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a b s t r a c t

Background: Panax ginseng Meyer is a representative Chinese herbal medicine with antioxidant and
anti-inflammatory activity. 20(S)-Protopanaxadiol (PPD) has been isolated from ginseng and shown to
have promising pharmacological activities. However, effects of PDD on pulmonary fibrosis (PF) have not
been reported. We hypothesize that PDD may reverse inflammation-induced PF and be a novel thera-
peutic strategy.
Methods: Adult male C57BL/6 mice were used to establish a model of PF induced by bleomycin (BLM).
The pulmonary index was measured, and histological and immunohistochemical examinations were
made. Cell cultures of mouse alveolar epithelial cells were analyzed with Western blotting, co-
immunoprecipitation, immunofluorescence, immunohistochemistry, siRNA transfection, cellular ther-
mal shift assay and qRT-PCR.
Results: The survival rate of PPD-treated mice was higher than that of untreated BLM-challenged mice.
Expression of fibrotic hallmarks, including a-SMA, TGF-b1 and collagen I, was reduced by PPD treatment,
indicating attenuation of PF. Mice exposed to BLM had higher STING levels in lung tissue, and this was
reduced by phosphorylated AMPK after activation by PPD. The role of phosphorylated AMPK in sup-
pressing STING was confirmed in TGF-b1-incubated cells. Both in vivo and in vitro analyses indicated that
PPD treatment attenuated BLM-induced PF by modulating the AMPK/STING signaling pathway.
Conclusion: PPD ameliorated BLM-induced PF by multi-target regulation. The current study may help
develop new therapeutic strategies for preventing PF.
© 2023 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The pathogenesis of pulmonary fibrosis (PF) involves complex
interactions between multiple cell types and signaling pathways.
Damage to alveolar epithelial cells may lead to metabolic
dysfunction, aging, abnormal activation of epithelial cells and
disordered epithelial repair. Mesenchymal, immune and
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endothelial cells are modulated through a variety of signaling
mechanisms, triggering activation of fibroblasts andmyofibroblasts
[1,2]. The exact mechanism triggering PF is unclear, but oxidative
stress, procoagulant environment, inflammation and immune
mechanisms in the lung may be involved [3e8]. Therefore, the
relationship between immune function and PF diseases merits
research scrutiny.

In recent years, the influence of immunotherapy on the innate
immune system and its potential for the treatment of fibrosis has
been highlighted [9]. Stimulator of interferon genes (STING) and
the innate immune pathway are involved in antiviral defense, and
dysregulation may promote cancer or autoimmunity and auto-
inflammatory disease [10,11]. STING is thought to be related to lung
inflammation and fibrosis [12,13].

Panax ginseng extract is known to invigorate lung tissue and
delay PF progression. Jang et al [14] examined changes in
is is an open access article under the CC BY-NC-ND license (http://creativecommons.

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jwtian@cpu.edu.cn
mailto:zhangchaofeng@cpu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jgr.2023.01.002&domain=pdf
www.sciencedirect.com/science/journal/12268453
http://www.sciencedirect.com/journal/journal-of-ginseng-research
http://www.sciencedirect.com/journal/journal-of-ginseng-research
https://doi.org/10.1016/j.jgr.2023.01.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jgr.2023.01.002
https://doi.org/10.1016/j.jgr.2023.01.002


G. Ren, W. Lv, Y. Ding et al. Journal of Ginseng Research 47 (2023) 543e551
superoxide dismutase and malondialdehyde and found that intra-
gastric administration of high-dose Panax ginseng extract reduced
oxidative damage in radiation-induced PF. Renshen Pingfei
Decoction is a traditional Chinese herbal formula in which Panax
ginseng is the main drug (The ratio of Panax ginseng C.A.Mey.:
Asparagus cochinchinensis (Lour.) Merr.: Morus alba L.: Lycium chi-
nense Mill.: Glycyrrhiza uralensis Fisch.: Anemarrhena asphodeloides
Bunge: Citrus reticulata Blanco in Renshen Pingfei Decoction was
1:1:1:1:1:1:1. The herbs were decocted and concentratedwith each
milliliter containing 0.65g of crude drugs.). The formula contrib-
uted to the amelioration of PF in bleomycin (BLM)-damaged rats.
Treated lungs had lower levels of hydroxyproline, a collagen
component, indicating reduced collagen synthesis. Panax ginseng
was shown to interfere with the TGF-b1/Smad3 signaling pathway
[15]. In addition, Bai et al [16] investigated intragastric adminis-
tration of the Jinshui Huanxian formula (11 medicinal herbs,
including Ginseng Radix, Ophiopogonis Radix and Rehmanniae
Radix. All herbs werewater or ethanol extracted and dried. Each 1 g
of dry extract contains 3.13 g of raw herbs). Treatment recovered
lung function parameters, such as forced vital capacity, and lowered
levels of oxidative stress mediators by upregulating Nrf2 signaling
in PF rats, similar to the results with Renshen Pingfei Decoction.

