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Background: Pulmonary fibrosis (PF) is a progressive and fatal interstitial lung disorder with limited therapeutic options, as current drugs 
like pirfenidone and nintedanib offer only modest benefits and carry adverse events. Given the lung-protective and anti-inflammatory 
activities of Qingfei Huoxue decoction (QFHXD), its anti-PF efficacy, pharmacological mechanisms, and active constituents warrant further 
investigation.
Methods: A bleomycin (BLM)-induced PF mouse model was used to assess QFHXD’s efficacy. The bioactive components of 
QFHXD and their distribution in lung tissue were identified in vivo through serum pharmacochemistry. An integrative approach 
combining network pharmacology, transcriptomics, and molecular validation was employed to elucidate the QFHXD’s therapeutic 
mechanisms. The anti-PF active substances were defined by cellular immunofluorescence and molecular docking.
Results: Treatment with QFHXD effectively preserved alveolar integrity, suppressed inflammation, reduced expression of pro-fibrotic 
markers, and decreased extracellular matrix deposition, thereby improving histopathology and survival in PF mice. Serum pharma
cochemistry identified 46 QFHXD absorbable and lung-distributed compounds. Integrated component-target-disease network and 
transcriptome analyses revealed a central role of anti-inflammation and anti-apoptosis for QFHXD against PF. Indeed, QFHXD 
inhibited the overexpression of pivotal inflammatory mediators TLR2, TLR4, NF-κB, IL-1β, IL-6, TNF-α, TGF-β1, CCL2, SPP1, and 
MMP9 in fibrotic lung tissues. QFHXD also ameliorated the apoptotic phenotype and reduced the dysregulated levels of Bcl2, Bax, 
and Caspase-3 expression. QFHXD and several of its active components normalized pro-fibrotic markers Fibronectin and Collagen I in 
TGF-β1-stimulated MRC-5 cells, an effect mediated by their multi-target binding to key PF-related proteins (TGF-β1, TLR4, CCL2, 
SPP1, MMP9, and Caspase-3), as supported by molecular docking.
Conclusion: Our findings demonstrated a potent anti-PF efficacy of QFHXD, attributed at least in part to its multi-targeted anti- 
inflammatory and anti-apoptotic activities. Loganin, baicalein, baicalin, oroxylin A, peimine, peiminine, tanshinone IIA, nobiletin, and 
paeoniflorin were identified as the primary active components of QFHXD against PF.
Keywords: bleomycin-induced pulmonary fibrosis, Qingfei Huoxue decoction, serum pharmacochemistry, network pharmacology, 
transcriptome sequencing, inflammatory and apoptotic regulatory mechanisms, active constituents
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Introduction
Pulmonary fibrosis (PF) is a chronic, progressive interstitial lung disease of unknown etiology and has become a global public 
health issue with considerable morbidity and mortality, along with a substantial socio-economic burden.1,2 It is characterized 
by abnormal repair of damaged alveolar epithelium, infiltration of inflammatory cells, excessive proliferation of fibroblasts 
and myofibroblasts, and pathologic accumulation of extracellular matrix (ECM), which collectively drive adverse lung 
remodeling and poor outcomes (eg, deteriorative lung function, respiratory failure, and even death).3,4 Notably, the 
Coronavirus Disease 2019 (COVID-19) pandemic has heightened global concerns about PF, as Severe Acute Respiratory 
Syndrome Coronavirus 2 (SARS-CoV-2) infection can trigger fibrotic phenotypes (eg, alveolar epithelial damage, inflamma
tory reaction, and proliferation of fibroblasts) that lead to post-COVID-19 lung fibrosis.5,6 Currently, pirfenidone, nintedanib, 
and nerandomilast are the only three pharmacotherapies approved by the United States Food and Drug Administration (FDA) 
for PF treatment.7 Although they have proven efficacy in decelerating disease progression, maintaining lung function, and 
improving clinical outcomes, their use is limited by adverse events such as gastrointestinal disorders, cardiovascular events, 
and weight loss.8,9 In addition, non-pharmacological interventions (eg, pulmonary rehabilitation, lung transplantation, and 
palliative care) contribute to symptomatic relief and improvement of living quality.10 However, lung transplantation is only 
available for specific patients. Therefore, exploiting alternative options for PF treatment is urgently needed.

Using Traditional Chinese Medicine (TCM) in preventing and treating PF has been documented.11,12 TCM theory 
classifies PF as lung atrophy and lung impediment, with primary causes including fire-heat, phlegm stagnation, Qi deficiency, 
and blood stasis.13 Guided by the TCM principle of syndrome differentiation and treatment, TCM prescriptions, consisting of 
multiple Chinese medicinal herbs (CMHs) in appropriate proportions, can work synergistically to fight PF through pathways 
such as clearing heat, detoxification, expelling phlegm, regulating Qi, activating blood, and removing stasis.14 Qingfei Huoxue 
decoction (QFHXD), which includes Lonicera japonica Thunb. (Jinyinhua), Forsythia suspensa (Thunb). Vahl (Lianqiao), 
Scutellaria baicalensis Georgi (Huangqin), Taraxacum mongolicum Hand.-Mazz. (Pugongying), Fritillaria thunbergii Miq. 
(Zhebeimu), Angelica sinensis (Oliv). Diels (Danggui), Salvia miltiorrhiza Bunge (Danshen), Citrus reticulata Blanco 
(Chenpi), Coix lacryma-jobi var. ma-yuen (Rom. Caill). Stapf (Yiyiren), Paeonia lactiflora Pall. (Baishao), Bupleurum 
chinense DC. (Chaihu), Aesculus chinensis Bunge (Suoluoguo), Curcuma wenyujin Y.H.Chen & C.Ling (Yujin), Cyperus 
rotundus L. (Xiangfu), Perilla frutescens (L). Britton (Zisugeng), Peucedanum praeruptorum Dunn (Qianhu), Prunus 
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mandshurica (Maxim). Koehne (Kuxingren), and Platycodon grandiflorus (Jacq). A. DC. (Jiegeng), is an effective prescrip
tion medicine for treating respiratory diseases.15

The accumulating pharmacological evidence indicated that anti-PF properties of heat-clearing and detoxifying TCMs, 
such as Jinyinhua and Huangqin, were relevant to the modulation of anti-inflammatory, anti-oxidative, and anti-apoptotic 
mechanisms.16,17 CMHs used for eliminating phlegm, such as Chenpi and Jiegeng, exerted beneficial effects against PF via 
anti-inflammation and anti-apoptosis.18,19 Additionally, Chenpi, known for its Qi-regulating function, could also resist 
oxidation and suppress fibroblast activation to prevent PF.20 As the frequently used CMHs for blood-activating and stasis- 
dissolving, Danggui and Danshen were reported to ameliorate PF via diminishing fibroblast proliferation, inflammatory 
inhibition, and oxidation resistance.21,22 Moreover, our previous work has demonstrated that QFHXD alleviates lipopoly
saccharide-induced acute lung injury via regulating the TLR4/NF-κB pathway-mediated inflammation.15 Taken together, as 
a prescription that incorporates the aforementioned CMHs, QFHXD appears to possess a promising anti-PF potential. 
However, studies specifically investigating the anti-PF activity of QFHXD are unavailable, much less its underlying functional 
mechanisms or effective constituents, prompting the present investigation into these very questions.

To investigate QFHXD’s anti-PF action, a well-established bleomycin (BLM)-induced PF mouse model was 
employed in the present study.23 Serum pharmacochemistry and lung tissue distribution were performed to track the 
potential bioactive components of QFHXD using ultra-high-performance liquid chromatography coupled with 
Q-Exactive quadrupole-orbitrap mass spectrometry (UPLC-Q-Orbitrap-MS/MS). Guided by an established compound- 
target-disease network and transcriptome sequencing data, bioinformatic analyses were carried out to decipher the key 
biological processes and signaling pathways underpinning the anti-PF efficacy of QFHXD, followed by experimental 
validation. Through in vitro experiments and molecular docking, anti-PF compounds targeting specific PF-related targets 
were identified. This study will lay the groundwork to support the clinical translation of QFHXD for PF treatment.

