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The efficiency of rosmarinic acid (RA) in treating bleomycin (BLM)-induced pulmonary fibrosis (PF) 
was reported, but mechanisms are unclear. RA, from Herba japonica, is used for air-inflammatory 
and fibrotic diseases like PF. Its anti-inflammatory and anti-fibrotic roles remain unclear. The study 
evaluated RA’s effectiveness in treating PF and clarified therapeutic mechanisms. A mouse PF model 
was established with 5U/kg BLM. RA was given daily from Day 3 for 25 days at 20, 40, or 80 mg/kg. 
Pirfenidone (PFD) at 300 mg/kg was the positive control. RA’s efficacy was assessed using lung PET-CT 
and evaluations of pulmonary inflammation, function, and fibrosis. And 4D label-free quantitative 
proteomics analysis was used to explore mechanisms, corroborated by Western blotting, and 
immunohistochemistry. RA at 40 mg/kg showed comparable efficacy to PFD and was more effective 
than 20 mg/kg and 80 mg/kg doses in treating BLM-induced PF in mice. Proteomics and KEGG analysis 
indicated treatment of RA partially restored protein expression and activated the RAP1 signaling 
pathway, upregulating proteins like FGF1, Kit, Kras, and Src. RA significantly alleviates BLM-induced 
PF in mice, with the best results at 40 mg/kg, due to RAP1 pathway activation.
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Pulmonary fibrosis is a chronic progressive disorder of unknown etiology, characterized by patchy scarring and 
a poor prognosis1. Further investigations on the etiology of PF are needed due to the increasing prevalence of 
this disease worldwide2. The annual incidence of PF is lower in South America and East Asia (less than 4 cases 
per 100,000 persons) compared to Europe and North America (3–9 cases per 100,000 persons)3. In 2011, the 
prevalence of PF in people aged 65 years and over was 494 cases per 100,000 persons and was more common 
in men4–6. Aberrant scarring is the defining feature of PF, leading to reduced lung capacity, diminished quality 
of life, and an average survival of 3–5 years from the time of diagnosis2. Inflammation leads to repetitive loss of 
repair and regulation following lung tissue damage, fibroblast proliferation, and extracellular matrix expansion, 
all of which are known to be the primary etiological factors of PF7. Lung transplantation is the sole fully curative 
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option for PF, yet its feasibility was hindered by the lack of a reliable social support system8. Over the past 10 
years, some pharmacotherapeutic agents, such as nintedanib and pirfenidone (a tyrosine kinase inhibitor), have 
demonstrated safety and efficacy in managing PF9. However, numerous side effects are associated with their 
use10,11. Thus, it is urgent to explore novel therapeutic agents that offer improved safety and efficacy for PF 
treatment.

Some active ingredients found in Traditional Chinese Medicine, including flavone derivatives, anthraquinones, 
alkaloids, polysaccharides, and terpenoids, have shown promising anti-pulmonary fibrotic efficacy, For instance, 
icaritin, a flavone derivative, has exhibited therapeutic potential against pulmonary fibrosis (PF) by inhibiting 
myofibroblast differentiation, potentially through PPARγ12. Barbaloin, a member of the anthraquinone family, 
possesses anti-fibrosis activity through the TGF-β1/Smads/p38 pathway13. Certain alkaloids, such as picrinine 
and scholaricine, have demonstrated protective properties against bleomycin (BLM)-induced PF by reducing 
collagen deposition via the MMP-1/TGF-β pathway14. Astragalus polysaccharides exhibit characteristics of multi-
pathways and multi-targets, potentially regulating the expression of various genes, including AHSA1, CASP3, 
CDK1, CDK2, HSP90AA1, JUN, NOS2, PTGER3, RELA, SOD1, and VCAM1 during the development of PF15. As 
a terpenoid, isoandrographolide has shown an anti-PF effect in silica-induced mice by reducing tubulointerstitial 
fibrosis, attenuating inflammatory responses, and protecting against kidney injury. Isoandrographolide has also 
exerted an inhibitory effect on tubular inflammation and epitheli-almesenchymal transformation. All of these 
effects are associated with the suppression of aberrant activation of the β-catenin/GSK-3β/AKT signaling, as 
supported by evidence from both experimental validation and network pharmacology analysis16.

Rosmarinic acid (RA) is a polyphenolic compound widely found in plants of the Lamiaceae, Boraginaceae 
family. It is an active ingredient in different types of medicinal herbs, such as Rosemary Rosmarinus officinalis, 
Sage Salvia officinalis, and Lemon Balm Melissa officinalis17–19. RA possesses antioxidant, anti-inflammatory, 
anti-fibrotic, antitumor, and antimicrobial activities20–29. It exhibits superior antioxidative activity compared 
to vitamin E30. Previous clinical trials have demonstrated the efficacy of RA in treating asthma, allergies, and 
reactive airway disease20,21,24–26. In addition, the anti-fibrotic effect of RA has been observed in cardiac fibrosis31, 
liver fibrosis32, and renal interstitial fibrosis33. While several studies have explored the anti-fibrotic role of RA 
from various perspectives, both in rats and cells29,34,35, few have investigated its correlation with a mouse PF 
model, and the underlying mechanism remains unclear.

