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Background
Xinfeng Capsule (XFC) is a traditional Chinese medicine compound preparation that has been clinically used to treat rheumatoid arthritis (RA) for more than 20 years. It has demonstrated clear therapeutic effects, including improving pulmonary function and reducing lung injury in patients with RA. However, the precise mechanism underlying its protective effect against lung injury remains unclear. This study aims to explore the potential mechanisms of XFC in the treatment of lung injury.
Methods
Liquid chromatography-mass spectrometry (LC-MS) analysis was conducted to determine the chemical composition of XFC. Proteomic and bioinformatic analyses of differentially expressed proteins (DEPs) in rat lung tissue were performed using tandem mass tag labeling. A rat adjuvant arthritis (AA) model was established using Freund’s complete adjuvant to observe pathological changes in synovial and lung tissues, as well as alterations in lung function. In addition, a cell model was constructed by inducing lung fibroblasts with transforming growth factor-β1 (TGF-β1) to investigate the effects of XFC-containing serum on oxidative stress and pulmonary fibrosis through the peroxisome proliferator-activated receptor gamma (PPARγ)/3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2) pathway.
Results
LC-MS analysis identified a total of 867 compounds in XFC, of which 25 unique compounds were closely associated with pulmonary fibrosis and lung injury. Proteomic analysis suggested that XFC may regulate PPAR signaling pathway-related proteins and alleviate lung injury in AA rats. Animal experiments showed that XFC significantly inhibited immune inflammation, synovial hyperplasia, and oxidative stress in AA rats, while reducing lung injury and improving lung function. Furthermore, XFC-containing serum suppressed TGF-β1–induced proliferation of lung fibroblasts, promoted PPARγ expression, and significantly decreased the levels of interleukin-6, tumor necrosis factor-α, reactive oxygen species, nicotinamide adenine dinucleotide phosphate oxidase 4, HMGCS2, collagen type I α 1, collagen type III α 1, and α-smooth muscle actin (P < 0.01). In addition, XFC partially reversed the effects of the PPARγ antagonist GW9662, activated the PPARγ signaling pathway, inhibited oxidative stress and inflammatory responses, and exerted anti-fibrotic effects similar to those of the PPARγ agonist rosiglitazone.
Conclusion
XFC inhibits inflammation and oxidative stress by regulating the PPARγ/HMGCS2 pathway, thereby attenuating fibrosis and alleviating lung injury.
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1 INTRODUCTION
Rheumatoid arthritis (RA) is a complex autoimmune disease with multifaceted etiology and mechanisms. The global prevalence of RA is estimated to be between 0.5% and 1% (Finckh et al., 2022). As the disease progresses and recurs, many patients develop pathological changes in tissues and organs beyond the joints. Notably, the lungs are frequently affected in this extra-articular manifestation, involving the lung parenchyma, pleura, and blood vessels. This leads to diverse pathological alterations, including interstitial lung lesions, rheumatoid nodules, and pleuritis (Akiyama and Kaneko, 2022). Among these complications, interstitial lung disease (ILD) is the most common form of pulmonary involvement in RA patients (Samhouri et al., 2022). The reported prevalence of ILD in RA patients varies widely across different cohorts, largely due to differences in detection frequency and diagnostic criteria. Earlier studies estimated that secondary ILD occurs in 1.8%–67% of RA patients (Dai et al., 2021; Huang et al., 2020). This condition not only adversely affects the quality of life of the patients but also imposes a considerable social and economic burden. Unfortunately, the early stages of RA-associated lung injury often lack obvious clinical symptoms and are instead characterized by a gradual decline in lung function. This insidious onset frequently results in underrecognition and delayed intervention. At present, the precise pathogenesis of lung injury secondary to RA remains poorly understood, and therapeutic options are limited. This knowledge gap highlights the urgent need for effective treatments for this debilitating complication.
The peroxisome proliferator-activated receptor γ (PPARγ) signaling pathway has emerged as a key regulator of inflammation, oxidative stress, and fibrosis—central pathological processes in lung injury (Liu et al., 2020). Activation of PPARγ exerts both anti-inflammatory and anti-fibrotic effects in various lung disease models (Li et al., 2024). Notably, 3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2), a critical enzyme in ketogenesis, has recently been identified as a downstream target regulated by PPARγ signaling. Dysregulation of the PPARγ/HMGCS2 axis has been implicated in promoting oxidative stress and cellular damage in extrapulmonary tissues (Hazra et al., 2008). However, its specific role and therapeutic potential in RA-associated lung injury remain largely unexplored, representing both a major knowledge gap and a promising therapeutic target.
Traditional Chinese medicine (TCM) has gained significant attention due to its complex bioactive components and diverse therapeutic targets. Among TCM formulations, Xinfeng Capsule (XFC) is a noteworthy compound preparation produced under strict quality control standards (Wang et al., 2014). XFC has been registered in China (Anhui Medicine System Z20050062) and granted a national invention patent (ZL201310011369.8). Comprising Astragali Radix (Astragalus membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao or A. membranaceus (Fisch.) Bge.), Coicis Semen (Coix lacryma-jobi L. var. ma-yuen (Roman.) Stapf), Tripterygium wilfordii Hook. f., and Scolopendra (Scolopendra subspinipes mutilans L. Koch) at a ratio of 20:20: 10:1, XFC has shown considerable therapeutic promise(Gao et al., 2020). In a previous large-scale, multicenter, randomized, double-blind clinical trial conducted by our team (Jian et al., 2015), XFC demonstrated significant efficacy in alleviating joint symptoms and improving lung function in RA patients (Sun et al., 2016; Wan et al., 2016; Yali et al., 2015). Furthermore, animal studies showed that XFC improved lung injury in adjuvant arthritis (AA) rats, while cell-based experiments revealed its ability to inhibit lung fibroblast proliferation (Wan et al., 2017). Despite these encouraging findings, the underlying molecular mechanisms—particularly the potential involvement of the PPARγ/HMGCS2 pathway—remain to be clarified.
With advances in molecular biology, proteomic analysis has become a powerful tool in biomedical research, offering a broad perspective for exploring the mechanisms of TCM. In this study, we employed an unbiased, tandem mass tag (TMT)-based proteomic approach to identify novel targets of XFC in the lungs of AA rats. We hypothesized that XFC alleviates RA-associated lung injury by modulating the PPARγ/HMGCS2 signaling pathway to reduce oxidative stress. This study was therefore designed to comprehensively characterize the chemical composition of XFC, validate its efficacy in improving lung function and pathology in AA rats, identify differentially expressed proteins (DEPs) in lung tissue, and mechanistically confirm both in vitro and in vivo that its protective effects are mediated through the PPARγ/HMGCS2 signaling axis. These findings provide novel HMGCS2 insights and additional experimental evidence for a deeper understanding of the pharmacological mechanisms of XFC.