Ginsenosides have antiviral, anti-tumor, antioxidant and
immunomodulatory pharmacological activities and are potential
therapeutic agents for organ fibrosis disease [17e19]. Recent
research has explored the role of ginseng in the treatment of
fibrotic diseases. Guan et al [20] demonstrated an inhibitory effect
of Rg1 on cigarette smoking-induced fibrosis. Rg1 inhibited the
TGF-b1/Smad pathway in pulmonary fibroblasts in vitro and in a rat
model of chronic obstructive pulmonary disease (COPD) in vivo. The
dependence of the anti-fibrotic pharmacological action of Panax
ginseng on ginsenoside content has been illustrated by many re-
ports [21]. Ginsenosides may be divided into three groups based on
chemical structure: protopanaxatriol (PPT), protopanaxadiol (PPD)
and oleanane types [22], and are hydrolyzed in the gastrointestinal
tract to form metabolites, including PPT and PPD, which are more
easily absorbed [23] and have more potent activities than the
original saponins [24e26]. Bioavailability of PPT and PPD have been
estimated to be 3.69% and 48.12%, respectively, and PPT shown to be
unstable in the stomach [27]. Therefore, the current study focused
on PPD. Previous research on the effect of ginseng components on
PF has focused on total ginsenosides [28] or ginsenoside Rg1 [29]
with little work having been done on metabolites. A mouse model
of PF induced by BLM was established, and the impact of PPD in
relieving PF progression was examined. The aim was to illuminate
the pathogenesis of PF and the anti-PF effect of protopanaxadiol.
2. Methods

2.1. Chemicals and reagents

PPD was supplied by Chengdu Biopurify Phytochemical Ltd.
(Chengdu, China) and BLM and nintedanib (NDN) by Shanghai
Yuanye Bio-Technology Co., Ltd. (Shanghai, China). All cell culture
reagents came from Biosharp Technology Inc. (Hefei, China) and
Gibco (Grand Island, NY, USA). Recombinant Mouse TGF-b1 was
supplied by Suzhou Nearshore Protein Technology Co., Ltd. (Suz-
hou, China). PCR primers for TGF-b1, COL I, a-SMA, STING, E-cad-
herin, Vimentin and b-actin were purchased from Beijing Qingke
Biological Technology Co., Ltd. (Beijing, China). Control small
interfering RNA, STING-siRNA and AMPK-siRNA were provided by
Santa Cruz Biotechnology Inc. (Dallas, Texas, U.S.A.). Antibodies
raised against Smad2, p-Smad2, AMPK, p-AMPK and TGF-b1 were
purchased fromAffinity Biosciences LTD. (Ohio, USA) and against a-
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SMA, Col I, b-actin and GAPDH from Proteintech Group Inc. (Chi-
cago, USA).

2.2. Animals

Seven-week-old male C57BL/6 mice weighing 20-22 g were
purchased from the Comparative Medicine Centre of Yangzhou
University (Yangzhou, China). Mice were acclimatized for 1 week in
an air-conditioned room with a 12 h light/12 h dark cycle at a
temperature of 22 �C ± 2 �C and humidity of 55 % ± 10 %. Care of
animals followed the recommended protocols of the General
Recommendation and Provisions of the Chinese Experimental An-
imals Administration Legislation, and ethical approval was ob-
tained from the China Pharmaceutical University (CPU2020-05-
008).