Thus, in our study, a mouse model of BLM-induced PF was constructed using the intratracheal administration 
method, followed by 25 days of oral administration of RA. The curative effect of RA was validated using 4D 
label-free quantitative proteomics analysis. According to the results, RA at 40 mg/kg showed best efficacy to 
BLM-induced PF in mice. Proteomics and KEGG analysis indicated treatment of RA partially restored protein 
expression and activated the RAP1 signaling pathway, upregulating proteins like FGF1, Kit, Kras, and Src. With 
this study, we aimed to provide solid preclinical experimental evidence for the development of this novel and 
safe pharmacotherapeutic approach for the treatment of PF.

Materials and methods
Animals
Forty-eight male C57BL/6 mice (10–12 weeks old, n = 8 in each gloup) were obtained from Master of Shanghai 
Jesjie Laboratory Animal Co., Ltd. (SCXK2018-0004, Shanghai, China) and housed in a specific pathogen-
free animal facility in accordance with the procedures approved by local ethics committee (2020-12-HSYY-
DJC-01 and IACUC-20240226-06). All animals were given ad libitum access to food and water and maintained 
at 25 ± 2 °C under a 12-hour light/dark cycle. All experimental procedures were performed following local 
animal experiments regulations. After seven days of adaptive feeding, mice were randomly assigned into six 
groups: Control (CTL), Model (BLM), BLM + RA 20 mg/kg treatment (BLM + RA&L), BLM + RA 40 mg/kg 
treatment (BLM + RA&M), BLM + RA 80 mg/kg treatment (BLM + RA&H), and BLM + pirfenidone treatment 
(BLM + PFD). The study timeline was showed in Fig. 1. The study was reported in accordance with the ARRIVE 
2.0 guidelines.

The mouse model of BLM-induced PF
BLM was obtained from Hanhui Pharmaceutical Co., Ltd. (Shanghai, China). After administering anesthesia 
with 50 mg/kg of pentobarbital sodium, the mouse model was established by intratracheal administration of 
5 U/kg BLM using a quantitative intratracheal drug delivery device (Yuyan Instruments Co., Ltd. Shanghai, 
China). Before the PF modeling of mice, the mice were fasted for 12 h. Then, 2% pentobarbital (0.15 ml / 20 g) 
are injected intraperitoneally into the mice. The depth of anesthesia was checked by pinching the toes of the mice 
with forceps. When the mice were anesthetized, the hair on the neck of the mice was removed. After disinfection 

Fig. 1.  Diagram of the experimental protocol for rescue studies to test the effects of RA on BLM-induced 
pulmonary fibrosis mice. After BLM modeling for 3 days, mice received RA (20/40/80 mg/kg/d, i.g) or PFD 
(300 mg/kg, i.g) for 25 days until day 28. 0.9% saline was intragastrical administrated for control and model 
group mice.
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with 75% alcohol, a longitudinal incision of approximately 0.5 centimeters is made on the skin of the neck with 
sterile surgical instruments, and then removed the subcutaneous tissue and exposed the trachea. After inserting 
the sterile 1-milliliter syringe needle at the upper edge of the first tracheal cartilage ring and withdrawing it, 
insert the quantitative nebulizer syringe into the needle hole on the airway for the injection of BLM (5 mg/kg) 
diluted with saline, or inject saline only. After the injection, the needle is immediately removed, the mouse is 
placed vertically and rotated for 3–4 min to ensure the uniform distribution of the drug in both lungs. After 
suturing, bandaging and cutting the neck incision, the mouse is placed on a side pad to make sure mouse regains 
consciousness and starts to act.

Treatment and euthanasia
From the third day after establishing the model, mice were administered with RA (20, 40, or 80 mg/kg, Chengdu 
Master Biotechnology Co., Ltd., China) or PFD (300 mg/kg, Med Chem Express LLC, NJ, USA) via oral gavage 
once daily for 25 days until day 28. The Model and Control groups received 0.9% normal saline daily by oral 
gavage.

At the end of the experiment, all mice were intraperitoneally injected with 2% pentobarbital (0.15 ml / 20 g) 
for anesthesia. Afterwards, the mice were euthanized by cervical dislocation.

Small-animal positron emission tomography-computed tomography (PET/CT) scanning
On Day 27, all mice underwent consecutive [18 F]-FDG-labelled small-animal PET/CT scans after intraperitoneal 
injection of 5MBq [18 F]-FDG PET/CT 60 min prior to imaging. Animals were kept under anesthesia (1.5% 
isoflurane) and positioned on a heated pad inside the Inveon MM PET scanner (Siemens, Japan). The images 
were processed and analyzed by the Inveon Research Workplace software (version 3.0; Siemens), and the mean 
standardized uptake value (SUV) for the lungs of each animal was calculated. The mean SUV was calculated as 
the ratio of MBq/mL (mean activity within each region of interest) to A0 (injected activity decay-corrected at the 
start of the PET acquisition [MBq] divided by the animal’s weight [g]).