2 MATERIALS AND METHODS
2.1 Preparation and analysis of Xinfeng Capsule components using liquid chromatography-mass spectrometry (LC-MS)
XFC is a compound formulation rooted in traditional Chinese medicine. The raw materials used in this preparation were procured from Lejialaopu Pharmacy (Hefei, Anhui Province) and authenticated by Professor Li from the First Affiliated Hospital of Anhui University of Chinese Medicine. All herbal components comply with the specifications outlined in the 2020 edition of the Chinese Pharmacopoeia and were manufactured in strict accordance with national regulatory standards. The formulation consists of A. membranaceus (Batch No. 2208015, Inner Mongolia, China), C. lacryma-jobi L. var (Batch No. YPC2F0012, Fujian, China), S. subspinipes mutilans L. Koch (Batch No. 2207008, Hubei, China), and Tripterygium wilfordii Hook. f (Batch No. YPT1G0005, Guizhou, China), with a defined dosage ratio of 20:20:10:1. In prior research, our team established a high-performance liquid chromatography (HPLC)-based fingerprint profile, which demonstrated that XFC possesses a well-controlled manufacturing process and rigorous quality control standards (Gao et al., 2020).
Preparation of XFC extract: Accurately weigh 4.0 g of XFC powder and transfer it to a stoppered conical flask (100 mL) containing 40 mL of methanol. Perform ultrasonic extraction at room temperature for 40 min, followed by filtration through filter paper. Concentrate the filtrate to dryness under reduced pressure, then reconstitute in 2 mL of methanol. Centrifuge the resulting solution at 12,000 rpm for 10 min at 4 °C, collect the supernatant, and filter it through a 0.22 μm nylon membrane filter. All prepared solutions should be stored at 4 °C and protected from light.
LC-MS Analysis: LC separation was performed using a Thermo Vanquish ultra-high performance liquid chromatography system (Thermo Fisher Scientific, United States) equipped with an ACQUITY UPLC® HSS T3 column (2.1 × 150 mm, 1.8 µm) (Waters, Milford, MA, United States). The mobile phase consisted of acetonitrile and water containing 0.1% formic acid, and gradient elution was carried out at a flow rate of 0.25 mL/min. The column temperature was maintained at 40 °C, and the injection volume was 2 μL. Mass spectrometry analysis was conducted using an electrospray ionization (ESI) source in both positive and negative ion modes. ESI source parameters were as follows: sheath gas flow rate, 30 arb. units; auxiliary gas flow rate, 10 arb. units; positive ion spray voltage, 3.50 kV; negative ion spray voltage, −2.50 kV; capillary temperature, 325 °C. Full-scan MS was performed in the first stage at a resolution of 60,000 over a mass range of m/z 100–1,000. For tandem mass analysis, HCD fragmentation was employed with a collision energy of 30%, secondary resolution of 15,000, and the top four precursor ions selected for fragmentation prior to signal acquisition. Dynamic exclusion was applied to eliminate redundant MS/MS spectra. The detailed chromatographic analysis conditions are provided in the supplementary materials.
2.2 Rationale for XFC dose selection
The high and low doses of XFC used in this study (648 mg/kg/day and 162 mg/kg/day, respectively) were determined according to the body surface area conversion principle commonly applied in pharmacological studies. Based on this method, the conversion factor between rats and humans is 6.3, yielding a rat-equivalent daily dose of 324 mg/kg/day. The high and low doses were set at twice and half this value, respectively.
2.3 Animal experiments and treatment
After 1 week of adaptive feeding, 36 Sprague–Dawley (SD) rats were included in the study and randomly assigned to the following groups: Control, AA model, XFC treatment (high- and low-dose, H-XFC and L-XFC), and Leflunomide (LEF) positive control group. Each group consisted of six rats. The AA model was established as described previously (Wan et al., 2013), after which treatment commenced. XFC was ground into a fine powder and formulated into 0.068 g/mL (H-XFC) and 0.017 g/mL (L-XFC) suspensions for intragastric administration in the XFC group. LEF was similarly prepared into a 0.095 mg/mL suspension. The AA group received intragastric administration of 0.9% normal saline. All groups received a daily intragastric dose of 1 mL/100 g body weight at 2 p.m. for 4 weeks. This study was approved by the Animal Ethics Committee of Anhui University of Traditional Chinese Medicine (Approval No. AHUCM-rats-2021081).
The joint swelling of the rat (paw volume) and arthritis scores were recorded every 5 days. Twenty-four hours after the final administration, rats were anesthetized via intraperitoneal injection of pentobarbital, and the lung function was assessed using an animal lung function apparatus. The trachea was rapidly isolated, and bronchoalveolar lavage was performed with 10 mL/kg of normal saline, repeated three times. The lavage fluid was collected and centrifuged at 1,500 r/min for 10 min at 4 °C, and the supernatant was transferred into Eppendorf (EP) tubes and stored at −80 °C. Finally, rats were euthanized, and lung and joint synovial tissues were collected.
2.4 Hematoxylin–eosin (H&E) and Masson staining
The left ankle joint synovial tissue and lung tissue were embedded in paraffin and sectioned at 5 μm thickness. Sections of both tissues were stained with H&E, while lung tissue sections were also stained with Masson’s staining. Pathological changes of joint synovial and lung tissues were observed under an optical microscope. The extent of alveolar inflammation was evaluated using the Szapiel method, consistent with previous studies (Zhang P. H. et al., 2023). The fibrotic area was quantified using ImageJ image analysis software.
2.5 Proteomic analysis
Proteins were extracted from rat lung tissue, and concentrations were determined using the bicinchoninic (BCA) kit. For FASP enzymatic hydrolysis, 200 μg of protein was used. The resulting digested samples were freeze-dried and stored at −80 °C.
For labeling, 100 μg of peptides from each sample were equilibrated in 50 μL of 100 mM triethyl ammonium bicarbonate buffer at room temperature. The TMTpro reagent was equilibrated to room temperature, dissolved in anhydrous acetonitrile, incubated for 5 min, and centrifuged. Subsequently, 10 μL of TMTpro reagent was added to each sample in 1.5 mL EP tubes for labeling. Labeling was performed for 1 h, and the reaction was terminated with 5% hydroxylamine for 15 min. The labeled samples were subjected to chromatographic separation using the high-performance liquid chromatography (Agilent Zorbax Extend-C18 narrow diameter)column and then loaded onto the EASY-nLC 1,200 liquid-phase system (Thermo Fisher) at a flow rate of 300 nL/min for separation. The peptides were further analyzed using a Q Exactive HF mass spectrometer (Thermo Fisher).
Spectral data were analyzed with Proteome Discoverer software (Version 2.4, Thermo Fisher Scientific, USA). DEPs were identified using thresholds of q < 0.05 and |log2(Fold change [FC])| >1. The Gene Ontology (GO) database was applied to classify DEPs into biological processes (BP), cellular components (CC), and molecular functions (MF). Kyoto Encyclopedia of Genes and Genomics (KEGG) pathway analysis was used to identify enriched pathways. Protein–protein interaction (PPI) networks of DEPs were constructed using the STRING database.
2.6 Preparation of XFC-containing serum
Ten male SD rats were randomly divided into a normal serum group and a drug-containing serum group, with five rats in each group. The normal serum group received 0.9% physiological saline by gavage, while the drug-containing serum group received an XFC suspension (2.4 g/100 g) by gavage. The detailed methodology can be found in our previously published protocols (Sun et al., 2023).
