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Pulmonary fibrosis is a progressive, irreversible, chronic interstitial lung disease
associated with high morbidity and mortality rates. Current clinical drugs, while
effective, do not reverse or cure pulmonary fibrosis and have major side effects,
there are urgent needs to develop new anti-pulmonary fibrosis medicine, and
corresponding industrially scalable process as well. Salvia castanea Diels f.
tomentosa Stib., a unique herb in Nyingchi, Xizang, China, is a variant of S.
castanea. and its main active ingredient is rosmarinic acid (RA), which can be used
to prepare methyl rosmarinate (MR) with greater drug potential. This study
presented an industrially scalable process for the preparation of MR, which
includes steps such as polyamide resin chromatography, crystallization and
esterification, using S. castanea Diels f. tomentosa Stib. as the starting material
and the structure of the product was verified by NMR technology. The anti-
pulmonary fibrosis effects of MR were further investigated in vivo and in vitro.
Results showed that this process can easily obtain high-purity RA andMR, andMR
attenuated bleomycin-induced pulmonary fibrosis in mice. In vitro, MR could
effectively inhibit TGF-β1-induced proliferation and migration of mouse
fibroblasts L929 cells, promote cell apoptosis, and decrease extracellular
matrix accumulation thereby suppressing progressive pulmonary fibrosis. The
anti-fibrosis effect of MR was stronger than that of the prodrug RA. Further study
confirmed that MR could retard pulmonary fibrosis by down-regulating the
phosphorylation of the TGF-β1/Smad and MAPK signaling pathways. These
results suggest that MR has potential therapeutic implications for pulmonary
fibrosis, and the establishment of this scalable preparation technology ensures
the development of MR as a new anti-pulmonary fibrosis medicine.
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1 Introduction

Pulmonary fibrosis is an interstitial lung disease that often
presents as a heterogeneous, chronic, progressive end-stage
development of various acute and chronic lung diseases
(Dempsey, 2006; Raghu et al., 2011; Koudstaal et al., 2023).
Idiopathic pulmonary fibrosis (IPF) is a severe form of
pulmonary fibrosis with unknown etiology. The pathogenesis of
pulmonary fibrosis is currently accepted to follow the epithelial
cell/extracellular matrix hypothesis, which suggests that repeated
and unexplained endogenous or exogenous stimuli lead to lung
epithelial cell damage that cannot be repaired by normal processes,
and fibroblasts in the ECM are activated to assume a myofibroblast
morphology and form fibroblast foci with overproduction of the
extracellular matrix (ECM) components, foveal lesions, and
fibrosis (Ley and Collard, 2013; Camelo et al., 2014; Mei et al.,
2021; Zhang et al., 2022). Pirfenidone and nintedanib have been
approved by the FDA, the European Medicine agency and more
than 75 countries, as both drugs can slow the progression of the
disease to some extent (King et al., 2014; Richeldi et al., 2014; Liu
et al., 2017; Sgalla et al., 2018; Huh et al., 2023). However, neither of
these two drugs can stop or reverse fibrosis, nor do they
significantly decrease mortality rates. Lung transplantation (George
et al., 2019) remains themainstay of treatment for pulmonary fibrosis;
however, its high surgical risk, high cost and frequency of subsequent
transplant rejection are not acceptable to the general public.
Therefore, an urgent need exists to develop new medicines for the
treatment of pulmonary fibrosis.

Rosmarinic acid (RA), which can be used for preparation of
methyl rosmarinate (MR), is a water-soluble natural phenolic
compound mainly found in various plants such as the Lamiaceae,
Lithospermum, Cucurbitaceae, Tiliaceae, and Umbelliferae families.
Salvia castanea Diels f. tomentosa Stib. is a variant of S. castanea., a
unique herb in Nyingchi, Xizang, China, used as a substitute for
Salvia miltiorrhiza Bge. in Tibet. Its main active ingredient is RA. RA
has been reported to possess potent and wide-ranging medicinal
properties, including anti-inflammatory (Chu et al., 2012; Liang
et al., 2016), antibacterial (Slobodníková et al., 2013), antiviral
(Dubois et al., 2008), antitumor (Saiko et al., 2015), antioxidant
activities (Osakabe et al., 2002; Kim et al., 2005; Cai et al., 2022), and
anti-pulmonary fibrosis activities (Bahri et al., 2017; Zhang J. et al.,
2020; Bahri et al., 2021). A related RA derivative, MR, can be
obtained by esterification of RA with methanol under the
catalysis of hydrochloric acid, is structurally similar to RA, but
differs in the esterification of the side chain carboxyl groups,
imparting a greater lipid solubility. Current activity studies on
MR have mainly demonstrated its antitumor, antibacterial,
antioxidant, anti-glycosylation, and anti-inflammatory effects (Lin
et al., 2013; So et al., 2016; Nam et al., 2019; Gul et al., 2023).
However, its anti-pulmonary fibrosis effects and mechanisms have
not been described. In this study, we investigated the anti-
pulmonary fibrosis effects of MR in terms of potential
modulation of pulmonary TGF-β1 and MAPK signaling.