Materials and Methods
Drugs and Reagents
QFHXD freeze-dried powder was prepared by the Zhejiang Key Laboratory of Traditional Chinese Medicine for the 
Prevention and Treatment of Senile Chronic Diseases. All herbs used in QFHXD were provided by the TCM pharmacy of 
Hangzhou First People’s Hospital. Loganin (T90594), phillyrin (B20725), baicalein (B20571), baicalin (B20570), wogonin 
(B20489), wogonoside (B20488), oroxylin A (T98415), peimine (B20080), peiminine (B20081), tanshinone IIA (B20257), 
nobiletin (B20199), paeoniflorin (B21148), albiflorin (B21149), and praeruptorin A (B20035) were purchased from Yuanye 
Biotechnology Co., Ltd. (Shanghai, China). All compounds had purities greater than 98%. BLM (99.03%, HY-17565), human 
TGF-β1 protein (HY-P7118), and SB-431542 (HY-10431) were obtained from MedChemExpress. Isoflurane (R510-22-10) 
was purchased from RWD Life Science Co., Ltd. (Shenzhen, China). Paraformaldehyde fixative (4%, E672002) was supplied 
by Sangon Biotechnology Co., Ltd. (Shanghai, China). Hematoxylin & Eosin (H&E) staining kit (C0105) and Hoechst 33342 
(C1022) were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai, China). Masson staining kit (G1006) and bovine 
serum albumin (BSA, GC305006) were bought from Servicebio Technology Co., Ltd. (Wuhan, China). Terminal 
Deoxynucleotidyl Transferase-mediated dUTP Nick-End Labeling (TUNEL) detection kit (HKI0010) and 3,3’- 
Diaminobenzidine Tetrahydrochloride (DAB) color development kit (HKI0039) were purchased from HaoKe 
Biotechnology Co., Ltd. (Hangzhou, China). RNA Isolator Total RNA Extraction Reagent (R401-01) and ChamQ 
Universal SYBR qPCR Master Mix (Q711) were purchased from Vazyme Biotechnology Co., Ltd. (Nanjing, China). 
ABScript III RT Master Mix for qPCR with gDNA Remover (RK20429) was purchased from ABclonal Biotechnology 
Co., Ltd. (Wuhan, China). Anti-α-SMA (ab7817), anti-MMP9 (ab283575), anti-Fibronectin (ab199056) for immunohisto
chemical staining, anti-Fibronectin (ab2413) for immunofluorescence, and anti-Collagen I (ab260043) antibodies were 
purchased from Abcam (Cambridge, United Kingdom). Anti-Caspase-3 antibody (#9662) was purchased from Cell 
Signaling Technology (Beverly, MA, United States). Mouse KL-6 (ZC-37730), TGF-β1 (ZC-39043), TLR2 (ZC-37839), 
TLR4 (ZC-37841), NF-κB (ZC-38232), TNF-α (ZC-39024), IL-1β (ZC-37974), IL-6 (ZC-37988), CCL2 (ZC-38588), SPP1 
(ZC-57360), and ELISA kits were purchased from ZCi Biotechnology Co., Ltd. (Shanghai, China). Dimethyl sulfoxide 
(DMSO, 276855) was purchased from Sigma-Aldrich (Saint Louis, MO, United States). Dulbecco’s Modified Eagle’s 
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Medium (DMEM, 11965–092) was purchased from Gibco. Fetal bovine serum (FBS, 35–016-CV) was purchased from 
Corning. Cell Counting Kit-8 (CCK-8, BS350A) was purchased from Biosharp (Hefei, China).

Experimental Animals
Eighty-eight healthy adult male C57BL/6J mice (20–22 g) and twenty-four healthy adult male specific-pathogen-free- 
grade Sprague Dawley (SD) rats (245–255 g) were provided by Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, 
China, Certificate No.: SCXK [Hu] 2022–0004). All animal studies were conducted in accordance with the guidance of 
the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No.85–23, 
revised 1996), and experimental protocols were approved by the Laboratory Animal Welfare and Ethics Committee of 
Zhejiang Center of Laboratory Animals (Approval number: ZJCLA-IACUC-20010760). The mice and rats were housed 
in an air-conditioned room (25 °C ± 1 °C, relative humidity of 45% ± 5%, 12-h light/dark cycle) with free access to clean 
water and food. While mice were employed for the pharmacodynamic evaluation of QFHXD against PF, rats were 
selected for serum pharmacochemistry due to their suitability for serial blood collection. Before the experiments, all 
animals were raised adaptively for one week.

Preparation of QFHXD Freeze-Dried Powder
According to the prescribed proportion, 9 g Jinyinhua, 15 g Lianqiao, 9 g Huangqin, 15 g Pugongying, 9 g Zhebeimu, 
12 g Danggui, 12 g Danshen, 9 g Chenpi, 30 g Yiyiren, 15 g Baishao, 9 g Chaihu, 12 g Suoluoguo, 9 g Yujin, 9 g Xiangfu, 
12 g Zisugeng, 9 g Qianhu, 9 g Kuxingren, and 9 g Jiegeng were mixed and soaked in 8 volumes of water for 30 min. The 
mixture was decocted thrice for 60 min each time. After filtration, the combined extracts were concentrated to 200 mL and 
freeze-dried under vacuum to generate QFHXD powder. The extraction yield was 14.8%.

Sample Preparation for Chemical Characterization of QFHXD in vitro
Freeze-dried QFHXD powder (100 mg) was dissolved in 1 mL ultrapure water, followed by ultrasound extraction for 
60 min. After centrifugation at 14,000 rpm for 10 min, the supernatant was collected, diluted 5-fold with ultrapure water, 
and then analyzed by UPLC-Q-Orbitrap-MS/MS.

Sample Preparation for Chemical Profiling of Absorbable Components of QFHXD 
in vivo
After 12 h of fasting, twelve rats were randomly assigned to either a control group (n = 6) or a QFHXD group (n = 6). 
The QFHXD group received 6.62 g/kg (twice the clinical dose) of QFHXD by intragastric administration, while the 
control group received an equal volume of ultrapure water. The rats were anesthetized with isoflurane. The blood samples 
(0.5 mL) were respectively collected from the orbital venous plexuses at 0.25 h, 0.5 h, 0.75 h, 1 h, 1.5 h, 2 h, 3 h, 4 h, 6 h, 
8 h, and 12 h following a single administration of QFHXD, and then transferred into heparinized tubes to isolate the 
plasma after centrifuging at 3500 rpm for 15 min at 4 °C. Equal amounts of plasma from different time points were 
merged for subsequent processing. For protein precipitation, 450 μL of methanol-acetonitrile (2:1, v/v) was added to 
150 μL of pooled plasma. After vortex shaking, the mixture was ultrasonically extracted for 10 min in an ice-water bath 
and stored at −40 °C for 30 min. Following centrifugation (12,000 rpm, 10 min, 4 °C), 500 μL of supernatant was 
obtained and dried with nitrogen gas. The residue was redissolved with 150 μL of methanol-acetonitrile-water (2:1:1, v/v/ 
v), followed by vortexing (1 min), ultrasound extraction (3 min), and stored at −40 °C overnight. After a final 
centrifugation step at 12,000 rpm for 10 min at 4 °C, the supernatant (100 μL) was transferred to a liquid glass-lined 
tube for UPLC-Q-Orbitrap-MS/MS analysis.

Sample Preparation for Study on Lung Tissue Distribution of Main Constituents in 
QFHXD
After fasting for 12 h, twelve rats were randomly divided into the control group (n = 6) and QFHXD group (n = 6). The 
rats in the QFHXD group received oral administration of QFHXD (6.62 g/kg), while the control group was given the 
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same volume of ultrapure water. At 2 h post-dosing, the rats were anesthetized with isoflurane and euthanized by cervical 
dislocation for lung tissue collection. The tissues were rinsed with pre-cooled normal saline and stored at −80 °C for 
subsequent processing. Each tissue sample (100 mg) was homogenized with 600 μL pre-cooled methanol-water (4:1, v/v) 
using a tissue homogenizer. The tissue homogenate was ultrasonically extracted for 10 min in an ice-water bath and 
stored at −40 °C overnight. After centrifuging at 12,000 rpm for 10 min at 4 °C, the supernatant (500 μL) was collected 
and dried with nitrogen gas. The residue was reconstituted in 300 μL of methanol-acetonitrile-water (2:1:1, v/v/v), 
vortexed for 30s, ultrasound extraction for 3 min, and then stored at −40 °C for 2 h. Following a final centrifugation, the 
supernatant (150 μL) was transferred to a liquid glass-lined tube for UPLC-Q-Orbitrap-MS/MS analysis.