2.7 Cell culture and cell counting kit-8 (CCK-8) assay
HFL-1 lung fibroblasts (purchased from the cell bank of the Chinese Academy of Sciences, Shanghai, China) were cultured in F12-K medium supplemented with 10% fetal bovine serum and 1% penicillin–streptomycin. The cells were maintained in an incubator at 37 °C, 5% carbon dioxide, and saturated humidity. A cell model was established by treating the cells with 50 ng/mL transforming growth factor-β1 (TGF-β1). Subsequently, the cells were exposed to different concentrations of XFC-containing serum (10%, 20%, and 40%) for 24, 48, and 72 h, respectively. Cell viability was assessed using the CCK-8 assay kit (Sigma, USA) according to the manufacturer’s instructions, and the optimal intervention concentration of XFC-containing serum was determined for subsequent experiments. To further investigate the role of activated PPARγ in TGF-β1-induced oxidative stress in HFL-1 fibroblasts, cells were treated with rosiglitazone (RSG) (10 μmol/L) or GW9662 (a PPARγ antagonist, 5 μmol/L).
2.8 Enzyme-linked immunosorbent assay (ELISA)
Bronchoalveolar lavage fluid and the supernatant from HFL-1 cells were used to quantify the levels of IL-1β, TNF-α, and IL-6. The enzyme-linked immunosorbent assay (ELISA) kits demonstrated high sensitivity, with detection limits below 1.0 pg/mL for all cytokines. A standard curve was generated by plotting the standard sample concentrations (x-axis) against their corresponding optical density (OD) values (y-axis). The correlation coefficient between the measured and expected concentrations was ≥0.9900, indicating high assay accuracy and reliability. Cytokine concentrations in the samples were calculated using the regression equation from the standard curve. All ELISA reagents were obtained from Solbo Biotechnology Co., Ltd. (Beijing, China).
2.9 Flow cytometry (FCM) assay
HFL-1 cells were seeded into six-well plates at a density of 2 × 104 cells/mL, with 3 mL per well, and cultured for 48 h. The cells were then harvested by trypsin digestion, and the supernatant was removed by centrifugation. The cell pellet was resuspended in 0.5 mL of serum-free culture medium in an EP tube, followed by the addition of 0.5 µL of 2′,7′-dichlorofluorescein diacetate. After incubation at 37 °C for 20 min, the cells were centrifuged, the supernatant was discarded, and the cells were washed three times with serum-free medium before being resuspended for analysis. For FCM, scatter plots were generated with forward scatter on the x-axis and side scatter on the y-axis. By adjusting FSC and SSC thresholds, target cells were identified and gated. The gated population was analyzed by switching the x-axis to FL1 and generating histograms of fluorescence intensity. N-acetylcysteine served as the negative control, while tert-butyl hydroperoxide served as the positive control. The negative control was used to determine background fluorescence, and the positive control validated assay sensitivity and reliability. Within the flow cytometer’s analysis software, the mean fluorescence intensity (MFI) of the gated population was calculated. MFI reflects intracellular reactive oxygen species (ROS) levels, with higher MFI indicating increased ROS.
2.10 Western blotting
Lung tissues were homogenized in radioimmunoprecipitation assay buffer, and protein concentrations were measured using a BCA protein assay kit. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to separate equal amounts of protein, which were then transferred to membranes and blocked. After washing, membranes were incubated overnight at 4 °C with primary antibodies against Fabp5 (1:1,000), Pltp (1:1,000), Me1 (1:1,000), and β-actin (1:5,000). After three washes with tris-buffered saline (TBST) (5 min per wash), the membranes were incubated with horseradish peroxidase-conjugated secondary antibody (1:10,000) for 1 h at room temperature. Following three additional washes with TBST (5 min each), protein bands were visualized using ECL Plus luminol reagent, and images were captured by scanning. β-actin was used as the internal loading control. Relative protein expression was quantified by normalizing target protein band intensities to β-actin using ImageJ software.
2.11 Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from rat lung tissue using the TRIzol kit. Total RNA concentration and purity were assessed spectrophotometrically. Complementary DNA was synthesized from total RNA using reverse transcriptase, according to the manufacturer’s protocol. qRT-PCR quantified the mRNA expression levels of collagen type I alpha 1 (COL1A1) and collagen type III alpha 1 (COL3A1). Primer sequences are listed in Supplementary Table S1. Relative fold changes in gene transcription were determined using the 2−ΔΔCt method.
2.12 Immunofluorescence (IF)
Paraffin-embedded lung sections were dewaxed and rehydrated. Antigen retrieval was performed using trypsin at 37 °C for 15 min, followed by three washes. Sections were blocked with 4% bovine serum albumin at room temperature for 60 min. Primary antibodies against PPARα, PPARγ, alpha-smooth muscle actin (α-SMA), HMGCS2, and NADPH oxidase 4 (NOX4) (1:100 dilution) were applied overnight at 4 °C. After washing three times with phosphate bovine serum (PBS), sections were incubated with fluorescent secondary antibody (1:200 dilution) for 1 h in the dark. Following another PBS wash, sections were mounted with antifluorescence medium and immediately scanned using a confocal laser fluorescence microscope.
2.13 Immunohistochemistry
Rat lung tissue sections were dewaxed, rehydrated, and subjected to high-pressure repair using citric acid buffer (pH 6.0). After PBS washing, endogenous peroxidase activity was blocked with 30 mL/L hydrogen peroxide. Primary antibodies against α-SMA, HMGCS2, NOX4, and superoxide dismutase (SOD) (1:100 dilution) were applied overnight at 4 °C.
The following day, sections were reheated, washed with PBS, and incubated with secondary antibody (1:200 dilution) at 37 °C for 30 min. Visualization was achieved using DAB staining, followed by hematoxylin counterstaining, differentiation, washing, and sealing. Positive signals were observed under a light microscope. The integrated OD values of α-SMA, HMGCS2, NOX4, and SOD were quantified using ImageJ software.
2.14 Statistical analysis
All statistical analyses were performed using the Statistical Package for Social Sciences 22.0 software. Prior to one-way analysis of variance (ANOVA), the assumptions of normality and homogeneity of variance were verified. Normality was tested using the Shapiro–Wilk test, and homogeneity of variance was evaluated using Levene’s test. For data that met these assumptions, ANOVA was performed, followed by Tukey’s post hoc test. If homogeneity of variance was violated, Welch’s ANOVA followed by the Games–Howell test was applied. Results were expressed as mean ± standard deviation. P < 0.05 was considered statistically significant. Graphs were generated using GraphPad Prism 8.0 software.
