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bleomycin-induced pulmonary
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of the PI3K/Akt/mTOR signaling
pathway
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Amifostine is a normal cell protection agent, not only used in the adjuvant therapy of lung cancer,
ovarian cancer, breast cancer, nasopharyngeal cancer, bone tumor, digestive tract tumor, blood
system tumor and other cancers in order to reduce the toxicity of chemotherapy drugs, and recent
studies have reported that the drug can also reduce lung tissue damage in patients with pulmonary
fibrosis, but its mechanism of action is not yet fully understood. In this study, we explored the
potential therapeutic effects and molecular mechanisms of AMI on bleomycin (BLM)-induced
pulmonary fibrosis in mice. A mouse model of pulmonary fibrosis was established using BLM. We
then assessed histopathological changes, inflammatory factors, oxidative indicators, apoptosis,
epithelial-mesenchymal transition, extracellular matrix changes, and levels of phosphatidylinositol
3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) signaling pathway-related proteins

in the BLM-treated mice to determine the effect of AMI treatment on these factors. BLM-treated
mice had substantial lung inflammation and abnormal extracellular matrix deposition. Overall,
treatment with AMI significantly improved BLM-induced lung injury and pulmonary fibrosis. More
specifically, AMI alleviated BLM-induced oxidative stress, inflammation, alveolar cell apoptosis,
epithelial-mesenchymal transition, and extracellular matrix deposition by regulating the PI3K/Akt/
mTOR signaling pathway. This finding that AMI can alleviate pulmonary fibrosis in a mouse model by
inhibiting activation of the PI3K/Akt/mTOR signaling pathway lays a foundation for potential future
clinical application of this agent in patients with pulmonary fibrosis.

Pulmonary fibrosis is a disease with high morbidity and mortality that is characterized by the presence of epi-
thelial cell damage, abnormal proliferation and activation of lung fibroblasts, massive collagen deposition, and
abnormal changes in the extracellular matrix (ECM)'. Although the US Food and Drug Administration (FDA)
has approved the use of pirfenidone and nintedanib for the treatment of pulmonary fibrosis, these agents have not
been found to improve the survival rate of patients or to reverse lung function. These agents have also been asso-
ciated with serious side effects®. There is therefore an urgent need for new treatments in this patient population.

As research regarding pulmonary fibrosis has advanced, our understanding of the pathogenesis of this con-
dition has improved. In patients with pulmonary fibrosis, alveolar epithelial injury leads to the activation of
various inflammatory responses and signaling pathways, resulting in increased release of profibrotic mediators
and thus leading to an imbalance between profibrotic and antifibrotic factors*=°. In particular, the differentiation
of fibroblasts to myofibroblasts is a critical step in the fibrotic process’. Research has shown that myofibroblasts
in fibrotic lung tissue exhibit a profibrotic secretory phenotype with abnormal proliferation rates and low rates
of apoptosis®, leading to increased numbers of ECM components (eg, collagen and fibronectin) and to lung
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scarring®. The EMT is a process in which the differentiated epithelial cells lose their adhesion and epithelial mark-
ers and transform into mesenchymal cells, with an increase in the ability of cell migration and invasion. This is
an important mechanism leading to pulmonary fibrosis. The epithelial-mesenchymal transition (EMT), which
is a source of myofibroblasts, is characterized by increased a-smooth muscle actin (a-SMA) and N-cadherin
expression, high proliferative rates, and decreased numbers of epithelial markers such as E-cadherin'®!!. Phos-
phatidylinositol 3-kinase (PI3K)/Akt promotes EMT and the expression of a-SMA and is therefore involved
in the pathogenesis of fibrosis'>'*. Interaction between transforming growth factor-p (TGF-p) and PI3K/Akt
also promotes the development of pulmonary fibrosis'4, and activation of PI3K/Akt also promotes activation
of downstream targets such as mammalian target of rapamycin (mTOR)'>!°. The PI3K/Akt/mTOR signaling
pathway is therefore an important target for the treatment of pulmonary fibrosis'’.