Chromatographic and Mass Spectrometric Conditions
The chromatographic separation was conducted on a Waters ACQUITY UPLC I-Class Plus system using a HSS T3 column 
(100 mm × 2.1 mm, 1.8 μm) maintained at 45 °C. The mobile phase consisted of A (formic acid aqueous solution) and 
B (acetonitrile). The gradient elution program was carried out as follow: 0–2 min, 5%-5% B; 2–4 min, 5%-30% B; 
4–8 min, 30%-50% B; 8–10 min, 50%-80% B; 10–14 min, 80%-100% B; 14–15 min, 100%-100% B; 15–15.1 min, 100%- 
5% B; 15.1–16 min, 5%-5% B. The flow rate was set at 0.35 mL/min, and the injection volume was 5 μL. Mass spectrometry 
(MS) analysis was performed using a Q-Exactive quadrupole-orbitrap mass spectrometer equipped with a heated-electrospray 
ionization (HESI) source (Thermo Fisher Scientific, Waltham, United States). Both positive electrospray ionization (ESI+) and 
negative electrospray ionization (ESI−) modes were employed to capture the mass spectrometric signals. The main MS 
parameters were set as follow: scan range, m/z 100–1500; spray voltage, 3800 V for ESI+ and −3000 V for ESI−; capillary 
temperature, 320 °C; auxiliary gas heater temperature, 350 °C; sheath gas flow rate, 35 Arb; auxiliary gas flow rate, 8 Arb; full 
MS resolution, 60,000; MS/MS resolution, 15,000.

MS Data Processing and Component Identification
The raw MS data were processed by Progenesis QI software (Version 3.0, Nonlinear, Dynamics, Newcastle, United Kingdom) 
for baseline filtering, peak identification, integral, retention time correction, peak alignment, and normalization. Compound 
identification was performed against the LuMet-TCM database of standard substances (OE Biotechnology Co., Ltd. Shanghai, 
China) by matching precise mass-to-charge ratio (m/z), fragment ions, isotopic distribution, and retention time (each assigned 
a score of 20). Compounds with a total score exceeding 50 were considered primary constituents of QFHXD in vitro. Among 
the identified compounds, those that demonstrated a statistically higher abundance (Fold Change>2 and P-value < 0.05) in the 
QFHXD group compared to the control group were defined as QFHXD’s absorbable components in vivo or as constituents 
distributed to the lung. Fold Change = peak area of compound in QFHXD group/peak area of compound in control group.

BLM-Induced PF Model and Drug Intervention
Eighty-eight mice were randomly allocated to control (n = 16), BLM-induced PF model (n = 40), QFHXD low dose 
(QFHXD-L, 4.78 g/kg, n = 16), and QFHXD high dose (QFHXD-H, 9.56 g/kg, n = 16) groups. Based on our previous 
report,15 QFHXD-L was converted from the clinical dosage using the following formula: QFHXD-L = 213 g × 14.8% × 
9.1/60 kg (the clinical dosage for adult was 213 g/person/day, the extraction yield was 14.8%, the equivalent-dose ratio of 
human and mouse was 9.1, and the average weight of adult was 60 kg). The mice in QFHXD groups underwent a 5-day 
pretreatment with daily gavage. On day 6, 60 min after QFHXD administration, the PF model was initiated by a single 
intratracheal instillation of saline solution containing BLM (2.5 mg/kg),23 while controls received an equal volume of 
normal saline. Daily QFHXD treatment resumed 24 h post-modeling and continued for 21 days. The control and model 
groups received ultrapure water (10 mL/kg) daily. The weight and survival were recorded throughout.

Histopathology
At 24 h after the last dose, the mice (n = 6 per group) were anesthetized with isoflurane and perfused. The lung tissues were then 
collected and fixed with 4% paraformaldehyde solution for 48 h. After dehydration and embedding, the paraffin-embedded 
tissues were cut into 3 µm-thick slices. H&E staining and Masson’s trichrome staining of sections were performed according to 
the manufacturer’s protocols. The images were acquired using an automatic digital slide scanning system (KF-PRO-120, 
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KFBIO, China) and observed with the accompanying software (KFBIO Digital Slide Viewer, Version 1.7.0.21). The severity of 
PF was semi-quantitatively evaluated using the Ashcroft score.24 Eight observed fields in each section were scored, and the 
average score was calculated.

Collection of PF-Related and Bioactive Components-Relevant Targets
The online databases, including GeneCards (https://www.genecards.org/), DisGeNET (https://www.disgenet.org/), and 
Comparative Toxicogenomics Database (CTD, https://ctdbase.org/) were retrieved to acquire PF-relevant targets with the 
keyword “pulmonary fibrosis”.25,26 Targets with a Relevance Score > 8 in GeneCards and an Inference Score > 80 in CTD 
were selected. After identifying QFHXD’s bioactive components in vivo, their potential targets were collected from the 
high-throughput experiment- and reference-guided database of traditional Chinese medicine (HERB) (https://herb.ac.cn/) 
and Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (https://old.tcmsp-e. 
com/tcmsp.php/).27,28 For compounds that were not retrieved, the Swiss Target Prediction webserver (https://www. 
swisstargetprediction.ch/) and PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) were employed to replenish compound- 
target information.25 The targets with a Probability more than 0 in the Swiss Target Prediction web server were retained. 
The representative component-target network was visualized using R (Version 4.0.2, https://www.r-project.org/).

Network Construction and Detailed Analysis
To establish an integrated component-target-disease network, the overlapping targets between disease-target and compo
nent-target databases were determined using a Venn diagram,26 and visualized with Cytoscape (Version 3.7.2). To further 
investigate the molecular mechanisms of QFHXD against PF, Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analyses were performed with the Database for Annotation, Visualization and 
Integration Discovery (DAVID, https://david.ncifcrf.gov/).25,26 The results of GO and KEGG were visualized with 
ImageGP (https://www.bic.ac.cn/ImageGP/).29 The protein-protein interaction (PPI) network of overlapping targets 
was generated using the Search Tool for Recurring Instances of Neighboring Genes (STRING) database (Version 12.0, 
https://string-db.org/). Using the Molecular Complex Detection (MCODE) plugin in Cytoscape, the most significant 
cluster of the PPI network was selected based on its MCODE score and node numbers.30 The subnetwork was presented 
in Degree order. The cytoHubba plugin was utilized to rank the nodes of the PPI network based on the maximal clique 
centrality (MCC) algorithm.31 The associations between identified key targets and important signaling pathways were 
visualized using Cytoscape.

Ribonucleic Acid Sequencing (RNA-Seq) and Bioinformatics Analysis
At 24 h after the final administration, lung tissues were harvested from mice in the BLM-induced PF model and 
QFHXD-H groups. According to the manufacturer’s instructions, the libraries were constructed using the VAHTS 
Universal V6 RNA-Seq Library Prep Kit (Vazyme, China) following the extraction and assessment of total RNA 
samples. The transcriptome sequencing was performed with an Illumina Novaseq 6000 platform, and then the clean 
reads of each sample were obtained by removing low-quality reads. The clean reads were mapped to the reference 
genome using the HISAT2 program (https://daehwankimlab.github.io/hisat2/). Fragments Per Kilobase of exon model 
per Million mapped fragments (FPKM) of each gene was calculated, and the read counts of each gene were acquired 
by HTSeq-count (https://htseq.readthedocs.io/en/master/). The DESeq2 (https://bioconductor.org/packages/release/bioc/ 
html/DESeq2.html) was applied for differential expression analysis.32 The differentially expressed genes (DEGs) were 
confirmed based on the threshold of Q-value < 0.05 and |log2FoldChange| ≥1. The volcano plot and clustering heat 
map of DEGs were produced by an online platform for data analysis and visualization (https://www.bioinformatics. 
com.cn). By comparing with overlapping targets from network pharmacology, the selected DEGs were imported into 
DAVID for KEGG enrichment analysis. Using the STRING database and Cytoscape, the pivotal DEGs within 
significant pathways were identified based on Degree and MCC topological algorithms.
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TUNEL Assay
The anti-apoptotic effect of QFHXD was evaluated by TUNEL detection. Briefly, the sections were incubated with 
TUNEL working solution for 60 min at 37 °C following dewaxing, rehydration, and permeabilization. After nuclear 
counterstaining, the slides were scanned using a Panoramic MIDI automatic digital slide scanner (3DHISTECH Ltd., 
Budapest, Hungary). TUNEL-positive apoptotic cells were counted in five randomly selected fields per section using the 
SlideViewer software (Version 2.5.0.143918).

Immunohistochemical Staining
Immunohistochemical staining was performed in accordance with standard procedures. Briefly, the paraffin-embedded 
sections were dewaxed, rehydrated, and subjected to antigen retrieval. After blocking endogenous peroxidase activity and 
non-specific sites, the slices were subsequently treated overnight with the primary antibodies of anti-α-SMA (1:500), 
anti-Fibronectin (1:1000), anti-MMP9 (1:500), and anti-Caspase-3 (1:1000) at 4 °C. After incubation with the corre
sponding secondary antibodies, the sections were colored with DAB and counterstained with hematoxylin. The automatic 
digital slide scanning system (KF-PRO-120, KFBIO, China) was exploited to gather the images. For each sample, eight 
random regions were selected using the KFBIO digital slide viewer (Version 1.7.0.21), and protein expression was 
quantified with ImagePro Plus software (Version 6.0).