3 RESULTS
3.1 Identification of XFC components through LC-MS analysis
To comprehensively analyze the chemical composition and potential pharmacological effects of XFC, we performed LC-MS on XFC extracts. Based on reference data from the mzCloud database (https://www.mzcloud.org/Stats), the Human Metabolome Database (http://www.hmdb.ca), and LipidMaps (http://www.lipidmaps.org), together with the results of precise mass-to-charge ratio (m/z) measurements and secondary fragment analysis, we identified a total of 867 compounds in XFC. In addition, 25 unique compounds were identified through secondary metabolite profiling and comparison with literature data, and these are speculated to be closely associated with pulmonary fibrosis and lung injury. Notable compounds include quercetin, coumarin, ononin, astragaloside IV, astragaloside A, soybean apogenol A, epicatechin, cervetol, and kaempferol (see Table 1 for details). The base peak chromatogram for LC-MS analysis of the XFC extract is shown in Figure 1.
TABLE 1 | LC-MS analysis of XFC.	Peak name	Name	MZ	RT(min)	Formula	Precursor-type
	A	Quercetin 3-arabinoside	433.08	1.71	C20H18O11	[M-H]-
	B	Gancaonin A	352.13	2.38	C21H20O5	[M]-
	C	Caffeic acid	179.03	8.30	C9H8O4	[M-H]-
	D	Ferulate	193.05	10.49	C10H10O4	[M-H]-
	E	Astragaloside IV	783.46	10.79	C41H68O14	[M-H]-
	F	Kaempferol	285.04	11.42	C15H10O6	[M-H]-
	G	Formononetin	266.96	12.12	C16H12O4	[M-H]-
	H	Palmitic acid	255.07	14.14	C16H32O2	[M-H]-
	I	Quercetin 3,4′-diglucoside	625.51	14.31	C27H30O17	[M-H]-
	J	Quercetin	301.18	15.02	C15H10O7	[M-H]-
	K	Kaempferol 3,7-diglucoside	609.51	15.56	C27H30O16	[M-H]-
	L	Stearic acid	283.26	15.61	C18H36O2	[M-H]-
	M	Betaine	118.12	1.57	C5H11NO2	[M + H]+
	N	coumarin-SAHA	347.16	1.67	C18H22N2O5	[M + H]+
	O	Kaempferol 3-O-β-D-xyloside	419.09	5.85	C20H18O10	[M + H]+
	P	Epicatechin	291.08	8.31	C15H14O6	[M + H]+
	Q	Ononin	431.12	9.70	C22H22O9	[M + H]+
	R	Luteolin	287.05	10.45	C15H10O6	[M + H]+
	S	Berberine	336.12	10.46	C20H18NO4	[M + H]+
	T	Astragaloside A	785.98	11.75	C41H68O14	[M + H]+
	U	Soyasapogenol A	474.37	13.87	C30H50O4	[M]+
	V	Celastrol	451.28	14.11	C29H38O4	[M + H]+
	W	Soyasapogenol B	441.37	16.12	C30H50O3	[M + H-H2O]+
	X	Campesterol	383.36	16.13	C28H48O	[M + H-H2O]+
	Y	Lupeol	427.39	16.17	C30H50O	[M + H]+


[image: Two chromatograms labeled A and B show relative abundance over time in minutes. Peaks are marked with red labels indicating various time points: A at 1.71, B at 2.38, C at 8.30, etc., up to L at 15.61 in chromatogram A. Chromatogram B features similar markings from M at 1.57 to Y at 16.17. Both graphs display varying peak heights and positions, indicating different substance concentrations over time.]FIGURE 1 | The total ion chromatogram (TIC) of XFC in negative ion mode (A) and positive ion mode (B) by LC-MS analysis.3.2 XFC alleviates paw swelling and arthritis scores in AA rats
By the second day after Freund’s complete adjuvant (FCA) injection, rats exhibited visible swelling of the toes. By the seventh day, the adjuvant-induced arthritis (AA) model was successfully established. A booster immunization was then administered via injection of 0.05 mL of CFA at the base of the tail. Paw volume and arthritis scores were recorded weekly. Compared with the control group, the AA group showed significantly greater paw volume and arthritis scores, which peaked on day 21 after induction (Figures 2A–C).
[image: Chart and procedure diagram showcasing a study on rat arthritis. The diagram (A) outlines the experiment timeline with tasks like acclimation and injections. Graphs (B, C, D) display data on paw volume, arthritis scores, and histopathological scores for different treatment groups (CN, AA, L-XFC, H-XFC, LEF). Microscopic images (E) show histological differences among these groups. Photographs (F) display rat paws, illustrating variations in appearance due to treatments.]FIGURE 2 | XFC reduced paw volume and arthritis scores of adjuvant arthritis rats. (A) Schematic image for the establishment of AA mouse model with treatment. (B,C) Paw volume and arthritis scores of AA rats (n = 6) treated with different doses of (L, H)-XFC (162 mg/kg/d, 648 mg/kg/d). (D) The analysis of joint synovium histopathological score. (E) H&E staining of joint synovium in rats (n = 3). (F) Morphological changes of the ankle joint in rats (n = 3). **P < 0.01 vs. CN group, △P < 0.05, △△P < 0.01 vs. AA group. ▲P < 0.05 vs. L-XFC group. CN group: SD rats. AA group: Rats successfully modeled by the Fauquier complete adjuvant method. L-XFCgroup: Rats with AA treated by low-dose XFC intragastric administration. H-XFCgroup: Rats with AA treated by high-dose XFC intragastric administration. LEF: Rats with AA treated by leflunomide.From day 14 post-FCA injection, AA rats received different doses of XFC (low- and high-doses) or LEF for therapeutic intervention. Compared with the AA group, both LEF and H-XFC significantly reduced paw swelling and arthritis scores beginning on day 14. L-XFC also showed significant improvements, though only from day 21. No statistically significant differences were observed between the LEF-treated and H-XFC-treated groups (Figures 2A–C). Histopathological analysis of joint synovial tissue in AA rats revealed marked synovial proliferation and extensive inflammatory cell infiltration. Treatment with either XFC or LEF reduced synovial hyperplasia and inflammatory infiltration. These findings indicate that H-XFC exerts stronger therapeutic efficacy than L-XFC; therefore, H-XFC was selected as the optimal dosage for subsequent experiments (Figures 2D–F).
3.3 XFC alleviates lung injury in AA rats
We next examined the effects of XFC on lung injury by assessing histopathology, pulmonary function, fibrosis, and inflammation in AA rats. Following model establishment, rats received XFC (low or high dose) or LEF for 15 consecutive days.
Compared with the AA group, both H-XFC and LEF treatment markedly reduced inflammatory cell infiltration and collagen deposition in lung tissue. Improvements were also observed in the alveolar structure, characterized by a more regular architecture, enlarged alveolar spaces, and thinner septa. No significant differences were observed between the H-XFC and LEF groups. By contrast, L-XFC treatment did not significantly improve pathological changes (Figures 3A,B,D,E).