TGF-β1 is known to play an important regulatory role in cell
proliferation, differentiation, phenotypic regulation, organ fibrosis,
wound healing, tumorigenesis, and metastasis. It is considered to
serve as the linchpin in the initiation and development of pulmonary
fibrosis (Djudjaj and Boor, 2019; Li et al., 2023). TGF-β1 binds to cell

membrane receptors to trigger a cascade response by activating
downstream Smad signaling and non-Smad signaling, which
mediate the development of pulmonary fibrosis (Andugulapati
et al., 2020). Therefore, targeting TGF-β-induced fibroblast
activation may be a potential approach for the treatment of IPF.

In this study, we established a scalable process for the
preparation of MR using S. castanea Diels f. tomentosa Stib. as
the starting material. Bleomycin (BLM)-treated mice and TGF-β1-
stimulated mouse fibroblast L929 cells were used to explore the
effects of MR on lung fibrosis. The experimental data showed that
MR significantly ameliorated BLM-inducedmouse lung fibrosis, and
it inhibited TGF-β1-induced L929 cells activation and collagen I and
III accumulation, MR demonstrates a stronger effect than RA in two
aspects. MR treatment also effectively inhibited the proliferation and
migration of TGF-β1-induced L929 cells and promoted their
apoptosis via TGF-β/Smad and MAPK cell pathway. Our
findings indicate that MR has the potential for development as
an anti-pulmonary fibrosis medication.

2 Materials and methods

2.1 Cell culture and treatment

The mouse fibroblast L929 cell line was obtained from the Stem
Cell Bank of the Chinese Academy of Sciences (Shanghai, China)
and cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS, Gibco, United States) and antibiotics (100 U/mL
penicillin and 100 μg/mL streptomycin) in a humidified incubator at
37°C in the present of 5% CO2. When the cells reached to
approximately 50%–70% confluence, they were treated with
different concentrations of drugs. Dimethyl sulfoxide (DMSO)
was used as a vehicle control. All cell lines were mycoplasma-free
and characterized by the Cell Bank of the Chinese Academy
of Sciences.

2.2 Reagents and antibodies

Horseradish peroxidase (HRP)-coupled goat anti-rabbit and
HRP-coupled goat anti-mouse antibodies were purchased from
Zhongshan Jinqiao Biotechnology Co. Ltd (Beijing, China); TGF-
β1 was purchased from Biolegend (United States). CCK-8 assay kit
was purchased from Nippon Tongren Institute of Chemical
Research (Japan); Annexin-V (FITC) apoptosis detection kit was
purchased from Immuno Way Biotechnology (United States); BLM
was purchased from BioChemPartner (Shanghai, China); H&E
staining kit was purchased from Koolabo Technology (Beijing,
China); Sirius red staining kit was purchased from Solarbio
(Beijing, China). The following primary antibodies were
purchased from Cell Signal Technology (United States): anti-
vimentin (#5741T), anti-snail (#3978S), anti-Smad2 (#5229T),
anti-p-Smad2 (#18338T), anti-Smad3 (#9523T), anti-p-Smad3
(#9520T), anti-ERK (#4695S), anti-JNK (#9252T), anti-p-JNK
(#4668S), anti-p38 (#9212S), and anti-p-p38 (#4511T); anti-p-
ERK (ab201015) was purchased from Abcam (United Kingdom);
anti-GAPDH (10494-1-AP) was purchased from Proteintech
(Wuhan, China).
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2.3 Preparation of methyl rosmarinate

Salvia castanea Diels f. tomentosa Stib. is rich in RA, which can
react with methanol under the catalysis of hydrochloric acid to
produce MR. A process for preparing MR using castanea Diels f.
tomentosa Stib. as the starting material is developed, which includes
steps such as polyamide resin chromatography, crystallization and
esterification. The process is as follows:

Dry roots of S. castanea Diels f. tomentosa Stib. was crushed to
the coarsest powder, then soak and extract twice at room
temperature with 50% ethanol (adjusted to pH 3 with
hydrochloric acid). The first extraction takes 4 h, with a solvent
dosage of 20 times the mass of the coarse powder, and the second
extraction takes 2 h, with a solvent dosage of 10 times. Filter and
merge the extraction solution, remove ethanol under reduced
pressure at 65°C, and then perform chromatographic separation
on it using polyamide resin as the medium. The operating load is
25 mg RA/mL medium. The elution process is as follows: first, wash
8 column volumes with 25% ethanol (adjusted to pH 3 with
hydrochloric acid), discard the effluent, then wash 6 column
volumes with 60% ethanol and collect this fraction. Concentrate
at 65°C under reduced pressure to about 50 mg RA/mL, filter while
hot, let the filtrate stand overnight at room temperature to obtain
granular crystals of RA.

Filter and collect RA crystals, and dry them under reduced
pressure at 45°C. Take 10 g and dissolve it in 250 mL absolute
methanol. Add 2.5 mL hydrochloric acid as a catalyst and react
at room temperature for 24 h. After the reaction is completed, the
reaction solution is depressurized at 45°C to remove methanol and
then dissolved in an appropriate amount of ethyl acetate and washed
three times with water. Collect ethyl acetate phase and depressurized
at 45°C to remove ethyl acetate, the final product, namely, MR, has a
purity of over 98%. During this process, HPLC is used to track and
detect RA and MR. The HPLC method is: C18 reverse phase
chromatography column, detection wavelength of 286nm, mobile
phase of 2% formic acid (A)—acetonitrile (B), gradient elution
program: 0–15 min, 10% B → 100% B; 15–20 min, 100% B;
20–25 min, 100% B → 10% B; 25–30 min, 10% B.

2.4 Structural verification of methyl
rosmarinate

The samples obtained above was dissolved in DMSO-d6 for
NMR analysis. Data obtained by Bruker Advance Nero 600.

2.5 Cell counting kit-8 (CCK-8) assay

The cytotoxicity of MR and RA on L929 cells was evaluated
using the CCK-8 assay. 100 μLL929 cells at a cell density of 1×105

cells per ml were seeded in 96-well plates and incubated overnight.
Fresh culture medium containing 0, 10, 20, 40, 80, and 160 μM MR
and RA were added to each well and cultured for an additional 48 h.
Subsequently, 10 µL CCK-8 was added to each well and incubated
for 3 h. Absorbance at 450 nm was detected using a Tecan Infinite
M200 Pro multimode microplate reader (Shanghai, China). The
IC50 (half inhibitory concentration) values were expressed as the

drug concentration that induced 50% cytotoxicity. In addition, the
effects of MR on the proliferation of TGF-β1-induced L929 cells
were detected using the CCK-8 method described above. Cells were
divided into the following groups: a negative blank control, TGF-β1
(5 ng/mL), MR (20 μM) +TGF-β1 (5 ng/mL), MR (40 μM) +TGF-β1
(5 ng/mL).

2.6 Animal model and ethics statement

Male C57BL/6 mice (6–8 weeks old) with an average weight of
20 ± 5 g were purchased from Jinan Peng Yue Company. The in
vivo experiments were approved by the Animal Experimentation
Ethics Committee of Binzhou Medical College (2023-371) and
conducted in strict accordance with the National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals.
All mice were maintained on a 12-h light/dark cycle and given ad
libitum access to food and water. One week after acclimatization,
mice were randomly divided into 5 treatment groups (n = 8):
saline, BLM, BLM + MR (20 mg/kg), BLM + RA (20 mg/kg), and
BLM + PFD (300 mg/kg). Mice were fasted for 3 h, and 5 mg/kg
BLM dissolved in saline was sprayed into the lung tissue of mice
using a Penn-Century MicroSprayer (Penn-Century, Inc.,
Pennsylvania, PA) to induce pulmonary fibrosis. The saline
group received an equal amount of saline in the same manner.
On day 3 after BLM-induced injury, MR or RA dissolved in 1%
CMC-Na solution was administered daily by gavage, as close to
1 h as possible, and continued until 28 days later. Pirfenidone was
used as a positive control. Both control and model groups
received the same dose of 1% CMC-Na solution with the same
dosing schedule and route of administration. Body weights of
mice were recorded until day 28 when they sacrificed for
subsequent experiments.

