Bl group indicated that fibroblasts were transformed
into myofibroblasts, while the expression of the same
proteins in the SIN and SB-431,542 group was inhibited,
indicating that SIN inhibited the differentiation and col-
lagen deposition of HFL-1 cells. These results suggested
that SIN also blocked the non-Smad signaling pathways
downstream of TGF-P1, including PI3K/AKT and NF-«xB
pathways, during the treatment of PF.

In this study, SIN modulation of TGF-fB1 targeted reg-
ulation of NF-kB and PI3K/AKT pathways to achieve
remission of pulmonary fibrosis, which is promising to
provide ideas for the in vivo typing-targeted treatment
of IPF, as well as contributing to the precision medicine
treatment of IPF. Based on the fact that precision medi-
cine approaches have revolutionized the clinical manage-
ment of other diseases such as lung cancer and asthma,
the implementation of precision medicine for IPF has
become an urgent need for technology and experience in
the clinic [48, 49]. Although the two current antifibrotic
drugs (pirfenidone and nintedanib) have been shown to
slow the progression of the disease, they continue to be
administered indiscriminately and are uniformly referred
to as “idiopathic pulmonary fibrosis” In an explosion of
studies in the last decade, genetic variants, peripheral
blood expression, microRNA and telomere shortening
have been shown to predict the risk of progression and
death in IPF. There is also an urgent need for biomarkers
that can predict and measure the response to IPF treat-
ment, and a relatively large number of relevant indica-
tors have emerged for both drugs after treatment, such
as CA-125, serum SP-D, KL-6 and CCL18 [50]. Also the
results of the recent PRECISIONS trial are highly antici-
pated, which aims at addressing whether NAC has a dif-
ferential effect on the progression of pulmonary fibrosis
depending on the TOLLIP gene variant. Therefore, bio-
markers associated with disease activity may be closely
related to the stratification of patients’ conditions, the
determination of the timing of intervention, the categori-
zation of specific molecular types of pulmonary fibrosis,
and the designation of future treatment regimens with
targeted therapies.

Overall, our results demonstrated that SIN inhibited
TGEF-B1/Smad3, PI3K/Akt, and NF-kB pathways to pro-
duce its therapeutic effects on PF (Fig. 9). However, con-
sidering the shortcomings of the experimental design and
the problems to be solved in the future, further studies
should be performed to assess whether SIN treatment on
TGF-B1-induced cells mediates other mechanisms, such
as the expression of autophagy-related proteins down-
stream of Akt. It is hoped that this result will help SIN to
treat patients with specific genotypes and become a pre-
cise medical method.
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Conclusion

SIN is a natural monomer used in traditional Chinese
medicine that might become an effective drug for treat-
ing PF. Indeed, our evidence revealed that SIN might rep-
resent a more effective way in the clinical treatment of
the consequences of SARS-COV-2 PF, providing ideas for
the treatment of IPF with traditional Chinese medicine.

Abbreviations

H&E Haemotoxylin and eosin stain

Akt Protein kinase B

HFL-1 human embryonic lung fibroblasts
ARDS acute respiratory distress syndrome

IL interleukin

BLM bleomycin

IPF Idiopathic pulmonary fibrosis

BCA Bicinchoninic acid

NF-kB nuclear factor kB

BALF bronchoalveolar lavage fluid

PF Pulmonary fibrosis

DAB 3,3'-Diaminobenzidine

PI3K Phosphoinositide 3-kinase

EMT epithelial-mesenchymal transition
PMSF Phenylmethanesulfony! fluoride

ECM extracellular matrix

PVDF polyvinylidene fluoride

ECL Electrochemiluminescence

SIN Sinomenine

ELISA Enzyme-linked immunosorbent assay
SARS-CoV-2  the severe acute respiratory syndrome coronavirus type 2
FMT transformation of fibroblasts into myofibroblasts

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
FBS fetal bovine serum

TNF-a tumor necrosis factor a
FDA Food and Drug Administration
TGF-B1 Transforming growth factor1

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512890-024-03050-5.

[ Supplementary Material 1 ]

Acknowledgements
Not applicable.