[image: Histological and data analysis image showing different treatments on tissue samples labeled CN, AA, L-XFC, H-XFC, and LEF. Panel A displays HE staining, panel B shows Masson staining, and panel C illustrates α-SMA staining. Panels D to P feature various bar graphs, depicting scores of vesiculitis, fibrosis area, and different expressions and measurements such as COL3A1, α-SMA density, FVC, and FEV across the treatment groups, indicating statistical comparisons. Scale bars signify standard sizes for the micrographs.]FIGURE 3 | The effect of XFC on lung injury in AA rats. (A) H&E staining (×400). (B) Masson staining (×400). (C) Immunohistochemical representative image of Alpha-Smooth Muscle Actin(α-SMA) (n = 3). (D) The area of fibrosis in lung tissues(n = 3). (E) Scores of alveolitis of lung tissues(n = 3). (F) the relative expression of α-SMA(n = 3). (G,H) the relative expression of Collagen Type I Alpha-1 Chain(COL1A1) and Collagen type III Alpha-1 Chain(COL3A1)mRNA(n = 6). (I–M) XFC could improve the lung function in AA rats (FVC: forced vital capacity, FEV0.2: forced expiratory volume at 0.2 s, FEV0.2/FVC: forced expiratory volume at 0.2 s/forced vital capacity, PEF: peak expiratory flow, FEF50: expiratory flow 50%) (n = 6). (N–P) Analysis of cytokine (IL-1β, IL-6, and TNF-α) in bronchoalveolar lavage fluid by ELISA(n = 6). **P < 0.01 vs. CN group, △P < 0.05or△△P < 0.01vs AA group, ▲P < 0.05 or ▲▲P < 0.01 vs. L-XFC group. CN group: SD rats. AA group: Rats successfully modeled by the Fauquier complete adjuvant method. L-XFCgroup: Rats with AA treated by low-dose XFC intragastric administration. H-XFCgroup: Rats with AA treated by high-dose XFC intragastric administration. LEF: Rats with AA treated by leflunomide.Relative to the AA group, H-XFC and LEF also significantly decreased the expression of fibrosis markers (α-SMA, COL1A1, and COL3A1) and reduced levels of inflammatory cytokines (IL-1β, IL-6, and TNF-α) in bronchoalveolar lavage fluid (Figures 3C,F–H,N–P). In addition, pulmonary function parameters—including FVC, FEV0.2, FEV0.2/FVC, PEF, and FEF50—were significantly improved in both H-XFC- and LEF-treated groups (Figures 3I–M). Again, no significant differences were noted between H-XFC and LEF, while L-XFC produced no marked improvements.
3.4 Proteomics analysis of DEPs in the lung tissue of AA rats
To investigate the potential protein targets of XFC in lung injury, we performed TMT-based proteomic analysis of lung tissues from AA rats. A total of 7,214 proteins were identified, of which 5,680 met the criteria for quantitative analysis.
Using a threshold of |log2FC| >1 and P < 0.05, we identified 61 DEPs in XFC-treated rats compared with the AA group. Of these, 25 proteins were upregulated and 36 were downregulated. The top five upregulated DEPs were Tpm3, Cnn1, Hdhd3, Phrf1, and Ist1, while the top five downregulated DEPs were Nup43, HMGCS2, Aaas, Fhip2a, and Cul2 (Table 2). These changes were visualized in a heatmap and a volcano scatter plot (Figures 4A,B).
TABLE 2 | The top five upregulated and downregulated DEPs.	ID	Symbol	log2FC	p.value	Up/Down
	NP_001017454.1	Ist1	2.959316936	0.00977505	Up
	NP_620793.1	Phrf1	3.032184831	0.007635059	Up
	NP_001102981.1	Hdhd3	3.237579051	0.009636475	Up
	NP_113935.1	Cnn1	3.414117838	0.006237351	Up
	NP_775134.1	Tpm3	6.465309243	0.019766089	Up
	XP_006233064.1	Hmgcs2	−4.656967805	0.017512113	Down
	NP_001121663.1	Nup43	−3.741195401	0.00597892	Down
	XP_006242449.1	Aaas	−3.322901373	0.010534205	Down
	XP_342069.4	Fhip2a	−3.076531694	0.012954256	Down
	NP_001101887.1	Cul2	−2.894494852	0.01248761	Down


[image: Panel A is a heatmap with hierarchical clustering showing data from samples labeled AA-3 to XFC-2. The color scale ranges from blue to red, indicating expression levels. Panel B is a volcano plot depicting differential expression data. Points are colored based on significance: red for significant upregulation and blue for significant downregulation. Axes represent log2 fold change and negative log10 p-value, with annotations detailing significance thresholds.]FIGURE 4 | Proteomics analysis of lung tissues from rats in the XFC and AA groups. (A) The heat map of 86 differentially expressed proteins (DEPs) between the XFC group and the AA group. Upregulation was represented in red and downregulation was represented in blue. (B) The volcano scatter plot of 86 DEPs between the XFC group and the AA group. Upregulation was represented in red, downregulation was represented in blue.3.5 Protein function classification and enrichment analysis
To elucidate the biological functions and pathways associated with the 61 identified DEPs, comprehensive GO and KEGG analyses were performed. Additionally, to better understand the interactions between DEPs, the STRING database was queried to identify PPIs.
GO analysis was conducted in three main categories: BP, CC, and MF. In BP (Figure 5A), significant changes were observed in cellular response to ROS, cellular response to oxidative stress, cellular response to chemical stress, granulocyte migration, myeloid leukocyte migration, granulocyte chemotaxis, macrophage proliferation, mononuclear cell migration, and regulation of granulocyte chemotaxis. In CC (Figure 5B), notable changes were detected in focal adhesion, cell–substrate junction, melanosome, pigment granule, caveola, cytoplasmic side of the membrane, basal plasma membrane, extrinsic component of the cytoplasmic side of the plasma membrane, and nuclear envelope. In MF (Figure 5C), the most affected functional categories included protein phosphorylated amino acid binding, phosphoprotein binding, phosphotyrosine residue binding, oxidoreductase activity acting on aldehyde or oxo groups of donors with NAD or NADP as acceptors, phosphatase binding, antioxidant activity, nucleoside-triphosphatase regulator activity, cell adhesion molecule binding, and type I transforming growth factor beta receptor binding. These results suggest that XFC may alleviate lung injury in AA rats primarily by regulating cell adhesion processes and reducing oxidative stress.
[image: Six-panel diagram showing various biological data visualizations. Panel A: Biological process enrichment scatterplot with varying bubble sizes and colors indicating gene numbers and p-values. Panel B: Cellular component analysis scatterplot. Panel C: Molecular function enrichment scatterplot. Panel D: KEGG pathway enrichment scatterplot. Panel E: Network graph displaying interactions between genes and processes. Panel F: Circular network graph showing gene interactions. Each panel illustrates different aspects of gene function and interaction within biological systems, showing enrichment scores and p-values.]FIGURE 5 | Protein function classification and enrichment analysis between the XFC group and the AA group. (A) GO analysis of the biological process. (B) GO analysis of the cellular component. (C) GO analysis of molecular function. (D,E) KEGG pathway annotation and enrichment. (F) PPI analysis of the top 25 DEPs.KEGG pathway analysis further revealed the main pathways associated with DEPs in the XFC group. The most significantly altered pathways included metabolic pathways, the PPAR signaling pathway, the HIF-1 signaling pathway, chemical carcinogenesis–ROS, pyruvate metabolism, glycolysis/gluconeogenesis, and focal adhesion. Among these, the PPAR signaling pathway, which is closely linked to oxidative stress, was enriched with five proteins: HMGCS2, Me1, Fabp5, Pltp, and Apoc3. Of these, HMGCS2 was the most downregulated DEP (Figures 5D,E).