2.7 Hematoxylin-eosin (HE) and sirius
red staining

The left lung was ventilated and placed in fresh 4% neutral
paraformaldehyde buffer for 24 h at room temperature. After
paraffin embedding, 4-μm sections were prepared and stained
with H&E to observe the tissue structure. Collagen deposition
was detected by Sirius red staining. The severity of interstitial
fibrosis in each consecutive region was scored individually and
blindly according to the Ashcroft scoring system described by
Janine Schnicring et al. (Schniering et al., 2018).

2.8 Wound scratch assay

1.5 × 104 cells per well were seeded in 6-well plates and induced
with TGF-β1 (5 ng/mL). When cells grew to approximately 80%
confluence, scratches were made with a sterile 1 mL pipette tip. After
two washes with PBS to remove cell debris, cells were cultured with
fresh medium containing MR (0, 20, or 40 μM) in each well.
Photographs were taken at 0, 24 and 48 h using an inverted
microscope. Scratch area analysis was performed using ImageJ
software (National Institutes of Health, Bethesda, MA).
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2.9 Apoptosis analysis

2 × 105 L929 cells per well were seeded in 6-well plates at. After
the cells entered the logarithmic growth phase and were induced by
TGF-β1 (5 ng/mL), MR (0, 20, 40 μM) was added for 48 h. After
harvesting and washing twice with pre-cooled PBS, the cells were
stained with Annexin V-FITC/PI and protected from light for
15–20 min. Cell samples were then immediately analyzed using a
flow cytometer (BD Biosciences, Franklin Lakes, NJ, United States).

2.10 Western blotting analysis

L929 cells with good growth status were collected, induced by
TGF-β1, and then added with (20, 40 μM) MR for 48 h. Target cells
were harvested and lysed in RIPA buffer supplemented with
phosphatase inhibitors and protease inhibitors for 30 min on ice.
The supernatant was collected after centrifugation at 4°C for 15 min
at 12,000 rpm, and the protein concentration was determined using
a BCA protein analysis kit (Solarbio, Beijing, China). For the
extraction of lung tissue proteins, forceps and scissors were
cleaned with an alcohol cotton ball, approximately 25 mg of lung
tissue was cut and weighed, the tissue was ground by adding lysis
solution, and the supernatant was centrifuged to extract the proteins;
the lysis and extraction processes were carried out on ice, and the
concentration of the proteins was determined by BCA. The cell and
tissue protein extracts were subsequently separated by 10%–15%
SDS-PAGE, transferred to nitrocellulose membranes (Millipore,
Billerica, United States), blocked with 5% skim milk for 2 h, and
incubated with the appropriate primary antibodies at 4°C overnight,
followed by the incubation with the corresponding secondary
antibody at room temperature for 90 min. After adding the
electrochemiluminescence (ECL) chromogenic solution for color
development (NOVLAND, no.PWB-001S), the target genes were
detected using a Tanon 5,200 chemiluminescence imaging analysis
system (Shanghai, China). The exposure time was set to automatic
exposure. Quantitative analysis was performed using
ImageJ software.

2.11 Statistical analysis

Each experiment was performed independently and was
repeated at least three times. GraphPad Prism 5.0 software
package (Graph Pad Software, Inc., La Jolla, CA) was used for all
statistical analyses. The t-test was used for comparison between the
two groups, and the ANOVA analysis was used for the comparison
between multiple groups. Data are expressed as mean ± standard
deviation (SD), and p < 0.05 is considered statistically significant.

3 Results

3.1 Preparation and structural validation
of MR

The process of preparing MR using Salvia castanea Diels f.
tomentosa Stib. as the starting material including polyamide resin

chromatography, crystallization and esterification is shown in
Figure 1A, high purity RA and MR obtained through this process
and the consumables, equipment, technology and operating
procedures used are common in industrial processes. A
laboratory scale preparation was carried out according to this
process, and 9.1 g of light-yellow oily liquid was obtained with a
purity of 98.12% (Figure 1B). The NMR data are as follows:

1H NMR (600 MHz, DMSO) δ 9.59 (s, 1H), 9.19 (s, 1H), 8.79 (s,
2H), 7.49 (d, J = 15.9 Hz, 1H), 7.07 (d, J = 2.2 Hz, 1H), 7.03 (dd, J =
8.2, 2.1 Hz, 1H), 6.78 (d, J = 8.1 Hz, 1H), 6.67–6.63 (m, 2H), 6.51 (dd,
J = 8.0, 2.1 Hz, 1H), 6.27 (d, J = 15.9 Hz, 1H), 5.13 (dd, J = 7.7, 5.1 Hz,
1H), 3.64 (s, 3H), 3.02–2.91 (m, 2H).13C NMR (151 MHz, DMSO) δ
170.40, 166.35, 149.21, 146.82, 146.08, 145.46, 144.60, 127.10,
125.75, 122.16, 120.53, 117.14, 116.23, 115.90, 115.44, 113.31,
73.27, 52.45, 36.66.