Author contributions

FY., MX, LD, conceived the experiments, Formal analysis, and wrote the
manuscript. XS, Y.S. and Y., performed the experiments. FY, T.Z. and C.Z.
were responsible for data extraction, Software, and visualization. G.Y. was the
guarantor of this study, have full access to the data, and are responsible for the
integrity and accuracy of data analysis. All authors had full access to the data.
All authors have read and agreed to the published version of the manuscript.

Funding

This work was supported by the Zhejiang Provincial Medical and Health
Science and Technology Plan Project (2020KY321, 2023KY346)and Shaoxing
People’s Hospital Youth Scientific Research Fund Project (2023YB28,
2023YB07).

Data availability

All data generated or analyzed in this study are included in this article. Other
data that are relevant to this article are available from the corresponding
author upon reasonable request.

Page 16 of 18

Declarations

Ethics approval and consent to participate

Experimental protocols (20237078) were approved by Shaoxing People’s
Hospital Ethics Committee and performed according to the guidelines from
the National Institutes of Health. d all the operations followed the National
Institutes of Health Guidelines for the Care and Use of Laboratory Animals and
ARRIVE Guidelines pertaining to animal experimentation.

Consent for publication
Not applicable.

Competing interests

The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential
conflict of interest.

Received: 27 October 2023 / Accepted: 7 May 2024
Published online: 10 May 2024

References

1. Carabelli AM, Peacock TP, Thorne LG, Harvey WT, Hughes J, Peacock SJ,
Barclay WS, de Silva TI, Towers GJ, Robertson DL. SARS-CoV-2 variant biology:
immune escape, transmission and fitness. Nat Rev Microbiol. 2023;21(3):162-
77. https://doi.org/10.1038/541579-022-00841-7

2. Grillo F, Barisione E, Ball L, Mastracci L, Fiocca R. Lung fibrosis: an undervalued
finding in COVID-19 pathological series. Lancet Infect Dis. 2021;21(4):e72.
https://doi.org/10.1016/51473-3099(20)30582-x

3. Ulhaq ZS, Soraya GV. Interleukin-6 as a potential biomarker of COVID-19
progression. Med et maladies Infectieuses. 2020;50(4):382-3. https://doi.
0rg/10.1016/j.medmal.2020.04.002

4. Vassiliou AG, Keskinidou C, Jahaj E, Gallos P, Dimopoulou |, Kotanidou A,
Orfanos SE. ICU admission levels of endothelial biomarkers as predictors
of mortality in critically ill COVID-19 patients. Cells. 2021;10(1). https://doi.
0rg/10.3390/cells10010186

5. Maiese A, Manetti AC, La Russa R, Di Paolo M, Turillazzi E, Frati P, Fineschi V.
Autopsy findings in COVID-19-related deaths: a literature review. Forensic Sci
Med Pathol. 2021;17(2):279-96. https://doi.org/10.1007/512024-020-00310-8

6. George PM, Patterson CM, Reed AK, Thillai M. Lung transplantation for idio-
pathic pulmonary fibrosis. Lancet Respiratory Med. 2019;7(3):271-82. https://
doi.org/10.1016/52213-2600(18)30502-2

7. Newton CA, Zhang D, Oldham JM, Kozlitina J, Ma SF, Martinez FJ, Raghu
G, Noth |, Garcia CK. Telomere length and use of immunosuppressive
medications in idiopathic pulmonary fibrosis. Am J Respir Crit Care Med.
2019;200(3):336-47. https://doi.org/10.1164/rccm.201809-16460C

8. Hewlett JC, Kropski JA, Blackwell TS. Idiopathic pulmonary fibrosis: epithelial-
mesenchymal interactions and emerging therapeutic targets. Matrix Biology:
JInt Soc Matrix Biology. 2018. https://doi.org/10.1016/j.matbio.2018.03.021.
71-72112-27.