Pulmonary function test
Mice were anesthetized with 80 mg/kg of 2% pentobarbital via intraperitoneal injection and underwent 
tracheostomy using a standard catheter as previously described36. A forced pulmonary function testing system 
(Buxco, NY, USA) with the FinePointe and FinePoint Control Panel software was used for tracheostomy. Mice 
were positioned in the supine position on the bed inside the plethysmograph, mimicking the clinical pulmonary 
test commonly conducted on humans.

Classification and counting of leukocytes in bronchoalveolar lavage fluid (BALF)
BALF was harvested via endotracheal intubation with 300 µL of ice-cold phosphate-buffered saline (PBS) 
twice and centrifuged at 4 °C for 10 min at 500 g. The supernatants were then collected for enzyme-linked 
immunosorbent assay (ELISA). After resuspended with 50 µL of PBS, total cells were counted by an automated 
hematology analyzer (Model: BC-5000Vet, Mindray, Shenzhen, China).

ELISA
Mouse blood serum samples were centrifuged at 4000 rpm at 24 °C for 30 min, and the supernatants were 
collected. The levels of IL-6, TNF-α, TGF-β1, and IL-1β in the serum and BALF samples were determined using 
ELISA kits (WellBio Technology Co., Ltd., Shanghai, China).

Histological analysis
After euthanasia, mouse lung tissues were immediately fixed in 4% paraformaldehyde and embedded in paraffin. 
Then, the blocks were sectioned at 5 μm using a microtome. Masson’s trichrome staining and hematoxylin & 
eosin (H&E) staining were performed to analyze the inflammation and collagen fiber deposition in the trachea 
and lung collagen fiber areas.

4D label-free quantitative proteomics analysis
Mouse lung tissues were lysed, and the protein was extracted using SDT buffer (pH = 7.6, 100 mM Tris-HCl, 
4% SDS). The protein concentration was quantified using BCA protein assay kit (Bio-Rad, USA). Each protein 
sample (20 µg) was mixed with 5× loading buffer and boiled for 5 min. Protein samples were separated on 
a 4–20% SDS-PAGE gel (45 min, constant voltage 180 V) and visualized by Coomassie Blue R-250 staining. 
Proteins were digested by trypsin following the filter-assisted sample preparation procedure reported by 
Matthias Mann. The resulting digestion peptides were desalted on C18 cartridges (Empore™ SPE Cartridges 
C18, volume 3 mL, standard density, bed I.D. 7 mm, Sigma-Aldrich), concentrated by vacuum centrifugation, 
and reconstituted in 40 µL of 0.1% (v/v) formic acid. A tims TOF Pro mass spectrometer (Bruker) coupled to 
Nanoelute (Bruker) was used for LC-MS/MS analysis. Peptides were applied to a C18 reversed-phase analytical 
column (Thermo Scientific Easy Column, inner diameter: 75 μm, length: 25 cm, 1.9 μm resin) in 95% buffer 
A (0.1% formic acid in water) and separated with a linear gradient of buffer B (0.1% formic acid and 99.9% 
acetonitrile) at a flow rate of 300 nL/min. The positive ion mode with an applied electrospray voltage of 1.5 kV 
was selected for mass spectrometer. Fragments and precursors were analyzed at the TOF detector over a mass 
range of m/z 100–1700. The tims TOF Pro was operated in the parallel accumulation-serial fragmentation mode 
with ion mobility coefficient (1/K0) set from 0.6 to 1.6 Vs cm2 (1 MS and 10 MS/MS parallel accumulation-serial 
fragmentation scans). The active exclusion was enabled with a release time of 24 s. Raw MS data for each sample 
were combined and searched using the MaxQuant 1.6.14 software for quantification and identification analysis. 
Gene ontology (GO) terms were mapped, and sequences were annotated using the Blast2GO software. R scripts 
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were used to plot GO annotation results. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database 
(http://geneontology.org) was used to retrieve KEGG ortholog identifications, which were then mapped to 
pathways in KEGG. The proteomics experiment was performed by Shanghai Applied Protein Technology Co., 
Ltd.

Western blotting
Frozen lung tissues were minced and lysed in RIPA buffer supplemented with a protease inhibitor cocktail, 
including phosphatase inhibitors, protease inhibitors, and phenylmethanesulfonyl fluoride. The concentration of 
total protein was quantified using BCA protein assay kit (Shanghai Wei’ao Biotech Ltd. WB0123 and WB2123). 
Subsequently, protein samples were separated by 10% SDS-PAGE (30 µg protein in each well) and transferred 
onto 0.2-µm PVDF membranes. The blots were blocked with 5% bovine serum albumin for 2 h at ambient 
temperature and then stained with anti-Src (1:1000, 320001, ZEN-BIOSCIENCE), anti-FGF1 (1:1200, R24301, 
ZEN-BIOSCIENCE), anti-Kras (1:1000, DF6324, Affinity), anti-C-kit (1:1000, 347321, ZEN-BIOSCIENCE), and 
anti-GAPDH (1:2000, WB2197, WEIAO) antibodies at 4 ℃ overnight. Subsequently, the blots were incubated 
with HRP-conjugated goat anti-rabbit antibodies (1:2000, WB2177, WEIAO) for 2 h at ambient temperature. 
The protein bands were visualized by an ECL chemiluminescence detection system and quantified by the Image 
J software.