2.3. BLM-induced PF in mice

The establishment of the PF model was performed as described
previously [30]. Mice were anesthetized by intraperitoneal injec-
tion of 50 mg$kg�1 1% pentobarbital sodium and 3.5 mg$kg�1 BLM
in 50 mL saline administered intratracheally using a tracheal can-
nula. One week after BLM administration, mice were randomly
assigned to groups of equal numbers. PPD (saline suspension con-
taining 0.5% CMC-Na sodium carboxymethylcellulose) was
administered by an intragastric route for two consecutive weeks.
Lung tissues were collected for pulmonary index measurements,
histopathological examination, Western blotting and qRT-PCR
analysis. The pulmonary index is used to give an approximate
evaluation of pulmonary edema or fibrosis in experimental animals
and distinguishes between heavier fibrotic lung tissue and lighter
normal lung tissue by weight [31]. The pulmonary index formula is
as follows:

Pulmonary index ðmg = gÞ¼ lung weight ðmgÞ
body weight ðgÞ

2.4. Histopathology and immunohistochemistry analysis

Lung tissues were fixed, sliced and stained with Hematoxylin-
Eosin (H&E) and Masson's trichrome for analysis of inflammation
and lung collagen levels. Lung inflammation and fibrosis were
assessed by an experienced pathologist, referring to a semi-
quantitative histology score system [32,33]. STING expression was
determined by immunohistochemistry (IHC). Fixed tissues were
paraffin-embedded, incubated with anti-STING antibody (1:200),
and five fields were randomly selected for evaluation of staining
using an Olympus BX53 microscope at 200 � magnification.

2.5. Cell culture

Mouse alveolar epithelial cells (MLE-12, ZQ0470) were supplied
by Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China)
and cultured in Dulbecco's Modified Eagle Medium: Nutrient
Mixture F-12medium containing 10% fetal bovine serum,100 units/
mL penicillin and 10 mg$mL�1 streptomycin under a humidified 5%
CO2 atmosphere at 37 �C. MLE-12 cells between the 3rd and 5th
passages were used, and media was changed every day until 80%
confluency was reached

2.6. Immunofluorescence staining

MLE-12 cells were cultured in a 6-well cell culture plate, stim-
ulated with TGF-b1, and treated with PPD 48 h later. Treated cells
were incubated with 4% paraformaldehyde in PBS for 20 min and
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with 0.2% Triton X-100 in PBS for 10 min. Cells were blocked with
5% horse serum and 2% BSA in PBS for 1 h, incubated with primary
antibody specific for p-AMPK or STING (1:100) in 2% BSA in PBS at 4
�C overnight, and the next day Cy3 conjugated secondary antibody
(1:200) was added in the dark for 1 h. DAPI was used to stain nuclei
for 12 min, and image analysis was performed by fluorescence
microscopy (Olympus IX53).
2.7. Co-immunoprecipitation

MLE-12 cells were re-suspended in RIPA buffer plus protease
inhibitor cocktail and lysed on ice for 15 min. Lysate supernatants
were collected, and an aliquot was added to sample buffer. Target
antibody or IgG was added to remaining samples and incubated
overnight at 4 �C. 20 mL protein AþG agarosewas added to samples
and incubated at 4 �C for 4-6 h. Samples were washed with PBS, an
equal volume of loading buffer was added, and Western blotting
was performed.
Fig. 1. Effects of PPD on BLM-induced pulmonary fibrosis in mice. (A) Chemical structur
Mice were sacrificed, and lung tissue was taken on day 21 after intratracheal administration
was given for 14 consecutive days after 7 days of intratracheal BLM administration. (C) Mouse
Representative pathological lung sections (H&E and Masson's staining), scale bar ¼ 50 mm
*p < 0.05, **p < 0.01, ***p < 0.001. PPD: protopanaxadiol. NDN: nintedanib.
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2.8. Cellular thermal shift assay

MLE-12 cells were cultured in 100mm diameter dishes, pre-
pared as described previously [34], and 7 samples of 100 mL each
were taken from each group. Samples were incubated at 37, 42, 47,
52, 57, 62 and 67 �C for 3 min and then put into cold storage.
Samples were centrifuged at 12000 g at 4 �C for 10 min, superna-
tants were added to the loading buffer, and Western blotting was
performed.