Analogues of amifostine: DRDE-30 can protect against radiomimetic and bleomycin-induced lung injury in
mice'®. Studies have shown that the amifostine analogue DRDE-30 exerts its lung protective effect by reducing
radiation-induced oxidative stress, cell death, and vascular permeability, as well as inhibiting inflammatory and
fibrotic responses in the lungs'®. Amifostine analogue DRDE-30 ameliorates bleomycin-induced lung injury
and pulmonary fibrosis by inhibiting MAPK kinase activation and inhibiting NF-kB-mediated inflammatory
response?’. Amifostine (AMI) is the first clinical radioprotectant to be approved by the FDA. Amifostine is
effective in reducing late lung toxicity in mice*** and is approved as a cytoprotective agent in radiotherapy
patients for head and neck cancers****. Amifortine can alleviate bleomycin-induced pulmonary fibrosis in rats
5, AMI has been found to reduce the incidence and severity of radiation pneumonitis?*-?%. Multiple animal and
preclinical studies have shown that AMI reduces damage to lung tissue®. Previous studies have also shown that
down-regulation of TGF-f/SMAD-2 by AMI can inhibit EMT, reduce inflammation, inhibit collagen deposition,
and delay pulmonary fibrosis*’. However, the exact protective mechanism of AMI in pulmonary fibrosis is not
fully understood. For instance, it remains unknown whether AMI inhibits pulmonary fibrosis by inhibiting the
PI3K/Akt/mTOR pathway. In this study, we sought to investigate the therapeutic effect of AMI on bleomycin
(BLM)-induced pulmonary fibrosis in mice. More specifically, we sought to elucidate the possible mechanism
of action of AMI by evaluating its effect on oxidative stress, inflammation, apoptosis, EMT, ECM, and related
signaling pathways.

Results

AMI attenuates BLM-induced lung injury and fibrosis in mice. Pulmonary fibrosis was induced in
mice through the use of BLM, which is a well-established model of pulmonary fibrosis. This model was then
used to validate the antifibrotic effect of AMI. Hematoxylin and eosin (H&E) staining showed that the alveolar
septa of mice in the control group were thinner and showed no inflammatory response, whereas the alveolar
septa of mice in the model group were thickened and infiltrated by a large number of inflammatory cells. After
AMI treatment, the infiltration of inflammatory cells in the lung tissue was reduced and the alveolar structure
was improved (Fig. 1a). When Masson staining was performed, the lung tissue of the control group demon-
strated no obvious staining, whereas the lung tissue of the model group demonstrated a large area of blue stain-
ing due to the deposition of a large number of collagen fibers in the ECM. In mice treated with AMI, the depo-
sition of collagen fibers was decreased, leading to less blue staining in lung tissue (Fig. 1b). Mice treated with
AMI also had a lower Ashcroft score than those not treated with AMI (P<0.05), and a higher dose of AMI led
to a greater decrease in Ashcroft score (Fig. 1c). The level of hydroxyproline is also commonly used to evaluate
pulmonary fibrosis. Compared with the hydroxyproline level in the control group, the level in the model group
was significantly increased (P<0.05). After administration of AMI, the level of hydroxyproline decreased in a
dose-dependent manner (P <0.05; Fig. 1d). Overall, these findings suggest that AMI can alleviate BLM-induced
lung injury and pulmonary fibrosis.