Enzyme-Linked Immunosorbent Assay (ELISA)
At 24 h post-final dose, blood samples (n = 8 per group) were intravenously taken from mice under isoflurane anesthesia. 
The serum was isolated by centrifugation (3500 rpm, 15 min, 4 °C). The mice were then euthanized by cervical 
dislocation and lung tissues (n = 6 per group) were rapidly harvested. After weighing, homogenization, and centrifuga
tion (10,000 rpm, 10 min, 4 °C), the tissue supernatants were obtained. The protein contents of Krebs von den Lungen-6 
(KL-6), transforming growth factor-beta1 (TGF-β1), and chemokine (C-C motif) ligand 2 (CCL2) in serum samples as 
well as the protein levels of toll-like receptor 2 (TLR2), toll-like receptor 4 (TLR4), nuclear factor-kappa B (NF-κB), 
tumor necrosis factor-alpha (TNF-α), interleukin-1 beta (IL-1β), interleukin-6 (IL-6), secreted phosphoprotein 1 (SPP1), 
CCL2, and TGF-β1 in lung supernatants were detected and calculated using the ELISA method in line with manufac
turer’s instructions.

Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis
The total RNA samples were extracted from lung tissues (n = 5 per group). To measure the transcriptional levels of 
validated genes, RT-qPCR reactions were carried out with the universal SYBR premix using the Applied Biosystems 
QuantStudio 6 Flex Real-Time PCR system (Version 1.7.2, Thermo Fisher Scientific, Waltham, United States). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was selected as the internal control gene, and the relative 
mRNA expression levels of validated genes were quantified using the 2−ΔΔCT method. The primer sequences were 
presented in Supplementary Table S1 and synthesized by SUNYA Biotechnology Co., Ltd. (Hangzhou, China).

Cell Culture and Treatment
Human embryonic lung fibroblast line (MRC-5 cells) was obtained from the Cell Bank of the Chinese Academy of 
Sciences (Shanghai, China). The cells at a density of 4×103 cells/well were cultured in DMEM supplemented with 10% 
FBS and 1% penicillin-streptomycin at 37 °C under a humidified atmosphere with 5% CO2. Upon reaching 70% 
confluence, the cells were serum-starved for 24 h. Then, the cells were treated with either TGF-β1 (20 ng/mL), TGF- 
β1 (20 ng/mL) plus SB-431542 (2 μM), TGF-β1 (20 ng/mL) plus QFHXD (100 µg/mL and 200 µg/mL), or TGF-β1 
(20 ng/mL) plus each component (1 μM). The concentrations of QFHXD and its 14 compounds were determined based 
on prior cytotoxicity assays (Supplementary Figure S1). The control cells were incubated with 0.1% dimethyl sulfoxide 
(DMSO) solvent. After 48 h of incubation, the cells were harvested for subsequent experiments.
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Cell Immunofluorescence
Following 48 h of TGF-β1 stimulation, the collected cells were fixed with 4% paraformaldehyde solution for 30 min. 
After permeabilization and blocking, an overnight incubation with anti-Fibronectin (1:200) and anti-Collagen I (1:200) 
antibodies was performed at 4 °C, followed by staining with the corresponding secondary antibodies. The nuclei were 
counterstained with Hoechst (1:1000) for 10 min at 37 °C. The fluorescence images were acquired using a Micro 
Confocal High-Content Imaging System (ImageXpress, Molecular Devices, United States) and analyzed with the 
MetaXpress PowerCore Software (Version 1.5.0.17).

Molecular Docking
The files of X-ray crystal structures of target proteins were downloaded from the Protein Data Bank (PDB) database 
(https://www.rcsb.org/pdb/). The structure files (SDF format) of active constituents were downloaded from the PubChem 
(https://pubchem.ncbi.nlm.nih.gov/) database, and then converted into three-dimensional structures (MOL2 format) using 
the OpenBabel software (Version 2.3.2). Both receptor and ligand files were subsequently processed with the AutoDock 
software (Version 4.2.6) to generate PDBQT files. Molecular docking simulations were performed using the AutoDock 
Vina software (Version 1.2.0) to evaluate binding affinity. A grid box was centered on the receptor protein and adjusted to 
encompass the predicted binding pocket. The receptor-ligand interaction complexes were visualized with the PyMOL 
software (Version 2.5).

Statistical Analysis
The experimental data were analyzed using SPSS software (Version 21.0, IBM Corp., United States).The Shapiro–Wilk 
test and Levene’s test were used to assess the normality and homogeneity of variance of quantitative data, respectively. 
A two-tailed Student’s t-test was used to compare the two groups, as the data were normally distributed. When the data 
from multiple groups met the assumptions of normality and homogeneity of variance, a one-way analysis of variance 
(ANOVA) with Dunnett’s post-hoc test was applied. If these assumptions were violated, the Kruskal–Wallis test was 
employed, followed by Dunn’s post-hoc test for pairwise comparisons. The data were presented as mean ± SD, except for 
RT-qPCR data of inflammatory genes, which were expressed as mean ± SEM. Survival curves were compared using the 
Log rank test. A value of P < 0.05 was considered statistically significant. The GraphPad Prism software (Version 8.0.2) 
was employed for graphing.

Results
QFHXD Intervention Improved Survival and Alleviated Fibrotic Phenotypes in 
BLM-Induced PF Mice
As illustrated in the experimental design (Supplementary Figure S2), mouse weight and survival were monitored daily 
following BLM stimulation. Compared with the healthy mice, BLM-stimulated PF mice exhibited apparent weight loss 
and reduced survival within the experimental period (Figure 1A and B). As expected, QFHXD intervention observably 
enhanced body weight and rescued survival, and lowered mortality from 55% to 12.5% (Figure 1A and B). 
Histopathological evaluation via H&E and Masson staining revealed that BLM exposure severely caused lung lesions, 
including damage to alveolar architecture, fibrous thickening of alveolar walls, collapse of alveolar spaces, numerous 
aggregation of inflammatory cells, proliferation of fibrous tissues, formation of fibrous masses, and abundant collagen 
deposition (Figure 1C). These pathological changes were reflected by a markedly elevated Ashcroft score (Figure 1D). In 
contrast, administration of QFHXD at different doses significantly mitigated BLM-induced fibrotic lesions and decreased 
Ashcroft grade of PF (Figure 1C and D). Consistent with these findings, immunohistochemical staining demonstrated that 
the abnormally elevated expression of pro-fibrotic markers alpha-smooth muscle actin (α-SMA) and Fibronectin (FN) in 
PF mice was significantly suppressed by QFHXD treatment (Figure 1C, E and F). Similarly, QFHXD markedly reversed 
the aberrantly upregulated transcriptional levels of pro-fibrotic genes (Fn1 and Col1a1) in lung samples of PF mice 
(Figure 1G and H). In addition, ELISA results showed that QFHXD intervention decreased the unconventionally 
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Figure 1 Effects of QFHXD on histopathology and pro-fibrotic markers in BLM-induced PF mice. (A) Dynamic changes in body weight. (B) The Kaplan-Meier survival curve 
of each group. Compared with the model group, Treatment with different doses of QFHXD markedly boosted the survival rate of PF mice. (C) The representative images of 
lung sections stained with H&E, Masson’s trichrome, and immunohistochemical staining for α-SMA and FN proteins (×200 magnification, scale bar: 100 μm, n = 6). 
(D) Ashcroft score for grading PF severity (n = 6). Quantification of immunohistochemical results of α-SMA (E) and FN (F) expression (n = 6). The relative mRNA levels of 
Fn1 (G) and Col1a1 (H) in lung samples of each group (n = 5). QFHXD administration effectively mitigated fibrotic lesions, inhibited collagen deposition, and decreased the 
expression of pro-fibrotic markers. Serum levels of TGF-β1 (I), CCL2 (J), and KL-6 (K) were measured by ELISA (n = 8). Data are displayed as the mean ± SD. ##P < 0.01 
versus the control group; *P < 0.05, and **P < 0.01 versus the model group. Model, BLM-induced PF model; QFHXD-L, QFHXD low dose (4.78 g/kg); QFHXD-H, QFHXD 
high dose (9.56 g/kg).
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increased serum levels of pro-fibrotic and inflammatory mediators TGF-β1 and CCL2, as well as alveolar epithelial 
injury marker KL-6 (Figure 1I–K).