2.9. siRNA transfection

MLE-12 cells were cultured on 6-well cell culture plates and
transfected with 1 pmol small interfering RNA (siRNA) -control,
siRNA STING or siRNA AMPK using Lipofectamine™3000 Reagent
(Invitrogen, USA), according to the manufacturer's instructions.
Cells were stimulated with TGF-b1 and treated with PPD for 48 h
before further analysis.
e of PPD. (B) Schematic of the experimental effect of PPD on BLM-induced PF in mice.
of 3.5 mg/kg BLM. Intragastric PPD (10 or 40 mg/kg) or NDN (40 mg/kg, positive drug)
weights during the experimental period. (D) Percent survival. (E) Pulmonary index. (F)
. (G&H) Lung inflammation and fibrosis scores. Means ± S.D. are presented (n ¼ 9).
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2.10. Total RNA isolation and qRT-PCR analysis

Total RNAwas extracted from cells and tissues using RNA-Quick
Purification Kit (YiShan Biotech, Shanghai, China), reverse tran-
scribed with HiScript® II Q RT SuperMix kit (Vazyme Biotech Co.,
Ltd, Nanjing, China) and qRT-PCR performed using ChamQ™ SYBR®
qPCRMaster Mix (Low ROX Premixed) kit (Vazyme Biotech Co., Ltd,
Nanjing, China). b-actin was used as reference gene, and data were
analyzed using the DDCt method. Primer sequences are listed in
Supplementary Table 1.

2.11. Western blotting

Cells and tissue samples were lysed using RIPA buffer (ELPIS
Biotech Inc., Dae-jeon, Korea), proteins separated by 10% SDS-PAGE,
transferred to a PVDF membrane and incubated at 4 �C with pri-
mary antibodies overnight and with secondary antibodies for 1 h.
Membranes were developed using enhanced chemiluminescence
(ECL) detection kit (Vazyme Biotech Co., Ltd, Nanjing, China).

2.12. Statistical analysis

All data are presented as mean ± S.D. Survival curves were
analyzed using Kaplan-Meier. Statistical comparisons were made
Fig. 2. The effect of PPD on TGF-b1 and AMPK signaling pathways in lung tissue of mice
Smad2 protein expression. (D-G) Col I and a-SMA protein and mRNA levels. (HeK) E-cadheri
by Western blotting and mRNA levels by qRT-PCR, and data are shown as mean ± S.D. (n ¼
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using one-way ANOVA with Tukey's multiple comparison test and
two-way ANOVA with Bonferroni's post-hoc testing. A value of
p < 0.05 was considered to indicate statistical significance.

3. Results

3.1. PPD had a therapeutic effect on PF induced by BLM.

PPD is a tetracyclic triterpenoid found in ginseng (Fig. 1A). Mice
with acute PF induced by BLM (Fig. 1B) showed significant weight
loss and reduced food and water intake. No other symptoms, such
as diarrhea, were present apart from a certain degree of dyspnea.
PPD improved weight (Fig. 1C) and reduced the pulmonary index of
mice with PF (Fig. 1E). Continuous intragastric administration of 10
or 40 mg$kg�1$day�1 PPD for 14 d improved BLM-induced PF and
reduced inflammation and collagen deposition in lung tissue
(Fig. 1FeH).

3.2. PPD regulated some classical indicators and pathways in PF
mice.

TGF-b1 mRNA and phosphorylated Smad2 protein expression
were up-regulated in PF model lung tissue relative to controls
(Fig.2A-C). COL I and a-SMA protein and mRNA levels all increased
with BLM-induced pulmonary fibrosis. (A&B) TGF-b1 protein and mRNA levels. (C) p-
n, Vimentin, p-AMPK and SIRT1 protein expression. Protein was detected in lung tissues
4). *p < 0.05, **p < 0.01, ***p < 0.001.
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(Fig.2D-G). Administration of 10 or 40 mg$kg�1 PPD down-
regulated TGF-b1, p-Smad2, COL I and a-SMA protein expression.
PPD has been suggested to inhibit the TGF-b1/Smad2 signaling
pathway and relieve BLM-induced collagen deposition in lung tis-
sue. PPD also restored abnormal E-cadherin and Vimentin expres-
sion in lung tissue caused by BLM, suggesting a favorable impact on
the epithelial-mesenchymal transition (Fig.2H&I). In addition, PPD
promoted AMPK activation and down-regulated SIRT1 protein
expression, suggesting a regulatory effect on energy metabolism
(Fig.2J&K).
Fig. 3. Regulation of STING by PPD during bleomycin-induced lung fibrogenesis in mic
STING levels by PPD from BLM-induced mice. Mice were sacrificed for lung tissue sampling
PPD (40 mg/kg) or NDN (40 mg/kg, positive drug) was given for 14 consecutive days after
Masson's staining and STING immunohistochemistry in lung pathological sections at day
inflammation and fibrosis scores at days 14 and 21 after intratracheal BLM administration. (G
after intratracheal BLM administration by qRT-PCR. (I&J) AMPK and p-AMPK expression in lu
are expressed as mean ± S.D. (n ¼ 4). *p < 0.05, **p < 0.01, ***p < 0.001.
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3.3. PPD regulated STING protein expression and AMPK
phosphorylation.