Immunohistochemistry (IHC) staining
After dewaxing, hydration, and antigen retrieval, lung tissue sections were blocked with 3% bovine serum 
albumin and then stained with anti-Src (1:100), anti-FGF1 (1:50), anti-Kras (1:100), and anti-C-Kit (1:100) 
antibodies at 4 ℃ overnight. After three washes with PBS, the slides were incubated with a goat anti-rabbit IgG 
secondary antibody at 37 °C for 50 min. Subsequently, DAB (G1211, Servicebio, 166, China), chromogenic 
reaction, and hematoxylin counterstaining were performed. Lastly, the slides were mounted with coverslips and 
examined under a light microscope (100×). The Image Pro Plus 6.0 software was used to measure and analyze 
five views on each slide.

Molecular docking simulation
To validate compound-target associations, we used the AutoDock software (version 4.2) to run molecular 
docking program37. The 3D structure files of key target proteins were retrieved from RCSB PDB ​(​​​h​t​t​p​s​:​/​/​w​w​
w​.​r​c​s​b​.​o​r​g​​​​​)​. The 3D structure files of compounds were obtained from PubChem ​(​​​h​t​t​p​s​:​/​/​p​u​b​c​h​e​m​.​n​c​b​i​.​n​l​m​.​
n​i​h​.​g​o​v​​​​​)​. The AutoDock platform was then used for molecular docking verification. Binding energy less than 
“−5” indicated a good binding interaction between the compound and the target38. The binding site and ligand 
docking were visualized and analyzed using PyMOL and Auto-Dock Vina39.

Statistical analysis
The GraphPad Prism (8.0) software was used for statistical analysis of the experimental data. All results were 
presented as mean ± standard deviation (SD). The homogeneity of variance test and normality test were 
performed on measurement data. One-way ANOVA was used to compare data that were consistent with 
homogeneity of variance and normal distribution. Tukey test was used for pairwise comparisons among multiple 
groups. A significance level of p < 0.05 was considered statistically significant. #p < 0.05, ##p < 0.05, ###p < 0.005, 
####p < 0.001 vs. Control group; *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 vs. BLM group.

Results
RA alleviates BLM-induced PF in mice
Compared to the Control group, the lung CT scans of BLM-treated mice exhibited extensive patchy fibrous cords 
and even areas of consolidation on Day 17. The patchy and fibrous cord shadows were markedly decreased, and 
the degree of fibrosis was decreased in the axial and coronal planes of both the BLM + RA and PFD groups (Fig. 
2A and C). Compared with the Control group, the reduced aeration caused by BLM was significantly reversed by 
both RA and PFD, especially by RA at a dose of 40 mg/kg, but not in the BLM + RA (10 mg/kg) group (Fig. 2E). 
The results of PET/CT scans demonstrated that the18 F-FDG uptake in the lung tissues of the BLM group was 
significantly higher than that in control animals, while RA treatment notably decreased the18 F-FDG uptake in 
the lungs. The average SUV of the BLM group was significantly increased in comparison with the Control group, 
while RA treatment decreased this value in model mice (Fig. 2B and D, and 2F).

RA alleviates lung function damage induced by BLM
Body weight was recorded every seven days until the mice were euthanized. As results shown in Fig. 3A, mice 
exhibited a significant loss of body weight after the instillation of BLM. However, RA or PFD treatment reversed 
the weight loss of mice after 25 days of treatment. The pulmonary function test on Day 28 showed that the 
FVC, Cchord, PEF, VC, IC, and MMEF of the BLM group were significantly decreased in comparison with the 
controls. Treatment with RA and PFD resulted in a notable increase in the above six indicators (Fig. 3B-G).

RA attenuated BLM-induced pulmonary inflammation
Inflammatory cell counting and ELISA were performed to evaluate the anti-inflammatory effect of RA. 
Significant infiltration of inflammatory cells was observed in the lungs of BLM-treated mice, including 
neutrophils, lymphocytes, monocytes, eosinophils, and basophils (p < 0.001, Fig. 4A-F). Both RA and PFD 
treatments significantly reduced cell populations, especially at the 30 mg/kg dosage of RA. In addition, the levels 
of inflammatory cytokines (i.e., TGF-β1, IL-1β, TNF-α, and IL-6) in BALF were significantly increased in the 
BLM group as compared to the controls. After treatment with RA or PFD, the levels of inflammatory cytokines 
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were markedly decreased in model animals (Fig. 4G-J). Similar results were in observed in serum inflammatory 
cytokines (i.e., TGF-β1, IL-1β, TNF-α, and IL-6) after RA or PFD treatment (Fig. 4K-N). These findings suggest 
that RA may attenuate BLM-induced lung inflammation.

RA alleviates BLM-induced pulmonary fibrosis in mice
To assess the anti-fibrotic and anti-inflammatory effects of RA on BLM-induced PF, we analyzed mouse’s 
lung tissue sections using Masson’s trichrome staining and H&E staining (Fig. 5). Similar to PFD treatment, 
RA effectively reversed BLM-induced collagen deposition and inflammatory cell infiltration, not only in the 
interstitial and airway circumambient areas but also in the vessels, as compared to the controls (Fig. 5A). 
Treatment with PFD or RA at a dosage of 40 or 80 mg/kg resulted in a remarkable reduction in the overall 
inflammation score and collagen fiber area compared with those treated with saline. However, mice treated with 
RA at 20 mg/kg did not show the same level of improvement (Fig. 5B-C), as low dosage might not have been 
sufficient to achieve the desired therapeutic effect.