Identification of Potential Bioactive Components of QFHXD in vivo
To identify the potential bioactive substances for further elucidating anti-PF functional mechanisms and discovering 
pharmacodynamic constituents of QFHXD, serum pharmacochemistry and lung tissue distribution analyses were con
ducted using UPLC-Q-Orbitrap-MS/MS. The base peak chromatograms in both ESI+ and ESI− modes were respectively 
acquired for in vitro and in vivo samples using the developed gradient program within 16 min (Figure 2). A total of 37 
prototype components from QFHXD were characterized as the absorbable constituents in the QFHXD-containing plasma 
(Figure 2A and B). The main parameters and sources of these absorbable compositions were summarized in Table 1. 
A total of 24 prototype constituents from QFHXD were identified in lung tissues following QFHXD administration 
(Figure 2C and D). Table 2 displayed the primary parameters and sources of these lung-distributed compounds. Notably, 
15 prototype components, including neoamygdalin, loganin, paeoniflorin, peiminine, wogonin, oroxylin A, and neocryp
totanshinone, were simultaneously detected in both the bloodstream and lung tissues. Broadly speaking, the absorbable 

Figure 2 Chemical profiling of QFHXD in rat plasma and lung tissue by UPLC-Q-Orbitrap-MS/MS. The representative base peak chromatograms of QFHXD acquired in 
both positive (A) and negative (B) ion modes for serum pharmacochemistry (Control, blank plasma; Treatment, QFHXD-containing plasma; TCM, QFHXD sample in vitro). 
The typical base peak chromatograms of QFHXD obtained in both positive (C) and negative (D) ion modes for lung tissue distribution (Control, blank lung tissues; 
Treatment, QFHXD-containing lung tissues; TCM, QFHXD sample in vitro). 
Abbreviations: BPC, base peak chromatogram; POS, positive ion mode; NEG, negative ion mode.
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and lung-distributed components identified in vivo represented the potential bioactive substances of QFHXD and were 
subjected to subsequent investigations.

Network Pharmacology Exploration of the Potential Key Anti-PF Targets and 
Mechanisms of QFHXD
Network pharmacology was employed to reveal the underlying regulatory mechanisms of QFHXD against PF. A disease- 
target dataset was constructed using 1830 PF-associated targets collected from multiple public databases (Figure 3A). 
Leveraging QFHXD’s 46 potential bioactive ingredients identified in vivo (Tables 1 and 2), a compound-target dataset 
encompassing 525 related targets was established. Figure 3B exhibited the relevance network between 46 bioactive 
constituents and their top 50 related targets. Integrating the two datasets resulted in 323 overlapping targets (Supplementary 
Tables S2 and S3) as shown in a component-target-disease network (Figure 3C and D). The subsequent enrichment analyses 
revealed that these overlapping targets were significantly associated with inflammatory processes (inflammatory response, 

Table 1 Identification of Absorbable Components of QFHXD in Rat Plasma by UPLC-Q-Orbitrap-MS/MS

NO. RT 
(Min)

Formula Adducts Theoretical  
m/z

Detected  
m/z

Mass Error 
(ppm)

Identification Source

1 3.91 C14H20O7 [M-H]-, [M+FA-H]- 345.1193 345.1177 −4.79 Salidroside HQ, LQ

2 4.11 C16H22O11 [M+NH4]+, [M+Na]+ 413.1055 413.1038 −4.06 Secologanoside JYH

3 4.12 C17H26O11 [M+FA-H]- 451.1459 451.1442 −3.82 Shanzhiside methyl ester DS

4 4.22 C16H22O10 [M-H]-, [M+FA-H]-, [2M-H]- 373.1140 373.1124 −4.23 Secologanic acid JYH

5 4.24 C8H8O3 [M-H]- 151.0401 151.0395 −3.70 4-Hydroxyphenylacetic acid LQ

6 4.30 C20H27NO11 [M+FA-H]-, [2M-H]-, [M-H]- 502.1568 502.1549 −3.74 Neoamygdalin KXR

7 4.42 C17H26O10 [M+FA-H]- 435.1510 435.1492 −4.10 Loganin JYH

8 4.60 C17H24O11 [M-H]-, [2M-H]-, [M+FA-H]- 403.1246 403.1230 −3.80 Secoxyloganin JYH

9 4.62 C23H28O11 [M+H]+ 481.1704 481.1687 −3.70 Albiflorin BS

10 4.68 C14H17NO6 [M+FA-H]- 340.1040 340.1024 −4.76 Prunasin KXR

11 4.68 C17H20O9 [M-H]- 367.1035 367.1017 −4.73 3-O-Feruloylquinic acid DG

12 4.70 C23H28O11 [M-H]-, [2M-H]-, [M+FA-H]- 525.1615 525.1595 −3.98 Paeoniflorin BS

13 4.84 C26H28O13 [M+H]+ 549.1603 549.1584 −3.49 Chrysin 6-C-glucoside 

8-C-arabinoside

HQ

14 4.92 C21H18O12 [M+H]+, [M+Na]+ 463.0871 463.0852 −4.07 Luteolin 7-O-glucuronide JYH

15 4.94 C21H20O12 [M-H]- 463.0882 463.0869 −2.81 Isoquercitrin JYH, CH

16 5.25 C27H45NO3 [M+H-H2O]+, [M+H]+ 432.3472 432.3455 −4.00 Peimine ZBM

17 5.29 C27H22O12 [M-H]-, [2M-H]- 537.1038 537.1018 −3.87 Lithospermic acid DS

18 5.41 C27H43NO3 [M+H-H2O]+, [M+H]+ 430.3316 430.3298 −4.21 Peiminine ZBM

19 5.41 C20H28O8 [M+FA-H]- 441.1768 441.1749 −4.33 Lobetyolin JG

20 5.56 C21H18O11 [M-H]- 445.0776 445.0759 −3.85 Baicalin HQ

21 5.69 C7H6O3 [M-H]- 137.0244 137.0238 −4.12 Salicylic acid XF, YJ, BS

22 5.79 C27H34O11 [M+FA-H]- 579.2085 579.2064 −3.54 Phillyrin LQ

23 5.83 C27H45NO3 [M+H]+ 432.3472 432.3455 −3.97 Isoverticine ZBM

24 5.86 C21H18O11 [M-H]- 445.0776 445.0761 −3.48 Glychionide A HQ

25 6.05 C22H20O11 [M+H]+, [M+K]+, [M+Na]+ 461.1078 461.1060 −4.07 Oroxyloside HQ

26 6.09 C21H18O10 [M+H]+ 431.0973 431.0955 −4.01 Chrysin-7-O-glucuronide HQ

27 6.29 C22H20O11 [M-H]-, [2M-H]- 919.1938 919.1921 −1.91 Wogonoside HQ

28 7.37 C15H10O5 [M-H]- 269.0455 269.0445 −3.76 Baicalein HQ

29 7.82 C12H14O3 [M-H]- 205.0870 205.0863 −3.30 2-Pentanoylbenzoic Acid DG

30 8.71 C55H86O24 [M-H]- 1129.5436 1129.5403 −2.91 Isoescin IB SLZ

31 8.71 C55H86O24 [M+H]+, [M+NH4]+, [M+K]+, [M+Na]+ 1131.5582 1131.5539 −3.83 Isoescin IA SLZ

32 8.75 C16H12O5 [M-H]- 283.0612 283.0601 −3.69 Wogonin HQ

33 9.09 C16H12O5 [M+H]+ 285.0758 285.0747 −3.87 Oroxylin A HQ

34 9.37 C22H24O9 [M+H]+, [M+Na]+, [M+K]+ 433.1493 433.1476 −3.95 3,5,6,7,8,3’,4’- 

Heptamethoxyflavone

CP

35 9.65 C18H16O4 [M-H]- 295.0976 295.0964 −4.01 Tanshinone VI DS

36 9.83 C18H18O4 [M+H]+ 299.1278 299.1266 −4.12 Phenethyl ferulate DG

37 10.47 C19H22O4 [M-H]- 313.1445 313.1434 −3.58 Neocryptotanshinone DS

Abbreviations: RT, Retention time; JYH, Jinyinhua; LQ, Lianqiao; HQ, Huangqin; PGY, Pugongying; ZBM, Zhebeimu; DG, Danggui; DS, Danshen; CP, Chenpi; YYR, Yiyiren; 
BS, Baishao; CH, Chaihu; SLG, Suoluoguo; YJ, Yujin; XF, Xiangfu; ZSG, Zisugeng; QH, Qianhu; KXR, Kuxingren; JG, Jiegeng.
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cellular response to tumor necrosis factor, and positive regulation of interleukin-8 production) and inflammatory signaling 
pathways (TNF signaling pathway, Toll-like receptor signaling pathway, and IL-17 signaling pathway) (Figure 4A and B). 
Meanwhile, the top 20 enriched biological processes and signaling pathways, such as apoptotic process, PI3K-Akt signaling 
pathway, and Apoptosis signaling pathway, were closely linked to apoptosis (Figure 4A and B). To further determine pivotal 
targets modulated by QFHXD, a PPI network of 323 overlapping targets was analyzed using MCODE plugin, revealing a key 
cluster of 119 nodes (ranked by Degree) and 5165 edges (Figure 4C). In addition, MCC algorithm in cytoHubba plugin ranked 
the top 15 targets (Figure 4D). Through integrating top 20 targets from component-target network (Supplementary Table S4), 
top 15 nodes based on Degree algorithm (Supplementary Table S5), top 15 targets based on MCC algorithm (Supplementary 
Table S5), 28 hub targets were prioritized. Linking these targets to focused pathways highlighted crucial candidates, such as 
TGFB1, MMP9, TLR4, RELA, NFKB1, IL6, IL1B, TNF, CASP3, BAX, and BCL2, involved in inflammatory and apoptotic 
mechanisms underlying QFHXD’s anti-PF activity (Figure 4E), warranting follow-up experimental validation.