Furthermore, PPI analysis of DEPs was conducted using Cytoscape software to identify potential XFC targets in the treatment of lung injury in AA rats. The resulting network comprised 25 proteins, which were considered key proteins for further investigation. Notably, HMGCS2 and Apoc3, both associated with oxidative stress responses, were significantly downregulated and enriched in the PPAR signaling pathway (Figure 5F). These findings suggest that XFC may attenuate lung injury in AA rats by modulating the PPAR signaling pathway to counteract oxidative stress.
3.6 XFC activated the PPARγ signaling pathway and inhibited oxidative stress in the lung tissue of AA rats
To determine whether XFC alleviates lung injury by reducing oxidative stress through the PPAR signaling pathway, we examined changes in PPAR-related proteins and oxidative stress markers following XFC intervention. Compared with the AA group, the expression of PPARγ protein in the XFC group was significantly increased, whereas no significant difference was observed in PPARα levels (Figures 6A,B,D,E). These results indicate that XFC likely activates the PPAR signaling pathway through PPARγ rather than PPARα. Additionally, the protein levels of HMGCS2, Me1, Fabp5, NOX4, and SOD were significantly decreased in the XFC group (Figures 6C–L), suggesting that XFC reduces the accumulation of oxidants in lung tissue while enhancing the antioxidant capacity of the lungs.
[image: Panels show microscopic images and data visualizations of various analyses. Part A and B display immunofluorescence staining of PPARα and PPARγ with DAPI in CN, AA, and XFC conditions, showing merged results. Part C presents histological staining for Hmgcs2, NOX4, and SOD. Graphs D-H illustrate average optical density results for each condition. I shows protein expression levels via Western blot. J-L present relative expression graphs of Me1, Ptlp, and Pparg proteins in CN, AA, and XFC conditions. The images and graphs collectively illustrate differences between the conditions.]FIGURE 6 | XFC activated PPARγ signaling pathway and inhibited oxidative stress response. (A,D) Immunofluorescence representative image and average optical density of Peroxisome Proliferator-Activated Receptor Alpha (PPARα) (n = 3). (B,E) Immunofluorescence representative image and average optical density of PPARγ (n = 3). (C,F,G,H) Immunohistochemical representative image and average optical density of 3- hydroxy-3-methylglutaryl-Coenzyme A synthase 2 (mitochondrial) (Hmgcs2), NADPH Oxidase 4(NOX4), and Superoxide Dismutase(SOD) (n = 3). (I–L) Western blot representative image and relative expression levels of Malic Enzyme 1(Me1), Fatty Acid-Binding Protein 5(Fabp5) and Phospholipid Transfer Protein(Pltp) (n = 3). *P < 0.05 or **P < 0.01 vs. CN group, △P < 0.05 or △△P < 0.01 vs. AA group. CN group: SD rats. AA group: Rats successfully modeled by the Fauquier complete adjuvant method. XFC group: Rats with AA treated by high-dose XFC intragastric administration.3.7 XFC alleviates inflammation and oxidative stress to prevent fibrosis via the PPARγ signaling pathway in HFL-1 cells
To further confirm that XFC reduces inflammation and oxidative stress to prevent pulmonary fibrosis by regulating the PPARγ signaling pathway, an in vitro cell model was established using TGF-β1-induced HFL-1 cells. After TGF-β1 stimulation, PPARγ protein levels were significantly reduced, while HMGCS2, ROS, NOX4, α-SMA, COL1A1, COL3A1, TNF-α, and IL-6 levels were markedly increased, confirming the successful establishment of the model. Subsequent treatment of TGF-β1-induced HFL-1 cells with RSG, a PPARγ agonist, 10 μmol/L for 48 h, upregulated PPARγ protein expression while decreasing the levels of HMGCS2, ROS, NOX4, α-SMA, COL1A1, COL3A1, TNF-α, and IL-6. In addition, co-treatment with GW9662 (a PPARγ antagonist at 5 μmol/L) and XFC-containing serum for 48 h demonstrated that XFC-containing serum could counteract the pro-inflammatory and oxidative effects of GW9662. Specifically, this treatment restored PPARγ protein expression and reduced the expression of HMGCS2, ROS, NOX4, α-SMA, COL1A1, COL3A1, TNF-α, and IL-6. In conclusion, the XFC-containing serum has similar functions to RSG (Figures 7A-H).
[image: Panels A and B display bar and line graphs illustrating reactive oxygen species (ROS) levels across different conditions: Control, TGF-β1, TGF-β1 with XFC and GW9662, and TGF-β1 with RSG. Panel C includes fluorescent microscopy images showing the expression of α-SMA, Hmgcs2, PPARγ, and NOX4 in cell cultures under the same conditions. Panels D to H present bar graphs quantifying expression levels related to cell signaling and inflammation for each condition, showing significant differences marked by asterisks.]FIGURE 7 | XFC alleviates inflammation and oxidative stress to anti-fibrosis through PPARγ signaling pathway in HFL-1 cells. (A,B) Flow cytometry representative images and generation rate of ROS(n = 3). (C) Immunofluorescence representative images of Hmgcs2, PPARγ, NOX4, and α-SMA(n = 3). (D) Cell viability of HFL-1 cells (n = 6). (E–H) Relative expression of COL1A1, COL3A1, TNF-α, and IL-6 (n = 3). *P < 0.05 or **P < 0.01 vs. Control group, △P < 0.05 or △△P < 0.01vs TGF-β1 group. Control group: HFL-1 cells. TGF-β1 group: HFL-1 cells treat with TGF-β1 for 48h. TGF-β1+XFC + GW9662 group: HFL-1 cells treat with TGF-β1, XFC and GW9662 for 48h. TGF-β1+RSG group: HFL-1 cells treat with TGF-β1 and RSG for 48h.4 DISCUSSION
RA is a chronic systemic autoimmune disorder characterized by persistent inflammation. Although primarily associated with joint destruction, RA is frequently accompanied by extra-articular manifestations, with pulmonary complications being particularly common and severe. Epidemiological studies indicate that approximately 70% of RA patients exhibit some form of lung involvement, with ILD representing one of the most prevalent and serious complications, occurring in up to 47% of cases (Olson et al., 2011; Raimundo et al., 2019). Early-stage RA-ILD may present as alveolitis, which can often be detected through abnormal chest radiographs and pulmonary function tests. In advanced stages, the disease can progress to interstitial fibrosis, a major contributor to poor prognosis and increased mortality (Chang et al., 2023). Early diagnosis and timely intervention are therefore critical, yet they are often delayed or overlooked. Current pharmacological management of RA-ILD includes glucocorticoids, immunosuppressive agents, cytotoxic drugs, anti-fibrotic therapies, and novel biologics (Cassone et al., 2020). However, long-term use of glucocorticoids and immunosuppressants is associated with significant adverse effects, including gastrointestinal, hepatic, and renal toxicity, as well as the development of drug resistance (Lo et al., 2022). In addition, anti-fibrotic and targeted therapies are costly, demonstrate variable efficacy, and impose a considerable economic burden (Baker et al., 2023). These limitations highlight an unmet clinical need for safer, more effective, and affordable treatment options.