AMI alleviates oxidative stress and inflammation in BLM-induced pulmonary fibrosis. The
effect of AMI on oxidative stress was evaluated by assaying the activities of malondialdehyde (MDA), superoxide
dismutase (SOD), glutathione peroxidase (GSH-Px). MDA is one of the most important products of membrane
lipid peroxidation, which can cause damage to the membrane system and destroy its stability. The level of MDA
can therefore be used as an indicator of the degree of lipid peroxidation in tissues and organs, with a high level of
MDA regarded as one of the key indicators of oxidative stress®'. In this study, the levels of MDA in the lung tissue
of the model group and the AMI treatment groups were higher than in the lung tissue of the control group. The
MDA level in the AMI treatment group was lower than that in the model group, with a more obvious decrease
in MDA level seen in the AMI high-dose group (P<0.01; Fig. 2a). The activity of SOD and GSH-Px in the lung
tissue of mice in the model group was lower than that in the control group, and increased after treatment with
AM]I, and the degree of difference was proportional to the dose of AMI (P<0.05; Fig. 2b,c). Enzyme-linked
immunosorbent assay (ELISA) demonstrated that levels of the inflammatory factors TNF-q, IL-6, and IL-1f in
serum and bronchoalveolar lavage fluid of mice in the model group were significantly increased when compared
with the levels in the control group, but these levels were decreased after AMI treatment in a dose-dependent
fashion (P<0.05; Fig. 3a-f). These results suggest that AMI may prevent BLM-induced pulmonary fibrosis by
counteracting oxidative stress and inflammation.

AMI reduces BLM-induced apoptosis of alveolar epithelial cells. The effect of AMI on BLM-
induced apoptosis of alveolar epithelial cells was investigated by measuring the expression levels of cleaved cas-
pase-3. BAX. Bcl2 with Western blotting. Analysis of the results demonstrated that the expression level of
cleaved caspase-3 and BAX in the model group was significantly higher than in the control group, and the level
decreased after AMI treatment, again in a dose-dependent fashion; The expression level of Bcl2 in the model
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Figure 1. Protective effect of amifostine (AMI) on bleomycin (BLM)-induced pulmonary fibrosis in mice. (a)
Hematoxylin and eosin staining of lung tissue sections (magnification x 100 and x 200). (b) Masson staining
of lung tissue sections (magnification x 100 and x 200). (¢) Ashcroft score was used to determine the degree

of pulmonary fibrosis. (d) Content of hydroxyproline in lung tissue. Data are expressed as mean+SD (n=6).
#+P<0.001 versus the control group. ***P<0.001 and *P<0.05 versus the model group. **¢P<0.001 and

&P <0.05 versus the AMI 200-mg/kg group.

group was significantly lower than that in the control group, and the level increased in a dose-dependent man-
ner after AMI treatment (P <0.05; Fig. 4a,b). TUNEL staining of lung tissue also yielded consistent results. The
number of apoptotic cells in the BLM group was significantly higher than that in the control group, and the
number of apoptotic cells was significantly reduced after AMI treatment (Fig. 4c). The above results suggest that
AMI could inhibit BLM-induced alveolar cell apoptosis, which may partially explain how AMI exerts a protec-
tive effect in pulmonary fibrosis.
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Figure 2. Amifostine (AMI) alleviates oxidative stress in bleomycin (BLM)-induced pulmonary fibrosis. (a)
Lipid peroxidation malondialdehyde (MDA) levels. (b) Antioxidant enzyme superoxide dismutase (SOD) levels
(c) Glutathione peroxidase (GSH-Px) activity in lung tissue.Data are expressed as mean +SD (n=6). **P<0.01
versus the control group. *P<0.01 and *P<0.05 versus the model group. ¥¢P<0.01 and ¥P<0.05 versus the
AMI 200-mg/kg group.
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Figure 3. The levels of inflammatory factors IL-1p, IL-6, and TNF-a in the bronchoalveolar lavage fluid and
serum were determined using enzyme-linked immunosorbent assay (ELISA) (a—f). Data are expressed as
mean +SD (n=6). **P<0.01 versus the control group. **P<0.01 and *P<0.05 versus the model group. ¥P<0.01
and ¥P<0.05 versus the amifostine (AMI) 200-mg/kg group.
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Figure 4. Amifostine (AMI) reduces bleomycin (BLM)-induced apoptosis of alveolar epithelial cells. (a)
Western blot analysis was used to detect the effect of AMI on the expression of cleaved caspase-3, Bax, Bcl-2 in
lung tissue. (b) Western blot density analysis. (c) Apoptotic cells in mouse lung tissue were stained with tunel
kit and observed with fluorescence microscopy(magnification x 100 and x 200).Data are expressed as mean + SD
(n=6). *P<0.01 versus the control group. **P<0.01 and *P<0.05 versus the model group. ¥P<0.01 and
&P<0.05 versus the AMI 200-mg/kg group.