RNA-Seq Analysis Further Deciphered the DEGs and Anti-PF Mechanisms of QFHXD 
Intervention
Transcriptome sequencing was performed to compare fibrotic lung tissues from PF model mice with and without QFHXD 
treatment. At a threshold of Q-value < 0.05 and |log2FoldChange| ≥1, 2105 DEGs were identified in the QFHXD-H group versus 
the model group. Among these, 991 DEGs were upregulated and 1114 DEGs were downregulated, as visualized in the volcano 
plot (Figure 5A). The representative DEGs details were represented by a clustering heat map (Figure 5B). Compared 2105 RNA- 
seq-derived DEGs with 323 overlapping targets from established component-target-disease network pinpointed 63 common 
genes (Supplementary Table S6), that may represent the core anti-PF targets of QFHXD. KEGG enrichment analysis of 63 DEGs 
confirmed significant enrichment in inflammatory and apoptotic pathways, including PI3K-Akt signaling pathway, IL-17 
signaling pathway, Toll-like receptor signaling pathway, and TNF signaling pathway (Figure 5C), underscoring their roles in 

Table 2 Identification of Lung-Distributed Constituents of QFHXD in Rat by UPLC-Q-Orbitrap-MS/MS

NO. RT 
(Min)

Formula Adducts Theoretical  
m/z

Detected  
m/z

Mass Error 
(ppm)

Identification Source

1 4.31 C20H27NO11 [M+FA-H]-, [2M-H]-, [M-H]- 502.1568 502.1547 −4.10 Neoamygdalin KXR

2 4.42 C17H26O10 [M+FA-H]- 435.1510 435.1491 −4.40 Loganin JYH

3 4.60 C17H24O11 [M-H]-, [2M-H]-, [M+FA-H]- 403.1246 403.1230 −3.96 Secoxyloganin JYH

4 4.68 C17H20O9 [M-H]- 367.1035 367.1016 −4.97 3-O-Feruloylquinic acid DG

5 4.72 C23H28O11 [M+FA-H]-, [2M-H]-, [M-H]- 525.1616 525.1594 −4.18 Paeoniflorin BS

6 4.85 C26H28O13 [M+H]+ 549.1603 549.1583 −3.53 Chrysin 6-C-glucoside 
8-C-arabinoside

HQ

7 5.14 C27H41NO3 [M+H]+ 428.3159 428.3141 −4.22 Peimisine ZBM

8 5.40 C27H43NO3 [M+H-H2O]+, [M+H]+ 430.3316 430.3298 −4.23 Peiminine ZBM

9 5.79 C21H20O11 [M-H]- 447.0933 447.0918 −3.34 Dihydrobaicalin HQ

10 5.84 C27H45NO3 [M+H]+ 432.3472 432.3454 −4.20 Isoverticine ZBM

11 5.87 C21H18O11 [M-H]- 445.0776 445.0759 −3.87 Glychionide A HQ

12 6.06 C22H20O11 [M+H]+, [M+Na]+ 461.1078 461.1059 −4.20 Oroxyloside HQ

13 6.09 C21H18O10 [M-H]- 429.0827 429.0809 −4.29 Chrysin-7-O-glucuronide HQ

14 8.76 C16H12O5 [M-H]- 283.0612 283.0600 −4.07 Wogonin HQ

15 8.95 C21H22O8 [M+Na]+, [M+K]+, [M+H]+ 403.1387 403.1368 −4.83 Nobiletin CP

16 9.09 C16H12O5 [M+H]+ 285.0758 285.0746 −4.01 Oroxylin A HQ

17 9.38 C22H24O9 [M+H]+, [M+K]+, [M+Na]+ 433.1493 433.1476 −4.02 3,5,6,7,8,3’,4’-Heptamethoxyflavone CP

18 9.97 C12H14O2 [M+H]+ 191.1067 191.1060 −3.33 Butylphthalide DG

19 10.01 C12H18O2 [M+H]+ 195.1380 195.1374 −2.84 Cnidilide DG

20 10.20 C12H14O2 [M+H-H2O]+, [M+H]+ 191.1067 191.1060 −3.49 Ligustilide DG

21 10.47 C19H22O4 [M-H]- 313.1445 313.1434 −3.73 Neocryptotanshinone DS

22 10.63 C21H22O7 [M+NH4]+, [M+K]+, [M+Na]+, [M+H]+ 404.1704 404.1689 −3.77 Praeruptorin A QH

23 11.65 C19H18O3 [M+Na]+, [M+K]+, [M+H]+ 317.1149 317.1134 −4.64 Tanshinone IIA DS

24 11.77 C24H28O7 [M+NH4]+, [M+K]+, [M+Na]+ 446.2174 446.2159 −3.45 Praeruptorin E QH

Abbreviations: RT, Retention time; JYH, Jinyinhua; LQ, Lianqiao; HQ, Huangqin; PGY, Pugongying; ZBM, Zhebeimu; DG, Danggui; DS, Danshen; CP, Chenpi; YYR, Yiyiren; 
BS, Baishao; CH, Chaihu; SLG, Suoluoguo; YJ, Yujin; XF, Xiangfu; ZSG, Zisugeng; QH, Qianhu; KXR, Kuxingren; JG, Jiegeng.
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Figure 3 QFHXD component-target network and its relevance to PF-related targets. (A) Venn diagram of PF-associated targets obtained from several online databases. (B) 
A compound-target network of QFHXD. The network depicts 46 potential bioactive compounds and their top 50 regulated targets. (C) Venn diagram of merging disease- 
target and component-target datasets. The 323 overlapping targets represent potential candidates through which QFHXD may exert its multi-target therapeutic action in PF. 
(D) A component-target-disease network was visualized with Cytoscape. This network maps the associations between 323 PF-related targets (yellow color) and 46 potential 
bioactive ingredients of QFHXD (red color).
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Figure 4 Enrichment analyses and identification of core anti-PF targets of QFHXD. (A) Top 20 enriched GO terms of biological processes. (B) Top 20 enriched KEGG 
signaling pathways. The results of enrichment analyses suggested that the beneficial effects of QFHXD on improving BLM-induced fibrotic phenotypes might be attributed to 
the regulation of inflammation and apoptosis. (C) MCODE module analysis of the PPI network. According to the MCODE score and node numbers, the most stable cluster 
was extracted from the PPI network. The node with a higher Degree value was expressed by the deeper color and larger size. (D) The top 15 targets of the PPI network 
were ranked based on MCC method. The node with the better centrality in the PPI network was expressed by the deeper color. (E) A correlation network linking identified 
hub targets to inflammatory and apoptotic mechanisms.
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QFHXD’s anti-PF effect. Integrated analyses of the PPI network of 63 DEGs (Figure 5D), top 15 MCC-based targets (Figure 5E) 
and top 15 Degree-based DEGs (Supplementary Table S7) yielded novel pivotal DEGs (eg, TLR2, CCL2, SPP1, TNF, MMP13, 
and MMP14) for subsequent verification (Figure 5F).