Intragastric administration of 10 or 40mg$kg�1 PPD reduced the
expression of STING protein, which has been shown to be involved
in tissue fibrosis, compared with untreated PF mice (p < 0.01,
Fig.3A). On days 14 and 21 after BLM induction, STING was highly
expressed in the lung tissue of PF mice and AMPK phosphorylation
was inhibited (Fig.3B). Increased STING expression and AMPK
inactivation correlated positively with the degree of inflammation
and fibrosis (p < 0.01, Fig. 3CeJ). In summary, PPD regulated STING
protein expression and AMPK phosphorylation after 7 d of
e. (A) Lung STING expression by Western blotting. (B) Scheme showing regulation of
on days 14 and 21 after intratracheal administration with 3.5 mg/kg BLM. Intragastric
7 days of intratracheal BLM administration. (C-D) Representative micrographs of H&E,
s 14 and 21 after intratracheal BLM administration, scale bar ¼ 50 mm. (E&F) Lung
) Lung immunohistochemical scores; (H) STING mRNA in lung tissue at days 14 and 21
ng at days 14 and 21 after intratracheal BLM administration by Western blotting. Data
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continuous administration, exerting anti-fibrotic effects compara-
ble to the drug NDN.

3.4. PPD treated PF by activating AMPK

PPD had no significant cytotoxicity on the alveolar epithelial
cell-line, MLE-12 at a concentration of 2 mM (Fig. 4A). PPD inhibited
the epithelial-mesenchymal transition of MLE-12 induced by TGF-
b1, increased E-cadherin and down-regulated vimentin expression
(Fig. 4B&C). CETSA-Wes and molecular docking experiments
showed that PPD may bind AMPK to promote its activation
(Fig. 4DeF). Immunofluorescence results showed that PPD regu-
lated expression of p-AMPK and STING in MLE-12 cells induced by
TGF-b1 (Fig. 4G&H).

3.5. PPD inhibited STING expression by activating AMPK

MLE-12 cells treated with TGF-b1 were transfected with siRNAs.
Transfection with siRNA-AMPK affected PPD regulation of E-cad-
herin and vimentin mRNA and protein levels (Fig. 5AeD). In addi-
tion, siRNA-AMPK transfection also blocked the inhibition of STING
Fig. 4. The role of AMPK during PPD regulation of TGF-b1-treated MLE-12 cells. MLE-12 cell
(0-10 mM) towards MLE-12 was determined using an MTT assay. (B&C) E-cadherin and Vim
AMPK-PPD interactions. (F) Molecular docking images of protopanaxadiol with AMPK. (G&H
mean ± S.D. (n ¼ 4). *p < 0.05, **p < 0.01, ***p < 0.001.
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mRNA and protein expression by PPD (Fig. 5E&F). AMPK activation
was shown to inhibit expression of STING protein by co-
immunoprecipitation experiments (Fig. 5G). Transfection with
siRNA-STING did not change the effect of PPD on expression of E-
cadherin and vimentin mRNA or protein (Fig. 5HeK), nor did it
affect AMPK activation (Fig. 5L). Thus, PPD may inhibit STING
expression by activating AMPK to regulate the immune function of
the body.
3.6. PPD exerted anti-PF effects by regulating AMPK/STING.

The AMPK activator, metformin, was used as a positive control
to observe differences before and after combined administration of
PPD and the AMPK inhibitor, Compound C (Fig. 6A). The STING
inhibitor, C-176, was used as a positive control to observe differ-
ences before and after the combined administration of PPD and
STING activator, CMA. PPD exerted a similar effect to that of met-
formin, and combined administration of Compound C blocked the
anti-fibrotic effect of PPD on lung tissue. Similarly, C-176 improved
BLM-induced weight loss, inflammation and fibrosis of lung tissue
and combined administration of STING activator, CMA, also blocked
s were treated with 10 ng/ml TGF-b1 or protopanaxadiol for 48 h. (A) PPD cytotoxicity
entin proteins were detected by Western blotting. (D&E) CETSA-Wes investigation of
) p-AMPK and STING protein detected by immunofluorescence. Data are presented as