Differentially expressed proteins (DEPs) identified by 4D label-free quantitative proteomic 
analysis
To investigate the therapeutic mechanism of RA on BLM-induced PF, we extracted the proteins from lung 
tissues of the Control, BLM, and BLM + RA&M groups. After the proteomics quality control analysis of the 
extracted proteins (Figure S1 & Figure S2), we conducted 4D label-free quantitative proteomics analysis of 
the Control, BLM, and BLM + RA&M groups. Principal component analysis showed a distinct separation 
of the BLM group from the Control group, while RA&M treatment partially reversed this separation (Fig. 
6A). To identify DEPs between the three groups, we used fold change and p-value (T-test) as the criteria to 
create a volcano map. Significantly downregulated proteins were marked in blue (p < 0.05 and FC < 0.5), while 
significantly upregulated proteins were shown in red (p < 0.05 and FC > 2.0). Unaltered proteins were presented 
in grey (Fig. 6B-C). Proteomics analysis demonstrated that BLM induction significantly upregulated 418 proteins 
and downregulated 352 proteins in comparison with the Control group (Fig. 6D). RA&M treatment, however, 
reversed the expression of 459 proteins compared to the BLM (Model) group, with 252 upregulated proteins 

Fig. 2.  RA alleviates BLM-induced pulmonary fibrosis in mice evaluated via PET/CT. A Representative CT 
images of the horizontal plane. B Representative PET/CT images of the horizontal plane. C Representative 
CT images of the coronal plane. D Representative PET/CT images of the coronal plane. E Mean lung density 
of Control, BLM, BLM + RA(20/40/80 mg/kg), BLM + PFD groups. F Lung SUV mean of Control, BLM, 
BLM + RA (20/40/80 mg/kg), BLM + PFD groups. Data were represented as mean ± SD. n = 4 mice/group, #### 
p < 0.001 vs. Control group, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 vs. BLM group.
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and 217 downregulated proteins (Fig. 6E). The heat map displays 459 overlapping DEPs directly regulated by 
RA (Fig. 6F).

Bioinformatics analysis of DEPs regulated by RA in BLM-induced PF model
Based on the 469 DEPs (Supplementary materials, Table S1), GO and KEGG pathway enrichment analyses were 
performed. The top 20 GO terms suggested that the molecular function cellular component, and biological 
process of DEPs were mainly related to cell function, cell biological adhesion, and cell membrane (Fig. 7A). 
Pathway enrichment analysis identified 20 enriched pathways, including the N-glycan biosynthesis, tight 
junction, and RAP1 signaling pathways between the BLM + RA&M and BLM groups (Fig. 7B). Subsequently, 
we examined the proteins involved in the KEGG pathway at level 2, and the results showed that RAP1 may be 
the primary signaling pathway regulated by RA (Fig. 7C). The protein-protein interaction network (Fig. 7D) 
and heatmap (Fig. 7E) display the 22 most enriched proteins in the RAP1 signaling pathway among the Control, 
BLM, and BLM + RA&M groups. We further focused on four DEPs related to cell adhesion and proliferation, 
including FGF1, Kit, Kras, and Src (Fig. 7F). The data of Rap1 signaling pathway (map04015) was from KEGG 
(Kyoto Encyclopedia of Genes and Genomes)40. They have exhibited potential regulatory effects on actin 
cytoskeleton, focal adhesion, proliferation survival gene activation, cell adhesion, migration, and polarity. Based 
on these findings, we hypothesized that FGF1, c-Kit, Kras, and Src could serve as therapeutic targets of RA 
in the treatment of PF (Table 1).And the molecular docking analysis revealed that RA&M exhibited favorable 

Fig. 3.  RA alleviates lung function damage induced by BLM. A Body weight changes were recorded. B–G 
Pulmonary function tests (FVC, Cchord, PEF, VC, IC, and MMEF) were measured. Data were represented as 
mean ± SD. n = 4 mice/group, #### p < 0.001 vs. Control group, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 
vs. BLM group.
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compound-target interactions with FGF1, c-Kit, Kras, and Src, with binding energy less than − 5.0 kcal/mol (Fig. 
8). Besides, the results of molecular dynamics simulation showed that the structures of the complexes formed by 
the 4 proteins (c-Kit, Src, FGF1, Kras) with RA change stably over 0-100 nanoseconds (Figure S3 & Figure S4).

RA reversed the downregulation of FGF1, c-Kit, Kras, and Src in mouse lung tissues possibly 
by activating the RAP1 signaling pathway
To provide further insights into the results of proteomics analysis, we performed Western blotting and IHC 
staining to examine the protein expression levels of key DEPs (FGF1, c-Kit, Kras, and Src, Fig. 9A-E). Consistently, 
the protein levels of FGF1, c-Kit, Kras, and Src were significantly decreased in the BLM group compared with the 
controls (all p < 0.05), while RA&M treatment reversed these changes (all p < 0.05) (Fig. 9A-E). IHC staining also 
confirmed the expression trends of these proteins (Fig. 9F-J). Collectively, these findings indicate that activation 
of the RAP1 signaling pathway by RA plays an important role in alleviating BLM-induced PF.