Based on the above NMR data, it is confirmed that the
compound is MR (C19H18O8), and the structure is shown
in Figure 1C.

3.2 Anti-pulmonary fibrotic effects of MR on
TGF-β1- treated L929 cells

Mouse fibroblast L929 cell line, possesses characteristics similar
to lung fibroblasts in terms of hyperproliferation and activation, and
can be induced into myofibroblasts with TGF-β1. TGF-β1 induced
L929 cells are commonly used as the cell models of lung fibrosis
(Zhang T. et al., 2020; Li T. et al., 2022; Wang et al., 2024). The
cytotoxic effects of MR and RA were evaluated by conducting CCK-
8 assays on L929 cells exposed to different concentrations (0, 10, 20,
40, 80 and 160 μM) of MR and RA (Figure 2A). The IC50 values for
MR and RA in L929 cells were 76.27 μMand 170.7 μM. Respectively.
The anti-fibrotic effects of MR were examined by performing the
following experiments: after inducing fibrosis in L929 cells with
TGF-β1 (5 ng/mL) for 72 h, different concentrations of (0, 10, 20, or
40 μM) MR were added, and the cells were incubated for 48 h. The
expression levels of key proteins associated with lung fibrosis in
treated cells were then examined by western blotting. The expression
of collagen-Ⅰ, collagen-Ⅲ, vimentin, α-SMA, snail was significantly
increased after 72 h of TGF-β1 stimulation, and this elevated
expression was dose-dependently reversed by exposure to MR
(Figures 2B,C), indicating that MR could reduce the deposition
of ECM, thereby attenuating the development of pulmonary fibrosis.
For convenience, we chose to use 0, 20, and 40 μM as the drug
concentrations for subsequent experiments.

3.3 MR attenuated the BLM induced
pulmonary fibrosis

We investigated the in vivo effect of MR on pulmonary fibrosis
in a 28-day established model of pulmonary fibrosis in C57BL/
6 male mice by tracheal nebulization of BLM. Three days later, we
administered the MR treatment daily until the end of day 28
(Figure 3A). Monitoring the body weight changes from day
0–28 and using a small animal MicroCT imaging system revealed
that MR significantly improved body weight and reduced fibrosis in
both lungs of the treated mice (Figure 3B). H&E and Sirius Red
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staining showed distortion of the lung structure of the BLM group
compared to the untreated controls (Figures 3C,D), with evidence of
adhesion of alveolar depressions, and diffuse fibrous proliferation
accompanied by the presence of large numbers of inflammatory cell
infiltration, and deposition of copious quantities of red-stained
collage fibers. By contrast, the BLM mice treated with MR
showed significantly improved lung structure and less collagen
deposition, which were supported by the Ashcroft score results
and statistical data for collagen deposition (Figures 3E,F). Western
blot results further confirmed decreases in the levels of fibrosis-
associated proteins, such as collagen-Ⅰ and collagen- Ⅲ in the BLM
treatment group compared with the BLM group (Figures 3G,H),
suggesting that MR attenuated pulmonary fibrosis in vivo.

3.4 The antifibrotic effects are greater forMR
than for RA

Currently, the only FDA approved drugs for the treatment of
pulmonary fibrosis are pirfenidone and nintedanib (Liu et al., 2017;
Sgalla et al., 2018). We used pirfenidone as a positive control, in
addition to an RA treatment group, to confirm the better in vivo
antifibrotic effect of MR. The results of H&E and Sirius Red staining

showed significant alteration of the lung tissue morphology of the
BLM mice, as indicated by alveolar depressions and adhesions, as
well as diffuse fibroplasia accompanied by infiltration of large
numbers of inflammatory cells. By contrast, the RA-treated group
and the MR-treated group showed a clearer lung tissue texture,
narrower alveolar intervals, the presence of fewer inflammatory
cells, and a lower degree of lung fibrosis compared with the BLM
model group, and the therapeutic effect was better for MR than for
RA. The pirfenidone group showed only a small increase in the
number of inflammatory cells (Figures 4A,C). The Ashcroft scores
and statistical data on collagen deposition also supported a
reduction in lung fibrosis (Figures 4B,D). We reasoned that the
in vivo effect of MR on pulmonary fibrosis was more potent for MR
than for the prototype RA drug.