Figure 5 RNA-Seq analysis and identification of key DEGs. (A) Volcano plot of identified 2105 DEGs. Compared with the model group, 991 upregulated DEGs and 1114 
downregulated DEGs were detected in the QFHXD-H group. (B) A clustering heat map of representative DEGs. Red color represented upregulation and blue color 
represented downregulation. (C) KEGG enrichment analysis of overlapping 63 DEGs between RNA-Seq and network pharmacology. (D) PPI network of 63 DEGs. Degree- 
based nodes were displayed. The node with a higher Degree value was expressed by the deeper color. (E) MCC-based top 15 DEGs in the PPI network. The node with the 
better centrality in the PPI network was expressed by the deeper color. (F) The relational network between key DEGs and inflammatory and apoptotic pathways.
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QFHXD Intervention Suppressed Inflammation in BLM-Induced PF Mice via the 
Regulation of Inflammatory Targets
To investigate the role of QFHXD in regulating inflammation to alleviate BLM-induced PF injury, we measured the 
expression of candidate inflammatory targets in biological samples from each group via RT-qPCR, immunohistochem
istry, and ELISA. As expected, BLM stimulation triggered an anomalous augmentation of pro-inflammatory factors in 
the fibrotic lung tissues compared to the normal controls (Figure 6), as supported by inflammatory phenotypes observed 
in H&E staining and serum ELISA. However, continuous treatment with different doses of QFHXD reversed the aberrant 
mRNA levels of pro-inflammatory genes, including Tlr2, Tlr4, Rela, Nfkb1, Il1b, Il6, Tnf, Tgfb1, Ccl2, Spp1, Mmp9, 
Mmp13, and Mmp14, in BLM-exposed PF mice (Figure 6A and B). Consistently, QFHXD administration effectively 
reduced the pathological increase in protein contents of TLR2, TLR4, NF-κB, IL-1β, IL-6, TNF-α, TGF-β1, CCL2, and 
SPP1 in impaired lung tissues (Figure 6C–K). Additionally, immunohistochemical staining showed that administration of 
QFHXD at low and high doses markedly attenuated the exceptionally enhanced protein expression of matrix metallo
peptidase 9 (MMP9) in the lung sections of PF mice (Figure 6L and M). These data jointly demonstrated the essential 
contribution of QFHXD’s multi-target anti-inflammatory activity to its anti-PF efficacy.

QFHXD Intervention Modulated Apoptosis-Related Targets and Reduced Lung 
Apoptosis in BLM-Induced PF Mice
TUNEL staining of lung sections revealed a substantial increase in apoptotic cells (green color) in BLM-stimulated PF 
mice compared to the controls (Figure 7A and B). In contrast, high-dose QFHXD treatment prominently diminished the 
number of apoptotic cells (Figure 7A and B). RT-qPCR and immunohistochemistry results showed that BLM challenge 
led to dysregulated mRNA expression of anti-apoptotic gene (Bcl2) and pro-apoptotic genes (Bax and Casp3), as 
compared to those in the control group (Figure 7C–E). These changes were effectively reversed by QFHXD treatment, 
which significantly upregulated Bcl2 and downregulated Bax and Casp3 mRNA levels of PF mice (Figure 7C–E). 
Immunohistochemical analysis confirmed that QFHXD intervention significantly lowered the abnormally increased 
expression of Caspase-3 protein in lung sections of PF mice (Figure 7F and G). Together, these results suggested that 
QFHXD’s anti-PF effect was partly mediated through multi-target modulation of anti-apoptotic mechanism.

Determination of Active Constituents in QFHXD Against BLM-Stimulated PF
Given the observed efficacy of QFHXD in improving BLM-stimulated PF phenotypes, we employed an integrated approach 
combining in vitro assays and molecular docking to identify its effective constituents. Immunofluorescence staining showed that 
TGF-β1 exposure markedly amplified the expression of pro-fibrotic markers (FN and Collagen I) in MRC-5 cells (Figure 8A–D). 
Conversely, similar to the TGF-β1 inhibitor SB-431542, QFHXD treatment obviously reduced FN and Collagen I expression, 
mirroring QFHXD’s anti-PF action observed in vivo (Figure 8A–D). From 46 identified absorbable and lung-distributed 
compounds in QFHXD, 14 were selected for further screening. Compared with TGF-β1-stimulated MRC-5 cells without drug 
incubation, peimine and tanshinone IIA effectively downregulated FN protein expression (Figure 8E and F), whereas peiminine 
significantly decreased Collagen I protein expression (Figure 8G and H). Notably, loganin, baicalein, baicalin, oroxylin A, 
nobiletin, and paeoniflorin effectively normalized the abnormal expression of both FN and Collagen I induced by TGF-β1 
stimulation (Figure 8E–H).

In addition, molecular docking results indicated that the binding energies between ligands (loganin, baicalein, 
baicalin, oroxylin A, peimine, peiminine, tanshinone IIA, nobiletin, and paeoniflorin) and receptors (TGF-β1, TLR4, 
CCL2, SPP1, MMP9, and Caspase-3) were all below −5 kcal/mol, highlighting their good affinity properties (Table 3 and 
Supplementary Figures S3–S5). Thus, these components represented the major anti-PF active constituents of QFHXD, 
functioning through multi-target regulation.
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Figure 6 Experimental validation of inflammatory targets regulated by QFHXD in BLM-induced PF. (A and B) The relative mRNA levels of key inflammatory targets 
obtained from network pharmacology and RNA-Seq analysis, including Tlr2, Tlr4, Rela, Nfkb1, Il1b, Il6, Tnf, Tgfb1, Ccl2, Spp1, Mmp9, Mmp13, and Mmp14 (n = 5). The 
concentrations of TLR2 (C), TLR4 (D), NF-κB (E), IL-1β (F), IL-6 (G), TNF-α (H), TGF-β1 (I), CCL2 (J), and SPP1 (K) proteins were investigated by ELISA (n = 6). (L) The 
typical images of immunohistochemical staining of MMP9 protein in each group (×200 magnification, scale bar: 100 μm, n = 6). Black arrows indicated MMP9-positive cells. 
(M) Quantification of MMP9-positive cells (n = 6). Compared with the untreated PF model group, QFHXD intervention significantly suppressed the mRNA and protein 
expression of pro-inflammatory mediators in fibrotic lung samples. RT-qPCR results are expressed as the mean ± SEM. Data of ELISA and immunohistochemical staining are 
displayed as the mean ± SD. ##P < 0.01 versus the control group; *P < 0.05, and **P < 0.01 versus the model group. Model, BLM-induced PF model; QFHXD-L, QFHXD low 
dose (4.78 g/kg); QFHXD-H, QFHXD high dose (9.56 g/kg).
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Discussion
PF has emerged as a major global health challenge, characterized by significant symptom burden, unfavorable clinical 
outcomes, and restricted therapeutic options.33 Alarmingly, the available evidence indicates that COVID-19 survivors face an 
elevated risk of PF as a post-infection sequela.34,35 While monotherapy with pirfenidone or nintedanib remains a conditionally 

Figure 7 Investigation of anti-apoptotic mechanism of QFHXD in BLM-induced PF. (A) The typical images of cell apoptosis detected by TUNEL staining (×630 magnification, 
scale bar: 50 μm, n = 5). Green color represented TUNEL-positive cells, and blue color represented nuclei. (B) Quantification of TUNEL-positive cells in each group (n = 5). 
The relative mRNA levels of key apoptosis-related genes, including Bcl2 (C), Bax (D), and Casp3 (E) (n = 5). QFHXD treatment exhibited a positive anti-apoptotic activity in 
response to BLM-induced PF. (F) The representative immunohistochemical images of Caspase-3 protein expression in lung slices (×200 magnification, scale bar: 100 μm, 
n = 6). Caspase-3-positive cells were indicated by black arrows. (G) Quantitative analysis of Caspase-3 positive cells (n = 6). QFHXD treatment effectively normalized the 
dysregulated expression of Bcl2, Bax, and Caspase-3. Data are expressed as the mean ± SD. ##P < 0.01 versus the control group; **P < 0.01 versus the model group. Model, 
BLM-induced PF model; QFHXD-L, QFHXD low dose (4.78 g/kg); QFHXD-H, QFHXD high dose (9.56 g/kg).
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recommended mainstay for PF, their associated side effects underscore the urgent need for novel anti-fibrotic strategies.36 The 
accumulating pharmacological evidence indicates that TCM prescriptions, CMHs, and their active compounds combat PF 
through multi-channel regulation, such as inflammatory inhibition, oxidation resistance, reduction of ECM deposition, anti- 

Figure 8 Screening for anti-PF active substances in QFHXD using immunofluorescence. (A) The representative immunofluorescence images of FN expression in TGF- 
β1-stimulated MRC-5 cells treated with QFHXD (×40 magnification, scale bar: 100 μm). (B) Quantitative analysis of FN protein expression regulated by QFHXD. (C) The 
representative immunofluorescence images of Collagen I expression in TGF-β1-stimulated MRC-5 cells treated with QFHXD (×40 magnification, scale bar: 100 μm). (D) 
Quantitative analysis of Collagen I protein expression regulated by QFHXD. (E) The typical immunofluorescence images of FN expression following incubation with anti-PF 
active components (×40 magnification, scale bar: 100 μm). (F) Quantification of FN protein levels in each group. (G) The typical immunofluorescence images of Collagen 
I expression following incubation with anti-PF active components (×40 magnification, scale bar: 100 μm). (H) Quantification of Collagen I protein levels in each group. 
Incubation with either loganin, baicalein, baicalin, oroxylin A, nobiletin, or paeoniflorin effectively rescued the abnormal expression of FN and Collagen I in TGF- 
β1-stimulated MRC-5 cells. Data are expressed as the mean ± SD from six independent experiments. ##P < 0.01 versus the control group; *P < 0.05, and **P < 0.01 versus 
the TGF-β1 group.