AMI reduces BLM-induced EMT and ECM changes in vivo. EMT is closely involved in the devel-
opment of pulmonary fibrosis®. In this study, we used Western blotting to verify the effect of AMI on BLM-
induced EMT. Compared with the control group, the level of the epithelial marker E-cadherin was decreased
and the level of the mesenchymal markers N-cadherin and a-SMA were increased in the model group (P<0.05;
Fig. 5a,b). AMI treatment led to increased E-cadherin and decreased a-SMA and N-cadherin, with results pro-
portional to the dose (P <0.05; Fig. 5a,b). Immunohistochemical analysis demonstrated that the level of type I
collagen was significantly higher in the model group than in the control group, and the level was significantly
lower in the AMI treatment groups than in the model group (Fig. 5¢). From these findings, it can be concluded
that AMI alleviates pulmonary fibrosis by inhibiting EMT and ECM changes.

AMI inhibits the PI3K/Akt/mTOR signaling pathway in BLM-induced pulmonary fibrosis. It
is well known that PI3K/Akt/mTOR is an important signaling pathway involved in cell growth, survival, pro-
liferation, apoptosis, protein synthesis, and other processes. PI3K signaling has been reported to be activated
in fibrotic lung disease®, with animal model studies of BLM-induced pulmonary fibrosis demonstrating that
inhibition of the activation of the PI3K/Akt/m-TOR signaling pathway can alleviate pulmonary fibrosis**>. We
explored whether the protective effect of AMI on pulmonary fibrosis can be achieved by inhibiting the PI3K/
Akt/mTOR signaling pathway. The experimental results demonstrated that the phosphorylation levels of PI3K,
Akt, and mTOR were significantly higher in the model group than in the control group (P<0.05; Fig. 6a,b). We
also found that AMI inhibited BLM-induced activation of PI3K/Akt/mTOR and reversed the elevated levels of
p-PI3K, p-Akt and p-mTOR in a dose-dependent manner (P<0.05). Meanwhile, the total expression of PI3K,
Akt, and mTOR remained unchanged. These results suggest that AMI exerts a protective effect in pulmonary
fibrosis by inhibiting the activation of PI3K/Akt/mTOR.
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Figure 5. Amifostine (AMI) reduces bleomycin (BLM)-induced epithelial-mesenchymal transition (EMT) and
extracellular matrix (ECM) changes. (a) Western blot detection results of E-cadherin, N-cadherin and a-smooth
muscle actin (a-SMA) expression in lung tissue. (b) Western blot density analysis. (c) Immunohistochemical
staining of type I collagen in lung tissue (magnification x 100 and x 200). Data are expressed as mean + SD
(n=6). *:P<0.01 versus the control group. **P<0.01 and *P<0.05 versus the model group. ¥P<0.01 and
&P<0.05 versus the AMI 200-mg/kg group.

Discussion

Pulmonary fibrosis comprises a heterogeneous group of diseases in which the lung parenchyma is gradually
replaced by fibrotic scars, progressing to organ dysfunction and ultimately death from respiratory failure®.
In this study, we investigated the efficacy and molecular mechanisms of AMI in a mouse model of pulmonary
fibrosis. Previous research has shown that down-regulation of TGF-B/SMAD-2 by AMI inhibits EMT, reduces
inflammation, and decreases collagen deposition, thus delaying pulmonary fibrosis®. The results of the current
study are consistent with this previous research, further demonstrating that AMI alleviates pulmonary fibrosis
in mice by inhibiting BLM-induced oxidative stress, inflammation, and apoptosis and by reducing EMT and
ECM aggregation through inhibition of the PI3K/Akt/mTOR signaling pathway.