Fig. 4.  RA restored lung inflammatory response induced by BLM. A–F Inflammatory cells count (neutrophils, 
lymphocytes, monocytes, eosinophils, and basophils) in bronchoalveolar lavage fluid (BALF). G–J Pro-
inflammatory cytokines (IL-1β、IL-6、TNF-α, TGF-β1) in bronchoalveolar lavage fluid (BALF). K–N Pro-
inflammatory cytokines (IL-1β、IL-6、TNF-α, TGF-β1) in serum. Data were represented as mean ± SD. n = 4 
mice/group, #### p < 0.001 vs. Control group, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 vs. BLM group.
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Discussion
PF is a life-threatening disease with patients typically surviving only 3–5 years after diagnosis. The exact cause of 
PF remains unclear, and current pharmacotherapy options have proven to be ineffective. A series of pathological 
changes related to PF, such as early and recurrent inflammation, oxidative stress, fibroblast proliferation, 
extracellular matrix expansion, myofibroblast proliferation, and fibrosis, all of which require more effective and 
novel treatment approaches41. In the present work, we used a mouse model of BLM-induced PF to evaluate 
the therapeutic potential of RA and explored the underlying mechanisms using 4D label-free quantitative 
proteomics. Our research firstly demonstrated how RA functions as an anti-inflammatory and anti-fibrotic 
agent in the treatment of PF.

BLM was initially discovered in 1962 and first reported in 196642. It is a chemotherapeutic agent widely used 
to treat various neoplastic diseases, such as lymphoma, ovarian cancer, testicular cancer, head and neck squamous 
cell carcinoma, and malignant pleural effusion. One of the most serious side effects of BLM in clinical use is lung 
toxicity. Previous studies have extensively investigated the development and progression of PF by revealing the 
mechanisms of BLT. At present, BLM administration has become the most widely used method to establish PF 
in experimental animals43. Here, we constructed a mouse model of BLM-induced PF. Three days later, mice were 
treated with RA at three dosages or PFD for 25 days. The results demonstrated that RA significantly improved 
lung function, reduced body weight loss, and exhibited an anti-inflammatory effect, as evidenced by reduced cell 
counts in both serum and BALF samples and decreased inflammation scores in H&E staining (Figs. 2, 3, 4 and 
5). Proinflammatory cytokines, such as IL-1β, TNF-α, and IL-6 play a pivotal role in fibrogenesis by regulating 
immune cell recruitment, fibroblast activation, and the expression of TGF-β1, a key profibrotic cytokine44. In 
our study, RA not only alleviated immune cell accumulation in lung tissues but also decreased the levels of 
these cytokines, suggesting its potential as a novel drug for PF treatment. To further elucidate the underlying 
mechanisms and potential targets of RA, we performed 4D label-free quantitative proteomics analysis. A total 
of 770 proteins were quantified when comparing healthy and pulmonary fibrotic mice, while 669 DEPs were 

Fig. 5.  RA alleviated BLM-induced pulmonary fibrosis in mice evaluated via H&E and Masson`s trichrome 
staining. A The representative images of H&E and Masson staining in six groups with 100x. B Quantitative 
inflammatory score of H&E staining. C Quantitative results of collagen fiber area in Masson staining. 
Data were represent as mean ± SD. n = 4 mice/group, #### p < 0.001 vs. Control group, *p < 0.05, **p < 0.01, 
***p < 0.005, ****p < 0.001 vs. BLM group.
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identified in RA&M-treated mice. Notably, 469 DEPs overlapped when comparing the three groups (Fig. 6). 
Based on the results of level 2 KEGG pathway enrichment and protein-protein interaction network analysis, we 
speculated that RA might regulate several signaling pathways, including protein processing in the tight junction, 
endoplasmic reticulum, and the RAP1 signaling pathway during the progression of PF (Fig. 7). Meanwhile, RA 
may regulate the signaling pathways of DEPs, such as FGF1, Kit, Kras, and Src, which are closely related to the 
pathogenesis of PF.

Our proteomics analysis identified FGF1, c-Kit, Kras, and Src as key regulators involved in cell survival 
and proliferation, cell differentiation and migration, cell adhesion and immune responses, and connective 
tissue deposition. FGF1, also known as acidic Fgf145, is a mammalian fibroblast growth factor with significant 
importance in the maintenance and proliferation of ACEs. Maitre et al. showed that overexpression of FGF1 by 
adenoviral vector transfection induced the proliferation of AECs and exerted a beneficial effect on hyperoxic 