The anti-pulmonary fibrosis effects of MR and RA were also
compared and analyzed in our in vitro experimental studies on
L929 cells treated with 20 μMMR or RA. Western blotting results of
the key lung fibrosis proteins revealed significantly greater decreases
in the expression of collagen-I, vimentin, α-SMA, and snail proteins
in theMR-treated group than in the RA-treated group and untreated
controls (Figures 4E,F), suggesting that MR inhibited the expression
of key proteins of pulmonary fibrosis, exerting a stronger anti-
pulmonary fibrosis effect than was achieved with RA.

FIGURE 1
Preparing and identification of MR. (A) The process of preparing MR using castanea Diels f. tomentosa Stib. as the starting material. (B) HPLC
diagrams of RA and MR obtained by the above process. (C) The molecular structure of MR.
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3.5 MR inhibits TGF-β1-induced L929 cell
proliferation and migration

Uncontrolled cell proliferation and high cell migration are
pathogenic hallmarks of pulmonary fibrosis. Therefore, we used
CCK-8 assay to test the inhibitory effect of MR on TGF-β1-induced
proliferation and migration of L929 cells. As shown in Figure 5B,
MR, at both doses of 20 μM and 40 μM, can obviously inhibit the
proliferation of TGF-β1-induced L929 cells (Figure 5B). The rate of
cell migration, tested by scratch assay, was increased by TGF-β1
treatment but decreased by MR co-treatment, indicating that MR
inhibited induction of cell migration activity by TGF-β1
(Figures 5A,C).

3.6 MR promotes TGF-β1-induced
L929 cell apoptosis

As shown in Figure 6A, MR, at both doses of 20 μM and 40 μM,
significantly increased the apoptosis of TGF-β1-induced L929 cells
(Figure 6A). Examination of the expression of core apoptosis-related

proteins revealed significantly greater expression of Bax and cleaved
caspase 3 and 9 proteins, and reduced expression of Bcl-2 protein in
the MR-treated cells than in the untreated control cells (Figures
6B,C), confirming that MR treatment could promote apoptosis in
L929 fibroblasts through the mitochondrial pathway.

3.7 MR attenuates fibrotic response by
inhibiting the phosphorylation of TGF-β1/
smad and MAPK signaling pathways

The TGF-β1 signaling pathway significantly affects the
regulation of fibroblast activation, in which the key proteins
Smad2 and Smad3 are the main downstream regulators that
promote TGF-β1-mediated lung fibrosis (Hu et al., 2018). We
detected the effect of MR on the key proteins of TGF-β1/Smad
signaling pathway by Western blotting, and the results showed that
the ratios of p-Smad2/Smad2 and p-Smad3/Smad3 were
significantly reduced in TGF-β1-induced L929 cells treated with
MR for 48 h (Luo et al., 2021; Li Y. et al., 2022; Xiao et al., 2023)
(Figures 7A,B). TGF-β1 treatment alone also showed elevated

FIGURE 2
Anti-pulmonary fibrosis effect ofMRon TGF-β1-induced L929 cells. (A) The cytotoxicity ofMR and RA in normal L929 cells was determined using the
CCK-8 assay and IC50 values were calculated. (B) Analysis of the anti-pulmonary fibrotic effect of MR by Western blots. The expression of collagen I and
III, vimentin, α-SMA, and snail in L929 cells were examined after stimulation with TGF-β1. (C)Quantitative analysis based on the gray value of each band.
Data are expressed as mean ± SD (*p < 0.05, **p < 0.01, and ***p < 0.001).
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p-p38/p38, p-JNK/JNK, and p-ERK/ERK expression ratios and
significant reductions in these ratios after the addition of MR
(Figures 7C,D). These data suggested that MR may exert its
antifibrotic effects by inhibiting the activation of the TGF-β1/
Smad and MAPK signaling pathways.

4 Discussion

In the present study, an industrially scalable MR process using
Salvia castanea Diels f. tomentosa Stib. as the starting material has
been developed, which includes steps such as polyamide resin
chromatography, crystallization and esterification. Salvia castanea
Diels f. tomentosa Stib., a variant of Salvia castanea, is a unique
species in Xizang, China and mainly grows in Nyingchi district of
Xizang, with a storage capacity of over 5000ts (Ye et al., 2004), and
can be sustainable development and utilization through artificial
cultivation. Salvia castanea Diels f. tomentosa Stib. is used locally in
Tibet as a substitute for S. miltiorrhiza Bge. However, its main

phenolic acid component is RA, not salvianolic acid B. Due to the
catalytic effect of hydrochloric acid, RA can react with methanol to
generate MR, therefore, S. castanea Diels f. tomentosa Stib. is a
valuable and potential source of MR.