The progression of pulmonary fibrosis is linked to EMT, ECM aggregation, and inflammatory damage®”*®. The
EMT plays an important role in development and wound healing; however, aberrant EMT promotes the develop-
ment of fibrosis!!. Activated fibroblasts promote myofibroblast formation, and abnormal accumulation of ECM
replaces normal lung tissue, resulting in structural destruction of the lung parenchyma®“’. Pulmonary fibrosis
is therefore characterized by decreased E-cadherin levels and increased a-SMA and N-cadherin levels*-*. Our
findings confirmed these results, and Western blotting and immunohistochemical analysis also demonstrated
that AMI significantly inhibited EMT and ECM deposition.

Early in the wound healing process, an inflammatory response is generated, with inflammatory cells infiltrat-
ing the site of tissue damage***°. Reactive oxygen species and profibrotic factors are produced by these activated
inflammatory cells, triggering fibroblast proliferation and collagen deposition*®. MDA, an activated carbon
compound, is regarded as one of the key indicators of oxidative stress*’ SOD, on the other hand, has the function
of scavenging oxygen-free radicals and is therefore used to determine the overall status of antioxidative stress.
In a previous animal model study of BLM-induced pulmonary fibrosis, the level of reactive oxygen species was
significantly increased in pulmonary fibrosis, whereas GSH activity was significantly reduced, suggesting that
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Figure 6. Amifostine (AMI) inhibits PI3K/Akt/mTOR signaling pathway in bleomycin (BLM)-induced
pulmonary fibrosis. (a) The effect of AMI on p-PI3K, p-Akt, p-mTOR, PI3K, Akt, and mTOR protein expression
in lung tissue was determined using Western blot analysis. (b) Western blot density analysis. Data are expressed
as mean+SD (n=6). **P<0.01 versus the control group. *P<0.01 and *P<0.05 versus the model group.
&&P<0.01 versus the AMI 200-mg/kg group.

GSH can also be used as an indicator of oxidative stress*’. To determine whether AMI inhibits BLM-induced
pulmonary fibrosis by scavenging free radicals, we measured the levels of MDA, SOD, and GSH-Px in lung tissue
to assess changes in BLM-induced oxidative damage. Excessive ROS induced by oxidative stress contributes to
pulmonary fibrosis by accelerating epithelial-mesenchymal transition (EMT), infiltrating of inflammatory cell
and collagen accumulation®®. We also evaluated the levels of the inflammatory cytokines TNF-a, IL-6, and IL-1p
in mouse serum and bronchoalveolar lavage fluid, similar to previous studies*>*. We found that the activity of
MDA and the levels of TNF-a, IL-6, and IL-1P were significantly decreased in the AMI treatment group, and the
activities of SOD and GSH-Px were increased in a dose-dependent manner. These results suggest that AMI may
prevent BLM-induced pulmonary fibrosis by counteracting oxidative stress and inflammation.

Oxidative stress plays another role in pulmonary fibrosis by causing activation of the PI3K/Akt pathway>'.
Previous research has shown that PI3K/Akt signaling is closely involved in pulmonary fibrosis development'®*>3,
Activation of this pathway promotes increased expression of a-SMA and EMT, accelerating fibrosis'***. The
interaction between the PI3K/Akt signaling pathway and TGF-{ has also been found to promote the occurrence
and development of pulmonary fibrosis'*. Furthermore, activation of PI3K/Akt promotes activation of the down-
stream factor mTOR, which is an autophagy regulator'>'s. PI3K/Akt/mTOR activation reduces autophagy and
increases apoptosis of alveolar epithelial cells, thus promoting pulmonary fibrosis*. In this study, we therefore
assessed the expression of PI3K/Akt/mTOR signaling pathway-related proteins in AMI-treated mice. Western
blot analysis demonstrated that the phosphorylation levels of PI3K, Akt, and mTOR in the model group were
significantly higher than in the control group; after AMI treatment, the protein contents of phosphorylated
PI3K, phosphorylated Akt, and phosphorylated mTOR were significantly decreased. This study is the first to
show that the effect of AMI in pulmonary fibrosis is at least partially achieved through inhibition of the PI3K/
Akt/mTOR signaling pathway.