In recent years, TCM has attracted increasing attention as a potential therapeutic approach for RA-ILD (Yang et al., 2024). Unlike single-target synthetic drugs, TCM formulations typically consist of multiple active compounds that act through diverse mechanisms, offering potential advantages in treating multifactorial diseases such as RA-ILD.
According to Professor Liu of Anhui University of TCM, RA-related lung injury is attributed in TCM theory to spleen deficiency, which leads to the accumulation of internal phlegm and stasis in the lungs, manifesting as inflammation and fibrosis. Based on this principle, the formula XFC was developed. XFC is a multi-herb TCM prescription that has been extensively studied over the past two decades. Both clinical and basic research provide evidence supporting its efficacy in ameliorating RA-induced lung injury. A randomized controlled trial demonstrated that XFC not only alleviated joint symptoms but also significantly improved pulmonary ventilation and diffusion capacity in patients with RA (14). Previous animal studies further indicated that XFC improves lung function in adjuvant-induced arthritis (AA) rats, potentially through modulation of regulatory T-cell balance and the Notch signaling pathway (Wan et al., 2012; Wan et al., 2014). However, its effects on interstitial fibrosis and the underlying mechanisms remain unclear.
In this study, we employed LC-MS-based untargeted metabolomics and TMT-based proteomic sequencing to investigate the therapeutic mechanisms of XFC in an AA rat model of RA-associated lung injury. Phytochemical analysis revealed that the alcohol extract of XFC contains flavonoids, flavones, isoflavones, fatty acids, alkaloids, benzodiazepines, and other compounds. Notable high-abundance constituents include quercetin (Sang et al., 2022; Sul and Ra, 2021), caffeic acid (Huang et al., 2024), astragalosides (Yu J. Z. et al., 2022; Zhang M. et al., 2023), kaempferol (Yang et al., 2021; Yang et al., 2020), formononetin (Aladaileh et al., 2019; Ouyang et al., 2023), betaine (Jorgačević et al., 2022), epicatechin (Shariati et al., 2019), ononin (Dong et al., 2022), luteolin (F. Li et al., 2022), berberine (Z. Yang et al., 2023), and celastrol (Zhou et al., 2022)—many of which are known for their anti-inflammatory, antioxidant, anti-fibrotic, and lung-protective properties. Among these, astragalosides (Jiang et al., 2021) and celastrol (Yang et al., 2022) are particularly noteworthy, having been confirmed to exert anti-inflammatory and immunomodulatory effects in the AA model. These findings suggest that the pharmacological activity of XFC is mediated by multiple compounds rather than relying on a single compound.
To evaluate the effects of XFC on RA-associated lung injury, an AA rat model (Song et al., 2016) was established using FCA, and high- and low-dose XFC treatments were administered. LEF was used as a positive control due to its documented efficacy in reducing oxidative stress, alveolar inflammation, and fibrosis (Kayhan et al., 2013). Our results showed that FCA-induced AA rats developed significant lung injury after 30 days, characterized by impaired lung function, disrupted alveolar architecture, inflammatory cell infiltration, and elevated levels of inflammatory cytokines and fibrotic markers (COL1A1, COL13A, and α-SMA). XFC treatment significantly reduced paw swelling, arthritis scores, and histopathological scores, with the high dose producing the most pronounced effect. Furthermore, XFC markedly improved lung function, alleviated alveolar damage and inflammatory infiltration, decreased cytokine levels in bronchoalveolar lavage fluid, and downregulated fibrotic markers. These results suggest that XFC mitigates lung injury in AA rats, likely by inhibiting inflammation and fibrosis.
Proteomic analysis of lung tissues identified 61 DEPs between the XFC-treated and model groups. Among these, HMGCS2 was significantly downregulated. GO and KEGG enrichment analyses indicated that the most affected BP and pathways included cellular response to ROS, cellular response to oxidative stress, and the PPAR signaling pathway. PPI network analysis further identified HMGCS2 and Apoc3 as hub proteins, suggesting their central role in the therapeutic mechanism of XFC.
Oxidative stress is a key driver of inflammatory responses and acute/chronic lung injury (Bezerra et al., 2023; Dhlamini et al., 2022). Following pulmonary damage, recruited inflammatory cells and structural cells (e.g., epithelial cells and fibroblasts) generate endogenous ROS, thereby contributing to tissue destruction (Kellner et al., 2017). Mitochondrial respiration and NOX4 are major sources of ROS (Fan et al., 2023; Mazat et al., 2020). NOX4 expression is elevated in pulmonary fibroblasts during fibrosis, and its knockdown ameliorates bleomycin-induced fibrosis in mice (Yu L. et al., 2022). SOD is a critical antioxidant enzyme that mitigates oxidative damage (Liu et al., 2023; Rosa et al., 2021).
Peroxisome proliferator-activated receptors are ligand-activated nuclear hormone receptors that regulate diverse physiological processes (Mirza et al., 2019). Three subtypes exist: PPARα, PPARγ, and PPARβ/δ. PPARα is expressed in the bronchial epithelium, alveolar walls, and macrophages. In contrast, PPARγ is widely expressed in lung fibroblasts, airway epithelial cells, type II pneumocytes, macrophages, T cells, and smooth muscle cells (Braissant et al., 1996; Simon et al., 2006). PPARβ/δ has not been detected in lung cells. PPARγ can be activated by synthetic ligands such as RSG or pioglitazone, which exert anti-inflammatory, anti-fibrotic, and cytoprotective effects. PPARγ activation inhibits TGF-β–induced fibrotic responses (Xiang et al., 2023) and suppresses the release of pro-inflammatory cytokines (e.g., IL-6, IL-1β, and TNF-α) in airway epithelial cells (Pan et al., 2021). In bleomycin-induced pulmonary fibrosis models, PPARγ agonists have been shown to attenuate weight loss, improve histopathological outcomes, and enhance survival (Kabaliei et al., 2024). They also regulate fibroblast-to-myofibroblast differentiation(Kulkarni et al., 2011) and reduce airway remodeling in asthma models (Zhao et al., 2014). Moreover, PPARγ promotes antioxidant defense by enhancing SOD expression through PPAR response elements (Dovinova et al., 2020).