Previous studies have shown that MR has multiple biological
effects, such as anti-inflammatory, antioxidant, and anti-tumor. For
example, MR can inhibit the LPS-induced expression of pro-
inflammatory cytokines including IL-1β and IL-6, and the
production of NO via suppression of the MyD88-NF-κB
signaling pathway (So et al., 2016). MR can induce autophagy
and apoptosis in cervical cancer cells by inhibiting mTOR-S6K1
signaling (Nam et al., 2019), also can effectively inhibit ovarian
cancer cell migration and reverse cisplatin resistance by inhibiting
the expression of FOXM1 (Lim et al., 2020). MR with stronger
activity and easier oral absorption, making it more suitable for
development as an anti-pulmonary fibrosis drug than RA. In the
present study, we first investigated the antifibrotic effect of MR using
a mouse model of pulmonary fibrosis and found that, at the doses
used in these experiments, the anti-fibrotic effects of MR were

FIGURE 3
MR attenuates-the BLM-induced pulmonary fibrosis. (A) Establishment of a BLM-induced lung fibrosis mouse model. (B) MicroCT imaging shows
BLM-induced fibrotic changes in both lungs. (C,D) H&E and Sirius Red staining to reveal the histopathology of lungs. (E) Ashcroft score of fibrosis. (F)
Statistical analysis of Sirius Red staining. (G) Western blot experiments to detect the expression of fibrotic proteins in the lung tissue of MR-treated PF
mice. (H) Quantitative analysis based on the gray value of each band. Data are expressed as mean ± SD (*p < 0.05, **p < 0.01, and ***p < 0.001).
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slightly inferior to those of pirfenidone, which indicates that MR has
high scientific research value, and remains a promising clinical
prospect for treating lung fibrosis due to its unique advantages,
including its abundant natural sources.

The process of fibrosis is extremely complex and can involve
changes in a variety of components associated with lung function.
Myofibroblasts are the key effector cells responsible for the initiation
and development of pulmonary fibrosis. Upon transformation from
fibroblasts, myofibroblasts express increased levels of α-SMA,
vimentin, and snail, and promote collage-I and collagen-III
deposition (Li et al., 2018). In pulmonary fibrosis, snail is
involved in the TGF-β1-induced endothelial−mesenchymal

transition (Hashimoto et al., 2010), the promotion of epithelial
cell apoptosis and the inhibition of fibroblast and myofibroblast
apoptosis (Mo et al., 2015). Collagen I and III, which are the major
water-insoluble fibrous proteins in the body, are present in the ECM,
and their excessive deposition and abnormal degradation impede
injury healing and lead to fibrosis (Devos et al., 2023; Xu et al., 2023).
In this report, we used collagen-Ⅰ, collagen-Ⅲ, α-SMA, vimentin, and
snail as biochemical indicators to evaluate the degree of pulmonary
fibrosis. Our western blotting results confirmed that expression of all
these biochemical indicators increased in our mouse model, andMR
treatment resulted in dose-dependent reversal of these increases.
MMP-1, also known as collagenase 1 or fibroblast collagenase, can

FIGURE 4
MR has a more potent antifibrotic effect than RA. (A,C) H&E and Sirius Red staining to examine the histopathology of lungs. (B) Ashcroft score of
fibrosis. (D) Statistical analysis of Sirius Red staining. (E) Analysis of the anti-pulmonary fibrotic effect of MR and RA by Western blots. The expressions of
collagen I and III, vimentin, α-SMA, and snail were detected in TGF-β1-stimulated L929 cells. (F) Quantitative analysis based on the gray value of each
band. Data are expressed as mean ± SD (*p < 0.05, **p < 0.01, and ***p < 0.001).
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FIGURE 5
MR inhibits the proliferation and migration of L929 cells induced by TGF-β1. (A) Representative wound images of L929 cells treated with MR and
TGF-β1. Images were taken at 0, 24, and 48 h after scratching. (B) CCK-8 assay to determine the effects of different concentrations of MR on the
proliferation of L929 cells induced by TGF-β1. (C) Analysis of migrated cells. Data are expressed as mean ± SD (*p < 0.05, **p < 0.01, and ***p < 0.001).