Finally, the pathogenesis of various lung diseases is also closely related to apoptosis®. Repeated injury of
alveolar epithelial cells causes apoptosis, which is followed by abnormal lung repair and fibroblast activation,
leading to progressive fibrosis®”. Bcl-2 can alleviate cell apoptosis by decreasing ROS generation, while Bax can
inhibit the expression of Bcl-2 as a pro-apoptotic factor **. The pro-apoptotic Bcl-2 family members Bax can lead
to the mitochondrial membrane permeability and cytochrome c release, which all induce the caspase activation
and cell death™. Epletion of GSH results in a redox imbalance and increases caspase-3 levels®, and research has
shown that BLM-induced oxidative stress leads to direct apoptosis of alveolar epithelial cells through the activa-
tion of caspases®'. Apoptosis inhibitors are therefore widely used to treat lung injury and early fibrosis. Plataki
et al. found that Bax expression increased and Bcl-2 expression decreased in epithelial cells of patients with IPF2.

In this study, we found that the expression of caspase-3 and Bax in the model group increased, and the expres-
sion of Bcl-2 decreased, which were all reversed by AMI treatment in a dose-dependent manner,suggesting that
AMI can inhibit alveolar epithelial cell apoptosis in pulmonary fibrosis.
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A limitation of this study is that only two concentration gradients were set for AMI, and we were unable to
assess whether higher doses of AMI would produce different results. Therefore, this issue needs to be further
clarified in subsequent studies.

In conclusion, our study demonstrates that AMI alleviates pulmonary fibrosis in mice by inhibiting BLM-
induced oxidative stress, inflammation, and apoptosis and by reducing EMT and ECM aggregation through
inhibition of the PI3K/Akt/mTOR signaling pathway. These findings suggest that AMI has potential as a multi-
target agent for the treatment of pulmonary fibrosis.

Methods

Animals and experimental design.  This animal experiment was carried out in strict accordance with the
Guidelines for the Care and Use of Laboratory Animals issued by the National Institutes of Health and the regu-
lations of the Animal Ethics Experiment Committee of Guizhou Medical University (Approval number: Qian
2,101,424). This study was also carried out in compliance with the ARRIVE guidelines®. Six- to eight-week-old
male C57BL/6 ] mice were obtained from Changsha Tianqin Biotechnology (Hunan, China). (Experimental
Animal Certificate No.: SCXK (Xiang) 2019-0014). A total of 48 mice weighing between 20 and 25 g were used
in the experiments.The mice were housed under controlled temperature (22-26 °C) and a 12-h light-dark cycle.
The mice had free access to food and water. Based on the principle of random allocation, the mice were divided
into 4 groups with 12 mice in each group: a control group, a model group, a 200-mg/kg AMI group, and a 400-
mg/kg AMI group. Dose selection is based on previous studies .