Fig. 6.  DEPs in lungs between Control, BLM, and BLM + RA&M groups identified by 4D Label-free 
Quantitative Proteomic analysis. A Principal component analysis (PCA) of Control, BLM, and BLM + RA&M 
groups based on identified proteins. B, C Volcano plot of identified proteins (especially significantly changed 
proteins) in BLM vs. Control and BLM + RA&M vs. BLM, Red, and Blue indicated significantly upregulated 
or downregulated proteins. D Histogram of protein quantitative difference results between Control, BLM, and 
BLM + RA&M groups. E Venn diagrams showing the distribution of overlapping proteins among Control, 
BLM, and BLM + RA&M groups. F Heatmap of the DEPs.
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lung injury in rats46. FGF1 has also been shown to induce apoptosis and reduce the production of smooth 
muscle actin47. FGF1 also protected AECs from injury when exposed to TGF-β1, contributing to preserving the 
basement membrane during the pathogenesis of PF48–51. Shimbori et al. reported that FGF1 not only inhibited 
lung fibrosis but also decelerated the progression of existing fibrosis in mice. Activating the FGF1 pathway may 

Fig. 7.  Bioinformatics analysis of 469 DEPs regulated by RA in BLM-induced PF model. A GO term 
performance analysis of DEPs between BLM + RA and BLM groups. B The top 20 enriched KEGG pathways. 
C KEGG pathway annotation and attribution bar chart. The horizontal axis represents the number of pathway 
protein annotations, and the vertical axis represents the KEGG annotation names. The colors represent the 
KEGG channels at level 2. D Protein-protein interaction network (PPI) of 22 proteins enriched in the RAP1 
signaling pathway. E Heatmap of 22 proteins enriched in RAP1 signaling pathway between Control, BLM, 
and BLM + RA&M groups. F KEGG pathway map of RAP1 signaling pathway and involved proteins between 
BLM + RA&M and BLM groups (Rad mark indicated reversed main DEPs by RA).
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Fig. 8.  The predicted binding sites of RA with Src, Kit, Kras and FGF1. A The predicted binding sites of RA 
with SRC (PDB ID: 5NVJ, binding energy: – 7.078). B The predicted binding sites of RA with Kit (PDB ID: 
4U0I, binding energy: -10.81(ΔG, kcal/mol)). C The predicted binding sites of RA with Kras (PDB ID: 6GJ5, 
binding energy: – 5.767). D The predicted binding sites of RA with FGF1 (PDB ID: 1JT5, binding energy: – 
5.99).

 

Protein ID Gene Peptides

Control vs.BLM 
(model)

BLM + RA vs. BLM 
(model)

P value Ratio Type P value Ratio Type

P61148 FgflP 3 0.002 0.346 Down 0.007 3.368 Up

P05532 c-Kit 8 0.011 0.259 Down 0.009 4.066 Up

P32883 Kras 5 0.038 0.293 Down 0.041 3.351 Up

P05480 SRC 15 0.005 0.387 Down 0.015 2.111 Up

Table 1.  Key DEPs regulated by RA.
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Fig. 9.  RA inhibited BLM-induced pulmonary fibrosis by activating the RAP1 signaling pathway A Western 
blot images of C-Kit, Src, FGF1, Kras. B–E quantitative analysis. F representative images of IHC examination 
for C-kit, FGF1, Kras, and Src. G–J Positive expression of C-Kit, FGF1, Kras, and E Src. Data were represented 
as mean ± SD. n = 4 mice/group, #p < 0.05, ##p < 0.01, ###p < 0.005, #### p < 0.001 vs. Control group, *p < 0.05, 
**p < 0.01, ***p < 0.005, ****p < 0.001 vs. BLM group.
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be a beneficial strategy for the development of improved and well-balanced anti-fibrotic therapies52. What’s 
more, FGF1 was a Rap1 pathway related gene, which can regulate the Rap1 pathway by high expression53.

Stem cell factor receptor Kit protein, also known as c-Kit proto-oncogene or CD117, encodes a receptor 
tyrosine kinase (RTK)54. It is a well-known target for several anti-neoplasm agents, such as Imatinib55, Sunitinib56, 
Regorafenib57, Ripretinib58, and Avapritinib59. However, a phase 2 clinical trial of imatinib for the treatment of 
PF patients failed, and the underlying reason for this remains unclear60. Kit is a receptor protein expressed by 
many types of cells, including resident cells with stem/progenitor characteristics and distinct regional features, 
basal cells and their derivatives cells61,62, lung-derived mesenchymal cells63, Clara cells and their variants64, 
alveolar epithelial type II progenitor cells65, and c-Kit(+) stem cells66,67, especially during the maintenance of the 
homeostasis and the repair phase of cell injury68. In our study, mice with BLM-induced PF were euthanized at 
Day 28, which is known as the fibrotic and repair phase69. The c-Kit is essentially a transmembrane protein and 
located at the upstream of Rap1 pathway70. Besides, FGF1 was reported to target the receptor tyrosine kinases, 
which including the c-kit71.