9. XiaH, Gilbertsen A, Herrera J, Racila E, Smith K, Peterson M, Griffin T, Benyu-

mov A, Yang L, Bitterman PB, Henke CA. Calcium-binding protein S100A4

confers mesenchymal progenitor cell fibrogenicity in idiopathic pulmonary

fibrosis. J Clin Investig. 2017;127(7):2586-97. https://doi.org/10.1172/jci90832

Polimeni M, Gulino GR, Gazzano E, Kopecka J, Marucco A, Fenoglio I, Cesano

F, Campagnolo L, Magrini A, Pietroiusti A, Ghigo D, Aldieri E. Multi-walled

carbon nanotubes directly induce epithelial-mesenchymal transition in

human bronchial epithelial cells via the TGF-B-mediated Akt/GSK-3B3/SNAIL-1

signalling pathway. Part Fibre Toxicol. 2016;13(1):27. https://doi.org/10.1186/

$12989-016-0138-4

11. Ryter SW, Rosas 10, Owen CA, Martinez FJ, Choi ME, Lee CG, Elias JA, Choi
AMK. Mitochondrial dysfunction as a pathogenic mediator of Chronic
Obstructive Pulmonary Disease and Idiopathic Pulmonary Fibrosis. Annals
Am Thorac Soc. 2018;15(Suppl 4):5266-72. https://doi.org/10.1513/
AnnalsATS.201808-585MG

12. Willis BC, Liebler JM, Luby-Phelps K, Nicholson AG, Crandall ED, du Bois RM,
Borok Z. Induction of epithelial-mesenchymal transition in alveolar epithelial
cells by transforming growth factor-beta1: potential role in idiopathic pul-
monary fibrosis. Am J Pathol. 2005;166(5):1321-32. https://doi.org/10.1016/
$0002-9440(10)62351-6

=


https://doi.org/10.1186/s12890-024-03050-5
https://doi.org/10.1186/s12890-024-03050-5
https://doi.org/10.1038/s41579-022-00841-7
https://doi.org/10.1016/s1473-3099(20)30582-x
https://doi.org/10.1016/j.medmal.2020.04.002
https://doi.org/10.1016/j.medmal.2020.04.002
https://doi.org/10.3390/cells10010186
https://doi.org/10.3390/cells10010186
https://doi.org/10.1007/s12024-020-00310-8
https://doi.org/10.1016/s2213-2600(18)30502-2
https://doi.org/10.1016/s2213-2600(18)30502-2
https://doi.org/10.1164/rccm.201809-1646OC
https://doi.org/10.1016/j.matbio.2018.03.021
https://doi.org/10.1172/jci90832
https://doi.org/10.1186/s12989-016-0138-4
https://doi.org/10.1186/s12989-016-0138-4
https://doi.org/10.1513/AnnalsATS.201808-585MG
https://doi.org/10.1513/AnnalsATS.201808-585MG
https://doi.org/10.1016/s0002-9440(10)62351-6
https://doi.org/10.1016/s0002-9440(10)62351-6

Yao et al. BMC Pulmonary Medicine

20.

21

22.

23.

24.

25,

26.

27.

28.

29.

30.

(2024) 24:229

Aashaq S, Batool A, Mir SA, Beigh MA, Andrabi K, Shah ZA. TGF- signaling: a
recap of SMAD-independent and SMAD-dependent pathways. J Cell Physiol.
2022;237(1):59-85. https://doi.org/10.1002/jcp.30529

Hettiarachchi SU, Li YH, Roy J, Zhang F, Puchulu-Campanella E, Lindeman

SD, Srinivasarao M, Tsoyi K, Liang X, Ayaub EA, Nickerson-Nutter C, Rosas IO,
Low PS. Targeted inhibition of PI3 kinase/mTOR specifically in fibrotic lung
fibroblasts suppresses pulmonary fibrosis in experimental models. Sci Transl
Med. 2020;12(567). https://doi.org/10.1126/scitransimed.aay3724

Wang J, Hu K, Cai X, Yang B, He Q Wang J, Weng Q. Targeting PI3K/AKT
signaling for treatment of idiopathic pulmonary fibrosis. Acta Pharm Sinica B.
2022;12(1):18-32. https://doi.org/10.1016/j.apsb.2021.07.023

Song L, Zhang H, Hu M, Liu C, Zhao Y, Zhang S, Liu D. Sinomenine inhibits
hypoxia induced breast cancer side population cells metastasis by PI3K/Akt/
mTOR pathway. Bioorg Med Chem. 2021;31:115986. https://doi.org/10.1016/j.
bmc.2020.115986