Intratracheal BLM administration is as previously described®. In short, the mice were anesthetized by intra-
peritoneal injection of 1% pentobarbital sodium, and then injected BLM or normal saline into the trachea with
sterile insulin syringe. After injection, the animals were immediately upright and rotated left and right to make
the drug solution evenly distributed in the lungs.Mice in model group and AMI group were injected BLM into
trachea (5 mg/kg, MedChemExpress, HY-17565A); mice in the control group were injected with the same volume
of normal saline. The mice in the control group and model group were intraperitoneally injected 200 ul sterile
saline per day from day 2-21 after BLM injection, while the mice in the 200 mg/kg AMI group were intraperito-
neally injected with 200 mg/kg AMI (MedChemExpress, HY-B0639) every day from day 2-21 after BLM injectio,
and the mice in the 400 mg/kg AMI group were intraperitoneally injected with 400 mg/kg AMI every day from
day 2-21 after BLM injection. According to the requirements of the American Veterinary Association’s Euthana-
sia Guidelines 2020, Mice were euthanized on day 21 via an excessive intraperitoneal injection of pentobarbital
sodium, blood and bronchoalveolar lavage fluid were quickly collected, and the lungs were separated. Fix a por-
tion of lung tissue with 4% paraformaldehyde and embed in paraffin 5 um sections were used for Hematoxylin
and Eosin (HE), Masson, TUNEL and Immunohistochemical staining, and the remaining lung tissue was stored
at — 80° for subsequent experiments. Mice within each group were then analyzed in a blinded fashion.

H&E staining. Morphological changes in the lungs were assessed using H&E staining. The lung tissue was
fixed with 4% paraformaldehyde and embedded in paraffin for sectioning. Paraffin sections were then stained
with H&E to identify histopathological changes. The degree of pulmonary fibrosis was expressed using the Ash-
croft score®. To obtain this score, 30 fields of view were freely selected for each section under a microscope
(Olympus, Tokyo, Japan) so that the degree of fibrosis in H&E-stained tissue sections could be semiquantita-
tively analyzed. The degree of tissue fibrosis was given a score ranging from 0 to 8, and the mean of all visual
field scores was used as the fibrosis degree score for the sample. Three pathologists were invited to perform this
evaluation, and they were blinded to prevent observer bias. The specific criteria for scoring were as follows: 0
points, normal lung tissue; 1 point, mild fibrosis of bronchioles and alveolar walls; 3 points, moderate fibrosis
of bronchioles and alveolar walls but no obvious damage to lung tissue structure; 5 points, obvious fibrosis with
destruction of lung tissue structure and formation of fibrous strips or small fibrous nodules; 7 points, severe lung
tissue structural deformation or large-area fibrous foci; and 8 points, fibrotic lesions in the entire visual field. 2
points, microscopic appearance between 1 point Between 3 points; 4 points, microscopic appearance between 3
and 5 points; 6 points, microscopic appearance between 5 and 7 points.

Masson'’s trichrome staining. Masson’s trichrome staining evaluates pulmonary interstitial fibrosis as
previously described®. The lung tissue was isolated, embedded in paraffin, and sectioned. Sections were then
stained using Masson’s tricolor kit according to the manufacturer’s instructions (Solarbio, Beijing, China). This
allowed us to identify pathological changes in lung tissue, which were then photographed under a light micro-
scope (Olympus).

Biochemical analysis. Once the mice were anesthetized, blood was collected from the eyeball and placed
into a centrifuge tube. The tube was left at room temperature for 30 min and was then centrifuged (2500xg) at
4 °C for 10 min. After centrifugation, the supernatant was stored at — 80 °C. Bronchoalveolar lavage fluid was
collected through tracheal intubation and washed 3 times with 300 pL of normal saline each time. The recovered
lavage fluid was centrifuged (2500xg) at 4 °C for 10 min, and the supernatant was removed and stored at — 80 °C
for subsequent experiments. Serum and bronchoalveolar lavage fluid were then analyzed for TNF-a (CME0004,
Sizhengbai Biotechnology Co., Ltd., Beijing, China), IL-6 (CME0006, Sizhengbai Biotechnology Co., Ltd.), and
IL-1B (CMEO0015, Sizhengbai Biotechnology Co., Ltd.) levels using ELISA detection kits according to the manu-
facturer’s instructions. The hydroxyproline content in lung homogenates was examined using a hydroxypro-
line detection kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China) according to the manufacturer’s
protocol, and the optical density at 550 nm was determined on a spectrophotometer. In addition, lung tissue
MDA (catalog number: A003-1), superoxide dismutase (SOD, catalog number: A001-3) and glutathione peroxi-

Scientific Reports |

(2023) 13:10485 | https://doi.org/10.1038/s41598-023-34060-8 nature portfolio



www.nature.com/scientificreports/

dase (GSH-PX, catalog number: A005-1) activities were measured using the corresponding assay kits(Nanjing
Jiancheng Biotechnology Research Institute, Jiangsu, China) according to the manufacturer’s protocol.