Fig. 5. AMPK activation and STING involvement in the antifibrotic effects of PPD in TGF-b1-treated MLE-12 cells. (A-D) MLE-12 cells were transfected with AMPK-siRNA, and
expression of E-cadherin and Vimentin protein was detected by Western blotting. E-cadherin and Vimentin mRNA were detected by qRT-PCR. (E&F) MLE-12 cells were transfected
with siRNA-AMPK, and STING mRNA and protein levels were determined. (G) p-AMPK binding to STING in MLE-12 cells exposed to TGF-b1. (H-L) MLE-12 were transfected with
siRNA-STING and E-cadherin, Vimentin and p-AMPK protein detected by Western blotting. E-cadherin and Vimentin mRNA were detected by qRT-PCR. Data are presented as
mean ± S.D. (n ¼ 4). *p < 0.05, **p < 0.01, ***p < 0.001.
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the anti-fibrosis effect of PPD. In addition, combined administration
of Compound C blocked the inhibitory effect of PPD on STINGmRNA
production. In conclusion, PPD exerts an anti-PF effect by activating
AMPK and inhibiting STING expression.

4. Discussion

The current data have demonstrated that PPD caused phos-
phorylation and activation of AMPK to regulate STING expression
and also regulated AMPK/SIRT1 and TGF-b1/Smad2 signaling.
Numerous cytokines and chemokines involved in the adaptive
immune response were produced and protected against lung
injury, had anti-oxidant, free radical-scavenging effects, and regu-
lated MMP expression [35e37]. PPD is produced after ginsenosides
have activated the hypoglycemic metabolism of gastrointestinal
flora and ameliorated PF via multiple targets and pathways.

STING expression changed with the degree of inflammation in
PF. STING is an endoplasmic reticulum receptor able to induce
innate immune responses appropriate to the microenvironment
and cell type and to regulate immunotherapy and autoimmunity
549
[38e41]. PPD may reduce BLM-induced PF by inducing autophagy
and inhibiting cell death under conditions of endoplasmic reticu-
lum stress [42]. However, PPD did not directly suppress STING
expression but required activated AMPK to bring about this effect.
AMPK knockout affected PPD inhibition of STING, but STING
knockout did not affect PPD activation of AMPK or its therapeutic
effect on PF. High STING expression may also inhibit AMPK phos-
phorylation, aggravating PF. However, the connection between
STING and AMPK is unclear. The current data demonstrate that
AMPK activation or STING inhibition had therapeutic effects on PF
similar to those of PPD. STING activation aggravated PF, demon-
strating antagonism of PPD.

PPD alleviated PF, and CESTA experiments showed AMPK to be a
target protein which was shown to act on STING by co-
immunoprecipitation and transfection of small interfering RNA.
However, the question of how changes in STING improve PF re-
quires further in-depth study. PPD may be able to regulate mito-
chondrial energy metabolism through AMPK, inhibiting the
accumulation of reactive oxygen species to treat oxidative damage,
and may also be able to regulate intestinal flora. The impact of PPD



Fig. 6. Key roles for AMPK activation and STING inhibition in the anti-PF effect of PPD. (A) Experimental scheme showing co-treatment of BLM-induced PF mice with 40 mg/kg
PPD and 5 mg/kg Compound C (AMPK inhibitor) or 150 mg/kg CMA (STING inhibitor). Metformin (250 mg/kg) and C-176 (9 mg/kg) were used as positive drugs. (B) Weight changes
during the experimental period. (C) Percent survival. (D) Pulmonary index. (E) Representative lung pathological sections (H&E and Masson's staining), scale bar ¼ 50 mm. (F&G)
Lung inflammation and fibrosis scores. (H-J) E-cadherin, Vimentin, and STING mRNA were detected by qRT-PCR. (K&L) E-cadherin and Vimentin proteins were detected by Western
blotting (n ¼ 4). Data are expressed as mean ± S.D. (n ¼ 9). *p < 0.05, **p < 0.01, ***p < 0.001.
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on energy metabolism and immunity indicate its potential for use
as an adjuvant drug for the clinical treatment of PF. Further ex-
periments to clarify specific mechanisms are required.

In summary, PPD may prove to be a promising treatment for
human PF through its immunomodulatory effects and action on
AMPK.
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