Xu F, Li Q Wang Z, Cao X, Biomedicine. Pharmacotherapy = Biomed-

ecine Pharmacotherapie. 2019;112:108592. https://doi.org/10.1016/j.
biopha.2019.01.053

Zheng X, LiW, Xu H, LiuJ, Ren L, Yang Y, Li S, Wang J, Ji T, Du G. Sinomenine
ester derivative inhibits glioblastoma by inducing mitochondria-dependent
apoptosis and autophagy by PI3K/AKT/mTOR and AMPK/mTOR path-

way. Acta Pharm Sinica B. 2021;11(11):3465-80. https://doi.org/10.1016/j.
apsb.2021.05.027

Fan H,TuT, Zhang X, Yang Q, Liu G, Zhang T, Bao Y, Lu Y, Dong Z, Dong J, Zhao
P. Sinomenine attenuates alcohol-induced acute liver injury via inhibiting
oxidative stress, inflammation and apoptosis in mice. Food Chem Toxicology:
Int J Published Br Industrial Biol Res Association. 2022;159:112759. https://doi.
0rg/10.1016/jfct.2021.112759

Chen H,Wang Y, Jiao FZ, Yang F, Li X, Wang LW. Sinomenine attenuates
Acetaminophen-Induced Acute Liver Injury by decreasing oxidative stress
and inflammatory response via regulating TGF-B/Smad Pathway in vitro and
in vivo. Drug Des Devel Ther. 2020;14:2393-403. https://doi.org/10.2147/
dddt.5248823

Istk S, Karaman M, Micili S, Caglayan-Sézmen $, Bagriyanik HA, Arikan-Ayyildiz
Z, Uzuner N, Karaman O. Sinomenine ameliorates the airway remodelling,
apoptosis of airway epithelial cells, and Th2 immune response in a murine
model of chronic asthma. Allergol Immunopathol. 2018;46(1):67-75. https://
doi.org/10.1016/j.aller.2017.05.004

LiY, Zeng Z, LiY, Huang W, Zhou M, Zhang X, Jiang W. Angiotensin-convert-
ing enzyme inhibition attenuates lipopolysaccharide-induced lung injury

by regulating the balance between angiotensin-converting enzyme and
angiotensin-converting enzyme 2 and inhibiting mitogen-activated protein
kinase activation. Shock (Augusta Ga). 2015;43(4):395-404. https://doi.
0rg/10.1097/shk.0000000000000302

Ashcroft T, Simpson JM, Timbrell V. Simple method of estimating severity of
pulmonary fibrosis on a numerical scale. J Clin Pathol. 1988;41(4):467-70.
https://doi.org/10.1136/jcp.41.4.467

Li Q Peng W, Zhang Z, Pei X, Sun Z, Ou Y. A phycocyanin derived eicosapep-
tide attenuates lung fibrosis development. Eur J Pharmacol. 2021;908:174356.
https://doi.org/10.1016/j.ejphar2021.174356

Liu B, Li R, Zhang J, Meng C, Zhang J, Song X, Lv C. MicroRNA-708-3p as a
potential therapeutic target via the ADAM17-GATA/STAT3 axis in idiopathic
pulmonary fibrosis. Exp Mol Med. 2018;50(3):e465. https://doi.org/10.1038/
emm.2017.311

Sheng H, Lin G, Zhao S, LiW, Zhang Z, Zhang W, Yun L, Yan X, Hu H.
Antifibrotic Mechanism of Piceatannol in Bleomycin-Induced Pulmonary
Fibrosis in mice. Front Pharmacol. 2022;13:771031. https://doi.org/10.3389/
fphar.2022.771031

Andugulapati SB, Gourishetti K, Tirunavalli SK, Shaikh TB, Sistla R. Biochanin-A
ameliorates pulmonary fibrosis by suppressing the TGF-B mediated EMT,
myofibroblasts differentiation and collagen deposition in in vitro and in

vivo systems. Phytomedicine. 2020,78:153298. https://doi.org/10.1016/].
phymed.2020.153298

LiuW, Zhang Y, Zhu W, Ma C, Ruan J, Long H, Wang Y. Sinomenine inhibits
the progression of rheumatoid arthritis by regulating the secretion of
inflammatory cytokines and Monocyte/Macrophage subsets. Front Immunol.
2018,9:2228. https://doi.org/10.3389/fimmu.2018.02228

Yamasaki H. Pharmacology of sinomenine, an anti-rheumatic alkaloid from
Sinomenium Acutum. Acta Med Okayama. 1976;30(1):1-20.