HMGCS2 catalyzes the condensation of acetyl-CoA and acetoacetyl-CoA to form HMG-CoA, a key irreversible step in ketogenesis. Multiple transcription factors regulate its expression. PPARγ has been shown to regulate HMGCS2 in hyperlipidemia-induced cardiomyocytes and colon cancer cells (Kim et al., 2019; Sikder et al., 2018). HMGCS2 promotes cell invasion and metastasis by enhancing PPARα-mediated transcriptional activity of Src (Chen et al., 2017). Additionally, PPARα/HMGCS2 signaling may induce ferroptosis (Duan et al., 2021). Wang et al. demonstrated that HMGCS2 overexpression promotes ROS accumulation and mitochondrial membrane potential loss, thereby inducing diabetic cardiomyopathy (Wang et al., 2020). Conversely, Chen et al. reported that silencing HMGCS2 alleviates high glucose-induced diabetic cardiomyopathy in vitro by enhancing cell viability, inhibiting apoptosis, suppressing inflammatory response, and reducing oxidative stress (69). Furthermore, PPARγ acts as an upstream regulator of HMGCS2: PPARγ activation suppresses HMGCS2 expression, whereas PPARγ inhibition elevates it (70).
Our findings demonstrate that XFC activates PPARγ signaling, resulting in the downregulation of HMGCS2, a reduction in oxidative stress, and the attenuation of inflammatory and fibrotic responses. This mechanism is consistent with studies on synthetic PPARγ agonists such as RSG, which have shown efficacy in preclinical models of lung fibrosis (Kabaliei et al., 2024; Kulkarni et al., 2011; Xiang et al., 2023). However, clinical application of synthetic PPARγ agonists is limited by systemic side effects, including weight gain, fluid retention, and cardiovascular risks (Nissen and Wolski, 2007). By contrast, XFC, with its multi-component composition, may offer a more favorable efficacy–safety profile. Although both XFC and RSG share PPARγ activation as a common mechanism, LC-MS analysis indicates that XFC provides a combination of bioactive compounds (e.g., astragaloside IV, quercetin, kaempferol, and triptolide) with complementary anti-inflammatory, antioxidant, and immunomodulatory properties (Jiang et al., 2021; Yang et al., 2024; Zhang M. et al., 2023; Zhou et al., 2022). Rather than directly and potently activating PPARγ, XFC appears to modulate the pathway in a more balanced and tissue-specific manner, while simultaneously engaging additional anti-fibrotic and anti-inflammatory pathways. This multi-target strategy is characteristic of TCM and may provide a more comprehensive and sustainable therapeutic approach for complex conditions such as RA-associated lung injury.
Notably, the TCM theory proposed by Professor Liu—that RA-associated lung injury arises from spleen deficiency leading to phlegm-stasis accumulation—aligns closely with our molecular findings. In TCM, the spleen governs transformation and transport; its dysfunction implies metabolic dysregulation. XFC’s reduction of oxidative stress (via decreased NOX4 and ROS) and enhancement of antioxidant capacity (via increased SOD) can be interpreted as rectifying spleen deficiency and eliminating pathogenic phlegm-stasis. The modern correlates of “phlegm” and “stasis”—namely, inflammatory infiltration, cytokine release, and collagen deposition—were consistently reduced by XFC treatment. Thus, PPARγ activation serves as a mechanistic bridge between TCM theory and contemporary pathophysiology. By activating PPARγ and normalizing HMGCS2-mediated metabolic dysfunction, XFC addresses the core TCM syndrome of spleen deficiency and its pathological consequences (inflammation/fibrosis).
In summary, this study confirms that XFC upregulates PPARγ expression, downregulates HMGCS2, and reduces oxidative stress markers (NOX4, ROS) as well as fibrotic indicators in AA rat lungs. Furthermore, using a pulmonary fibroblast model, we demonstrated that XFC inhibits fibrosis through PPARγ-mediated suppression of inflammation and oxidative stress.
Nonetheless, several limitations remain. First, although the AA rat model is widely used in experimental research, it does not fully recapitulate the complex immunological and pathological features of human-associated lung injury, which may impede the direct translation of our findings into clinical applications. Second, while our results—initiated by proteomic analysis—suggest the involvement of the PPARγ/HMGCS2 pathway in regulating oxidative stress and inflammatory responses, future rescue experiments utilizing HMGCS2 knockdown or overexpression will be essential to establish a direct causal relationship between this pathway and the observed outcomes, as well as to clarify its role in the development of lung injury in AA rats. Third, the relatively short duration of this study may have limited our ability to capture long-term fibrotic changes fully. Finally, the pharmacokinetic profile of the individual bioactive components within XFC and the long-term sustainability of its therapeutic effects remain to be elucidated. Therefore, evaluating the long-term effects of XFC on pulmonary fibrosis and remodeling is a key focus of our ongoing and future research. We are currently conducting an extended observational study in animal models and intend to report the long-term impact of XFC on pulmonary fibrosis associated with RA in forthcoming publications. Despite these limitations, our findings provide a solid foundation for further research and potential clinical application.
5 CONCLUSION
In summary, our study indicates that XFC effectively improves lung injury in AA rats and inhibits inflammatory and oxidative stress responses. Through proteomic analysis, along with in vitro and in vivo experiments, the molecular mechanism of XFC was further elucidated. We found that XFC can partially reverse the effects of PPARγ antagonists, activate the PPARγ signaling pathway, inhibit oxidative stress and inflammatory responses, and exert effects similar to those of PPARγ agonists. Therefore, XFC mitigates inflammation and oxidative stress by regulating the PPARγ/HMGCS2 pathway, thereby counteracting fibrosis and reducing lung injury. This study not only provides experimental evidence for the potential of XFC in the prevention and treatment of RA-associated lung injury but also highlights new molecular targets and pathways for addressing RA-associated interstitial lung fibrosis.
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AA adjuvant arthritis
Apoc3 apolipoprotein C-III
α-SMA a-smooth muscle actin
Aaas achalasia, adrenocortical insufficiency, alacrimia (Allgrove, triple-A)
BP biological processes
BLM bleomycin
CC cellular components
COL1A1 collagen type 1A1
COL3A1 collagen type 3A1
Cnn1 calponin 1
Cul2 cullin 2
DEPs differentially expressed proteins
FVC forced vital capacity
FEV0.2 forced expiratory volume at 0.2 s
FEV0.2/FVC forced expiratory volume at 0.2 s/forced vital capacity
FEF50 expiratory flow 50%
Fhip2a FHF complex subunit Hook Interacting Protein 2a
Fabp5 fatty acid-binding protein 5
GO gene ontology
Hdhd3 haloacid dehalogenase-like hydrolase domain containing 3
Hmgcs2 mitochondrial 3-hydroxy-3-methylglutaryl CoA synthase 2
KEGG kyoto encyclopedia of genes and genomes
LC-MS liquid chromatography-mass spectrometry
ILD interstitial lung disease
Ist1 increased sodium tolerance-1
MF molecular functions
Me1 Malic Enzyme 1
Nup43 nucleoporin 43
NOX4 nicotinamide adenine dinucleotide phosphate oxidase 4
PEF peak expiratory flow
Phrf1 human PHD and RING finger domain-containing protein 1
Pltp recombinant phospholipid transfer protein
PPI protein-protein interaction
PPARα peroxisome proliferators activated receptor α
PPARγ peroxisome proliferators activated receptor γ
RA rheumatoid arthritis
RSG rosiglitazone
ROS reactive oxygen
SOD superoxide dismutase
TMT tandem mass tags
TCM traditional Chinese medicine
Tpm3 tropomyosin 3
XFC Xinfeng Capsule
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