Terminal dUTP nick-end labeling (TUNEL). In the early stage of apoptosis, nuclear DNA is fragmented,
and Tunel staining is an experimental method to identify apoptotic cells by targeting the fragmented DNA.Take
the paraffin section of lung tissue, put the section in fresh xylene for dewaxing, hydrate the section with absolute
ethanol, 90% ethanol, 70% ethanol and distilled water in turn, add proteinase K solution to incubate, and prepare
Tunel detection solution. In dark conditions, add Tunel detection solution to make the staining solution fully
cover the sample, and at the same time add a coverslip to prevent the dye solution from volatilizing, incubate
at 37 °C for 1 h for staining, wash the dye solution with PBS, and then add DAPI to stain the nucleus, and then
mount the tissue stains with an anti-fluorescence quencher. Under a fluorescence microscope, the green fluores-
cence intensity was observed and photographed.

Immunohistochemical staining. Lung tissue was embedded in paraffin blocks, sectioned, dried, depar-
affinized, hydrated, and then subjected to antigen retrieval. Lung tissue sections were incubated overnight at
4 °C with anti-collagen type I (1:100; Cell Signaling Technology, USA) primary antibody. The sections were then
washed 3 times with phosphate buffered saline, and working droplets were prepared on tissue sections using a
DAB immunohistochemical staining kit. Type I collagen expression and distribution were then observed under
a light microscope (Olympus).

Western blotting.  Western blotting was used to detect a-SMA (1:1000, Cell Signaling Technology), E-cad-
herin (1:10,000, Abcam,UK), cleaved caspase-3 (1:1000, Cell Signaling Technology), p-PI3K (1:1000, Abcam),
p-Akt (1:2000, Cell Signaling Technology), p-mTOR (1:1000, Cell Signaling Technology), PI3K (1:1000, Cell
Signaling Technology), Akt (1:1000, Cell Signaling Technology), mTOR (1:1000, Cell Signaling Technology),
and GAPDH (1:10,000, Abcam) protein levels. Using RIPA buffer (Solarbio) to add protease inhibitors (Solar-
bio) and phosphatase inhibitors (Solarbio), the lung tissue was thoroughly ground with a grinders and centri-
fuged (12,000 rpm) at 4 °C for 10 min, and the supernatant was removed for subsequent experiments. Total
protein concentration was calculated using the BCA protein detection kit (Pierce, Rockford, IL, USA). A total of
10 pg of protein was added to each channel of an SDS-polyacrylamide gel. The proteins were electrophoretically
separated into different layers and transferred to PVDF membranes (Immobilon-P, Darmstadt, Germany) using
a wet transfer system.Western blots were cut prior to hybridisation with antibodies during blotting. TBST bufter,
and incubated with primary antibody overnight at 4 °C. The primary antibody was then recovered, washed with
TBST buffer, and added with a secondary antibody (IgG, 1:5000, Cell Signaling Technology)incubated at room
temperature for 1.5 h, washed with TBST buffer, and finally developed with ECL (Thermo Fisher Scientific,
Waltham, MA, USA) exposure solution. Grayscale values were then analyzed with Image]J software.

Experiment end day. December 25, 2022

Statistical analysis. The data are presented as mean +SD. One-way ANOVA was used for comparisons
between experimental groups. For multiple testing, Bonferroni analysis was performed. P values <0.05 were
considered statistically significant.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author upon reasonable request.
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