Tong B, YuJ,Wang T, Dou Y, Wu X, Kong L, Dai Y, Xia Y. Sinomenine suppresses
collagen-induced arthritis by reciprocal modulation of regulatory T cells and

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Page 17 of 18

Th17 cells in gut-associated lymphoid tissues. Mol Immunol. 2015;65(1):94-
103. https://doi.org/10.1016/j.molimm.2015.01.014

Li RZ, Guan XX, Wang XR, Bao WQ, Lian LR, Choi SW, Zhang FY, Yan PY,

Leung ELH, Pan HD, Liu L. Sinomenine hydrochloride bidirectionally inhibits
progression of tumor and autoimmune diseases by regulating AMPK
pathway. Phytomedicine. 2023;114:154751. https://doi.org/10.1016/j.
phymed.2023.154751

Tzouvelekis A, Antoniou K, Kreuter M, Evison M, Blum TG, Poletti V, Grigoriu B,
Vancheri C, Spagnolo P, Karampitsakos T, Bonella F, Wells A, Raghu G, Molina-
Molina M, Culver DA, Bendstrup E, Mogulkoc N, Elia S, Cadranel J, Bouros
D.The DIAMORFOSIS (DIAgnosis and management of lung canceR and
FibrOSIS) survey: international survey and call for consensus. ERJ open Res.
2021;7(1). https://doi.org/10.1183/23120541.00529-2020

Karampitsakos T, Galaris A, Chrysikos S, Papaioannou O, Vamvakaris |, Bar-
bayianni |, Kanellopoulou P, Grammenoudi S, Anagnostopoulos N, Stratakos
G, Katsaras M, Sampsonas F, Dimakou K, Manali ED, Papiris S, Tourki B, Juan-
Guardela BM, Bakakos P, Bouros D, Herazo-Maya JD, Aidinis V, Tzouvelekis A.
Expression of PD-1/PD-L1 axis in mediastinal lymph nodes and lung tissue
of human and experimental lung fibrosis indicates a potential therapeutic
target for idiopathic pulmonary fibrosis. Respir Res. 2023;24(1):279. https://
doi.org/10.1186/512931-023-02551-x

Karampitsakos T, Spagnolo P, Mogulkoc N, Wuyts WA, Tomassetti S, Bendstrup
E, Molina-Molina M, Manali ED, Unat OS, Bonella F, Kahn N, Kolilekas L, Rosi

E, Gori L, Ravaglia C, Poletti V, Daniil Z, Prior TS, Papanikolaou IC, Aso S, Tryfon
S, Papakosta D, Tzilas V, Balestro E, Papiris S, Antoniou K, Bouros D, Wells A,
Kreuter M, Tzouvelekis A. Lung cancer in patients with idiopathic pulmonary
fibrosis: a retrospective multicentre study in Europe. Respirol (Carlton Vic).
2023;28(1):56-65. https://doi.org/10.1111/resp.14363

Khoubai FZ, Grosset CF. DUSP9, a dual-specificity phosphatase with a Key
Role in Cell Biology and Human diseases. Int J Mol Sci. 2021;22(21). https://
doi.org/10.3390/ijms222111538

Xylourgidis N, Min K, Ahangari F, Yu G, Herazo-Maya JD, Karampitsakos T,
Aidinis V, Binzenhéfer L, Bouros D, Bennett AM, Kaminski N, Tzouvelekis A.
Role of dual-specificity protein phosphatase DUSP10/MKP-5 in pulmonary
fibrosis. Am J Physiol Lung Cell Mol Physiol. 2019;317(5):L678-89. https://doi.
0rg/10.1152/ajplung.00264.2018

Pardo A, Cabrera S, Maldonado M, Selman M. Role of matrix metallopro-
teinases in the pathogenesis of idiopathic pulmonary fibrosis. Respir Res.
2016;17:23. https://doi.org/10.1186/512931-016-0343-6