FIGURE 6
MR promotes the apoptosis of L929 cells in the presence of TGF-β1. (A) Detection of the apoptosis rate in MR-treated of L929 cells by flow
cytometry. (B)Western blot analysis of the expression levels of apoptosis-related proteins in L929 cells 48 h after MR treatment. (C)Quantitative analysis
based on the gray value of each band. Data are expressed as mean ± SD (*p < 0.05, **p < 0.01, and ***p < 0.001).
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degrade type I-III collagens in vitro (Chuliá-Peris et al., 2022). One
previous study detected that MR could inhibit MMP-1, using a
fluorometric assay on purified enzymes in vitro, which indicates
that MR may inhibit degradation of collagen I and collagen III in
vivo (Yuan et al., 2013). However, collagen production and
degradation are two distinct processes, and although in vitro
experiments have shown that MR inhibits MMP-1 activity, our
experimental results indicate that the ability of MR to reduce
collagen synthesis is much greater than its ability to inhibit MMP-
1-mediated collagen degradation. In addition, matrix stiffening
synergizes with TGF-β1 can promote mRNA expression of both
col1a1 and mmp1 in IPF fibroblasts, and highly expressed
MMP1 mainly presents in the vicinity of alveolar epithelial cells
rather than in the interstitial space where collagen is deposited
(Chuliá-Peris et al., 2022). The exact role of MMP-1, as well as the
inhibition effect of MR on MMP-1 activity in pulmonary fibrosis
need further investigation.

Our further studies confirmed that MR could significantly
inhibit the proliferation and migration of L929 cells induced by
TGF- β1 and induce its apoptosis as well. The expression of pro-
apoptotic protein bax, cleaved-caspase 9 and cleaved-caspase
3 increased, while the expression of anti-apoptotic protein Bcl-2
was inhibited, suggesting that MR may promote apoptosis of

mitochondrial pathway by regulating the expression of apoptosis-
related proteins. Interference in or inhibition of apoptosis and the
resulting persistence of myofibroblasts are well documented to
promote the formation of fibroblast foci and the secretion of
large amounts of ECM, leading to the progressive development
of pulmonary fibrosis (Phan, 2002). Above results confirmed that
MR had anti-fibrotic effect in vitro.

Several previous sudies have confirmed TGF-β1 as a key
mediator of fibrotic changes and that TGF-β1/Smad signaling is
the main signaling pathway leading to pulmonary fibrosis (Djudjaj
and Boor, 2019). In this report, we showed significant decreases in
the phosphorylation ratio of Smad2 and Smad3 in response to MR
treatment, suggesting that MR inhibited the activation of the TGF-
β1/Smad pathway to produce its antifibrotic effect in the lung.
MAPK signaling pathway, is one important non-Smad pathways
mediated by TGF-β1 in the development of pulmonary fibrosis.
Several studies indicate that TGF-β1 markedly enhance MAPK
signaling and cause human lung fibroblasts-myofibroblasts
transformation and epithelial-mesenchymal transition (EMT) (Li
et al., 2023). Here, we proved that MR significantly decreased the
phosphorylation levels of JNK, p-38, and ERK, which indicates that
MR alleviates pulmonary fibrosis also by inhibition of the
MAPK pathway.

FIGURE 7
MR attenuates the fibrotic response by inhibiting protein phosphorylation of the TGF-β1/Smad and MAPK signaling pathway in TGF-β1-induced
L929 cells. (A)Western blot analysis of Smad2, Smad3, p-Smad2, and p-Smad3 expression levels in L929 cells 48 h after MR treatment. (C)Western blot
analysis of the expression levels of p-p38, p38, p-JNK, JNK, p-ERK, and ERK in L929 cells 48 h after MR treatment. (B,D)Quantitative analysis based on the
gray value of each band. Data are expressed as mean ± SD (*p < 0.05, **p < 0.01, and ***p < 0.001).
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In conclusion, we developed a scalable MR preparation process
using Salvia castanea Diels f. tomentosa Stib. as the starting material
and demonstrated that MR has potent antifibrotic activity in vitro
and in vivo. In addition, several previous studies investigated the
safety of MR and some compounds in which MR is one main active
ingredient, and no obvious toxicity has been found in vitro and in
vivo (Lim et al., 2014; Flores-Bocanegra et al., 2017; Giles-Rivas et al.,
2020). Therefore, MR is a candidate therapeutic compound for
pulmonary fibrosis patients, and establishment of this scalable
MR preparation technology increases its feasibility. We hope that
more research will be conducted in this field in the future to bring
new therapeutic options for patients with pulmonary fibrosis.
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