Kras is a member of the small GTPase superfamily, belonging to the mammalian Ras gene family72. Kras, 
Nras, and Hras are the three major RAS isoforms that tend to mutate in human cancers73. There are two isoforms 
of Kras: Kras-4 A and Kras-4B. Kras-4B is the dominant isoform in human cancers. It is found in nearly 90% of 
pancreatic cancers, 30–40% of colorectal cancers, and 15–20% of lung cancers74. Castellano and Downward et al. 
have reported that membrane recruitment involves direct binding to GEFs and GAPs, leading to their activation 
and translocation, which is a critical step in Kras mutation and pathogenicity75–77. Kras regulates a multitude of 
cellular processes, including cell differentiation, apoptosis, and proliferation78. Ogawa et al. have reported that 
upregulation of Kras plays a positive role in lung injury79. Besides, MEK is a canonical effector of Kras80. While 
the Rap1/MEK/ERK signaling pathway was a major target to alleviate fibrosis effectively81. Consistently, we 
found that Kras was downregulated in BLM-treated mice, but was upregulated after RA treatment, suggesting 
the therapeutic effect of RA at both gene and protein levels.

The non-receptor tyrosine kinase Src belongs to the Src family kinases. Among all family members, Src is the 
only one that is ubiquitously expressed82. Gao et al. have reported Src was located at the downstream of RAP183. 
However, Src activation is also implicated in the pathogenesis of many diseases, such as cancers84, HIV/AIDS85, 
neurodegenerative diseases86, epilepsy87, and fibrosis diseases88. The fibrogenic effect of Src kinases has been 
confirmed by the anti-fibrotic activity of SU6656, a specific Src kinase inhibitor89. However, the mechanisms 
underlying the maintenance of a normal or fibrotic lung microenvironment and the factors determining the 
outcome of PF remain unclear. Our study provided some evidence regarding the therapeutic role of RA in mice 
with BLM-induced PF.

According to the previous research, there are numerous therapeutic drugs for liver fibrosis in clinical 
practice, and their mechanisms of action vary greatly. Inhibiting the TGF-β pathway is a major approach in drug 
development. For example, PFD alleviates pulmonary fibrosis in vitro and in vivo through regulating TGF-β1 
pathway90. Recently, the thyroid hormone receptor-β (THR-β) analogue Resmetirom, a metabolic regulator, has 
shown remarkable performance in clinical trials, significantly improving liver fibrosis and becoming the first 
drug approved by the FDA for the treatment of non-alcoholic steatohepatitis (NASH) accompanied by moderate 
to severe liver fibrosis91. In our research, RA alleviates pulmonary fibrosis by regulating the Rap1 pathway 
with different ways: FGF1-c-Kit-RAP1-Src- cell adhesion migration, or FGF1-c-Kit-RAP1-ERK-MAPK- cell 
proliferation survival, or Kras–ERK-MAPK- cell proliferation survival. Compared with PFD, Resmetirom, 
the mechanism of RA in treating liver fibrosis has the characteristic of multiple targets. Due to the complex 
mechanism of liver fibrosis, RA has greater potential for application.

However, although our work has got some results in the research on the mechanism of RA in anti-fibrosis, 
there are still some limitations in our study. Firstly, the complexes formed by RA and FGF1, c-Kit, Kras, and Src 
were derived from bioinformatics analysis, we need SPR or CETSA to verify the bindings. The data of SPR or 
CETSA can better support our conclusion. Secondly, we concluded that the RAP1 pathway is a key target for RA, 
based on our results. However, we did not verify the direct effects of overexpression or silencing of the rap1 gene 
on the action of RA. It is meaningful to conduct functional validation of the RAP1 gene at the cellular level. And 
we are planning to carry the functional verification in the future research. Thirdly, further confirmation of RA’s 
physiological toxicity is necessary. For instance, evaluations of liver and kidney functions in mice treated with 
RA are crucial for the clinical development of RA. But we didn’t concern about this. What’s more, we also lack 
the long-term results of the RA treatment in mouse PF model. With the consideration of these, we are planning 
to investigate the chronic toxicity assessment in the future work.

Our study confirmed that RA regulated the protein expressions of FGF1, c-Kit, Kras, and SRC, as evidenced 
by the results of Western blotting, and IHC staining. This regulatory process appears to involve the RAP1 
signaling pathway (Figs. 7, 8, 9 and 10). We proposed that the initial cell injury caused by BLM impeded cell 
repair process, resulting in the downregulation of proteins related to cell repair. In addition, RA treatment 
suppressed the release of cytokines mediated by NK cells, T cells, neutrophils, and B cells (Fig. 4), which may 
be related to the activation of the RAP1 signaling pathway by RA. The potential binding sites between RA and 
FGF1, Kit, Kras, and Src were then simulated to further validate their significant roles in the therapeutic effects 
of RA in BLM-induced PF (Figs. 7, 8 and 10). As our research continues, we aim to determine whether these 
proteins directly mediate the therapeutic effect of RA.

Conclusion
In conclusion, our study revealed that RA effectively preserved lung function in BLM-induced mice, reduced 
interstitial inflammation, and exerted an antifibrotic effect by reversing the downregulation of FGF1, Kit, Kras, 
and SRC in mouse lung tissues. Our findings provide novel evidence that BLM-induced PF in mice can be 

Scientific Reports |        (2026) 16:14995 13| https://doi.org/10.1038/s41598-026-45457-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


treated by RA through the RAP1 signaling pathway. The present results strongly suggest that RA may be a 
potential therapeutic remedy for PF.

Data availability
The datasets used and analyzed during the study are available from the corresponding authors on reasonable 
request.
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