Li XH, Xiao T, Yang JH, QinY, Gao JJ, Liu HJ, Zhou HG. Parthenolide attenuated
bleomycin-induced pulmonary fibrosis via the NF-kB/Snail signaling path-
way. Respir Res. 2018;19(1):111. https://doi.org/10.1186/512931-018-0806-z
Darby IA, Zakuan N, Billet F, Desmouliere A. The myofibroblast, a key cell in
normal and pathological tissue repair. Cell Mol Life Sci. 2016;73(6):1145-57.
https://doi.org/10.1007/s00018-015-2110-0

BormannT, Maus R, Stolper J, Tort Tarrés M, Brandenberger C, Wedekind

D, Jonigk D, Welte T, Gauldie J, Kolb M, Maus UA. Role of matrix metal-
loprotease-2 and MMP-9 in experimental lung fibrosis in mice. Respir Res.
2022;23(1):180. https://doi.org/10.1186/512931-022-02105-7

Houghton AM. Matrix metalloproteinases in destructive lung disease.

Matrix Biology: J Int Soc Matrix Biology. 2015;44. https://doi.org/10.1016/].
matbio.2015.02.002. 46:167 - 74.

Chapman HA. Epithelial-mesenchymal interactions in pulmonary

fibrosis. Annu Rev Physiol. 2011;73:413-35. https://doi.org/10.1146/
annurev-physiol-012110-142225

Herrera J, Henke CA, Bitterman PB. Extracellular matrix as a driver of progres-
sive fibrosis. J Clin Investig. 2018;128(1):45-53. https://doi.org/10.1172/
jci93557

Kang H. Role of MicroRNAs in TGF-B signaling pathway-mediated pulmonary
fibrosis. Int J Mol Sci. 2017;18(12). https://doi.org/10.3390/ijms 18122527

Yun SM, Kim SH, Kim EH. The molecular mechanism of transforming growth
Factor- signaling for intestinal fibrosis: a Mini-review. Front Pharmacol.
2019;10:162. https://doi.org/10.3389/fphar.2019.00162

Fang L, Chen H, Kong R, Que J. Endogenous tryptophan metabolite
5-Methoxytryptophan inhibits pulmonary fibrosis by downregulating the
TGF-B/SMAD3 and PI3K/AKT signaling pathway. Life Sci. 2020,260:118399.
https://doi.org/10.1016/.1fs.2020.118399

LuY, Zhang Y, Pan Z,Yang C, Chen L, Wang Y, Xu D, Xia H, Wang S, Chen S, Hao
YJ, Sun G. Potential therapeutic effects of Tocotrienol-Rich Fraction (TRF) and
Carotene Against Bleomycin-Induced Pulmonary fibrosis in rats via TGF-/
Smad, PI3K/Akt/mTOR and NF-kB signaling pathways. Nutrients. 2022;14(5).
https://doi.org/10.3390/nu14051094


https://doi.org/10.1002/jcp.30529
https://doi.org/10.1126/scitranslmed.aay3724
https://doi.org/10.1016/j.apsb.2021.07.023
https://doi.org/10.1016/j.bmc.2020.115986
https://doi.org/10.1016/j.bmc.2020.115986
https://doi.org/10.1016/j.biopha.2019.01.053
https://doi.org/10.1016/j.biopha.2019.01.053
https://doi.org/10.1016/j.apsb.2021.05.027
https://doi.org/10.1016/j.apsb.2021.05.027
https://doi.org/10.1016/j.fct.2021.112759
https://doi.org/10.1016/j.fct.2021.112759
https://doi.org/10.2147/dddt.S248823
https://doi.org/10.2147/dddt.S248823
https://doi.org/10.1016/j.aller.2017.05.004
https://doi.org/10.1016/j.aller.2017.05.004
https://doi.org/10.1097/shk.0000000000000302
https://doi.org/10.1097/shk.0000000000000302
https://doi.org/10.1136/jcp.41.4.467
https://doi.org/10.1016/j.ejphar.2021.174356
https://doi.org/10.1038/emm.2017.311
https://doi.org/10.1038/emm.2017.311
https://doi.org/10.3389/fphar.2022.771031
https://doi.org/10.3389/fphar.2022.771031
https://doi.org/10.1016/j.phymed.2020.153298
https://doi.org/10.1016/j.phymed.2020.153298
https://doi.org/10.3389/fimmu.2018.02228
https://doi.org/10.1016/j.molimm.2015.01.014
https://doi.org/10.1016/j.phymed.2023.154751
https://doi.org/10.1016/j.phymed.2023.154751
https://doi.org/10.1183/23120541.00529-2020
https://doi.org/10.1186/s12931-023-02551-x
https://doi.org/10.1186/s12931-023-02551-x
https://doi.org/10.1111/resp.14363
https://doi.org/10.3390/ijms222111538
https://doi.org/10.3390/ijms222111538
https://doi.org/10.1152/ajplung.00264.2018
https://doi.org/10.1152/ajplung.00264.2018
https://doi.org/10.1186/s12931-016-0343-6
https://doi.org/10.1186/s12931-018-0806-z
https://doi.org/10.1007/s00018-015-2110-0
https://doi.org/10.1186/s12931-022-02105-7
https://doi.org/10.1016/j.matbio.2015.02.002
https://doi.org/10.1016/j.matbio.2015.02.002
https://doi.org/10.1146/annurev-physiol-012110-142225
https://doi.org/10.1146/annurev-physiol-012110-142225
https://doi.org/10.1172/jci93557
https://doi.org/10.1172/jci93557
https://doi.org/10.3390/ijms18122527
https://doi.org/10.3389/fphar.2019.00162
https://doi.org/10.1016/j.lfs.2020.118399
https://doi.org/10.3390/nu14051094

Yao et al. BMC Pulmonary Medicine (2024) 24:229

48.

49.

50.

Brusselle GG, Koppelman GH. Biologic therapies for severe asthma. N Engl J
Med. 2022;386(2):157-71. https://doi.org/10.1056/NEJMra2032506

Wang M, Herbst RS, Boshoff C. Toward personalized treatment approaches
for non-small-cell lung cancer. Nat Med. 2021;27(8):1345-56. https://doi.
0rg/10.1038/541591-021-01450-2

Karampitsakos T, Juan-Guardela BM, Tzouvelekis A, Herazo-Maya JD. Preci-
sion medicine advances in idiopathic pulmonary fibrosis. EBioMedicine.
2023;95:104766. https://doi.org/10.1016/j.ebiom.2023.104766

Page 18 of 18

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1056/NEJMra2032506
https://doi.org/10.1038/s41591-021-01450-2
https://doi.org/10.1038/s41591-021-01450-2
https://doi.org/10.1016/j.ebiom.2023.104766

	﻿Sinomenine attenuates pulmonary fibrosis by downregulating TGF-β1/Smad3, PI3K/Akt and NF-κB signaling pathways
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿BLM-induced IPF mouse model
	﻿Cell culture and reagents
	﻿Determination of drug toxicity and cell proliferation rate
	﻿Wound healing assay
	﻿Detection of cytokines in bronchoalveolar lavage fluid (BALF) and serum of mice
	﻿Histology and immunohistochemistry
	﻿Determination of hydroxyproline content
	﻿Western blot analysis
	﻿RNA isolation and quantitative real-time PCR (qRT-PCR)
	﻿10. Immunofluorescence by confocal microscope
	﻿ Statistical analysis

	﻿Results
	﻿SIN reduces BLM-induced PF in mice
	﻿SIN attenuates lung tissue injury and fibrosis in a dose-dependent manner
	﻿SIN alleviates BLM-induced PF, as well as neutralizes ECM deposition and EMT
	﻿SIN regulates TGF-β1/Smad3 signaling pathway
	﻿SIN inhibits the proliferation and migration of HFL-1 and A549 cells induced by TGF-β1
	﻿SIN prevents TGF-β1-induced fibroblasts transformation into FMT and improves ECM
	﻿SIN reverses ECM and EMT induced by TGF-β1 in A549 cells
	﻿Effect of SIN on TGF-β1/Smad3, PI3K/Akt and NF-κB pathways in HFL-1 cells induced by TGF-β1

	﻿Discussion
	﻿Conclusion
	﻿References