Table 3 Docking Scores of Anti-PF Active Constituents and PF-Related Key 
Target Proteins

Active Compounds Binding Affinity with Hub Targets (kcal/mol)

TGF-β1 TLR4 CCL2 SPP1 MMP9 Caspase-3

Loganin −5.7 −6.4 −5.4 −5.9 −6.7 −6.2
Baicalein −6.8 −7.3 −5.9 −5.6 −7.8 −7.5

Baicalin −7.0 −7.8 −6.2 −6.6 −7.6 −8.1

Oroxylin A −6.2 −6.8 −5.6 −5.6 −6.3 −7.2
Peimine −7.1 −7.5 −6.6 −7.3 −7.5 −8.3

Peiminine −7.4 −7.8 −6.7 −7.3 −8.2 −8.4

Tanshinone IIA −7.2 −7.9 −6.1 −6.4 −9.3 −7.4
Nobiletin −5.8 −5.9 −5.3 −5.4 −6.1 −6.2

Paeoniflorin −7.2 −7.4 −5.9 −6.3 −7.9 −7.1
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apoptosis, and suppression of epithelial-mesenchymal transition, thereby holding promising prospects for PF drug 
discovery.14,37–39 QFHXD, an 18-herb formula, is clinically applied to treat lung disorders by clearing heat, expelling phlegm, 
promoting Qi, and activating blood.15 Building on our prior finding that QFHXD ameliorated acute lung injury by modulating 
TLR4/NF-κB pathway-mediated inflammation,15 the present study aimed to investigate its anti-PF efficacy, and to elucidate 
its potential regulatory mechanisms and anti-PF effective components.

The BLM-induced animal model is a well-established approach for modeling PF, as it effectively recapitulates key 
pathological features of the disease with high reproducibility and straightforward implementation.23 PF is thought to 
originate from repeated alveolar epithelial damage, which drives fibroblast activation, myofibroblast differentiation, and 
excessive ECM deposition, ultimately resulting in alveolar destruction, lung dysfunction, and reduced survival.40,41 In 
our study, a single intratracheal instillation of BLM successfully recapitulated the hallmarks of PF in treated mice over 
a 22-day period (Figure 1). The induced phenotypes encompassed histopathological lesions on H&E staining, alveolar 
epithelial injury (elevated serum KL-6), substantial ECM accumulation, as evidenced by Masson-stained collagen 
deposition and enhanced levels of α-SMA, FN, and collagen type I alpha 1 chain (COL1A1). Additionally, serum levels 
of TGF-β1 and CCL2 were elevated. These pathological changes collectively led to weight loss and increased mortality. 
Therapeutically, our results indicated that QFHXD treatment effectively improved histopathological features, body 
weight, and survival in PF mice. These benefits were associated with preserved alveolar integrity, inhibited inflammation, 
reduced expression of pro-fibrotic markers, and decreased ECM deposition (Figure 1). This study provided the first 
in vivo evidence that QFHXD has anti-PF efficacy, as demonstrated by multiple pharmacodynamic indicators.

Inflammation is believed to be an important contributor to the onset and progression of PF.42,43 Damage to alveolar epithelial 
cells (AECs) triggers the secretion of diverse cytokines and chemokines, which in turn drive the recruitment and activation of 
immune cells (eg, neutrophils, macrophages, monocytes, and lymphocytes) to the injury site.44 A persistent immune stimulation 
generates a hyper-inflammatory microenvironment, initiating a critical cascade of epithelial-mesenchymal transition, fibroblast 
activation, and subsequent formation of ECM-producing myofibroblasts, which ultimately accelerates PF progression.45,46 

Currently, anti-inflammatory strategy has emerged as a promising therapeutic approach for PF.37,47 To elucidate the anti-PF 
mechanisms of QFHXD, we employed an integrated approach of network pharmacology and transcriptome sequencing. 
Enrichment analyses of the constructed component-target-disease network underlined a strong association between QFHXD’s 
anti-PF activity and inflammation-related biological processes and signaling pathways, which was further corroborated by RNA- 
Seq analysis (Figures 4A, B and 5C). Through integrating the detailed analyses of network pharmacology and RNA-Seq, a series 
of candidate targets involved in inflammation, such as TGFB1, TLR2, TLR4, RELA, NFKB1, IL6, IL1B, TNF, CCL2, MMP9, 
and SPP1, were finally determined to disclose anti-inflammatory mechanism of QFHXD against PF (Figures 4C–E and 5D–F).

Numerous studies have established the critical role of TGF-β1 in the pathogenesis of PF.48 As a pleiotropic pro-fibrotic 
mediator, TGF-β1 overexpression promotes chronic inflammation via the recruitment of immune cells and release of pro- 
inflammatory mediators, and drives the epithelial-mesenchymal transition, myofibroblast phenotypes, and ECM 
accumulation.49,50 The heightened TGF-β1 levels have been consistently observed in both human subjects and animal models 
of PF.51,52 Toll-like receptors (TLRs), particularly TLR2 and TLR4, are implicated in the pathophysiology of PF.53 During 
BLM challenge, activated TLR2/TLR4 induces NF-κB signaling, leading to the production and secretion of pro-inflammatory 
cytokines (IL-1β, IL-6, and TNF-α), thereby activating inflammatory cascades and pro-fibrotic phenotypes.54–56 As a pivotal 
chemokine, CCL2 not only mediates the chemotactic recruitment of immune cells (eg, monocytes and macrophages) to 
pathological sites and exacerbates inflammation, but also contributes to fibroblast activation and collagen production.57 The 
enhanced expression of CCL2 is associated with an increased risk of adverse outcomes in PF patients.58,59 MMP9, primarily 
secreted by AECs, macrophages, neutrophils, and fibroblasts, is upregulated in both animal models and patients with PF.60,61 

Its dysregulated activity promotes the migration of inflammatory cells, provokes the release of inflammatory mediators, and 
disrupts ECM homeostasis.62 SPP1, a potential biomarker, is commonly highly expressed in PF patients with a poor 
prognosis.63 In the context of PF, SPP1 acts as a multifunctional cytokine that regulates inflammation and fibrosis. Its 
upregulation stimulates macrophage-mediated inflammation and drives epithelial-mesenchymal transition along with fibro
blast activation.64,65 Consistently, our study demonstrated that QFHXD treatment normalized the heightened transcription and 
protein levels of these inflammatory mediators in BLM-stimulated PF mice (Figure 6), supporting its multi-target anti- 
inflammatory mechanism against PF.
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Apoptosis, or programmed cell death, significantly contributes to the pathogenesis of PF.66 In PF, the pathological 
amplification of apoptotic AECs impairs re-epithelialization and recruits fibroblasts to damaged sites, resulting in 
excessive ECM deposition.67,68 In addition to the inflammatory mechanism, apoptosis-related biological processes and 
signaling pathways were also enriched (Figures 4A and B, 5C), pointing to apoptotic modulation in the anti-PF action of 
QFHXD. Consistent with this, high-dose QFHXD markedly attenuated pathological apoptosis in BLM-damaged lung 
tissues, as evidenced by TUNEL assay (Figure 7A and B), confirming its anti-apoptotic activity. The B-cell lymphoma-2 
(Bcl-2) family proteins, which comprise anti-apoptotic and pro-apoptotic members, serve as crucial regulators of 
apoptosis and fibrosis.69 The cellular susceptibility to apoptotic stimuli depends on the dynamic balance between the anti- 
apoptotic and pro-apoptotic molecules.70 This balance is disrupted in epithelial cells of PF patients, manifested as 
decreased Bcl-2 and increased Bcl-2-associated X protein (Bax).67 As a key executioner of apoptosis, Caspase-3 is 
activated through both extrinsic (death receptor-mediated) and intrinsic (mitochondria-mediated) pathways.71 Its hyper- 
activation can trigger excessive apoptosis of alveolar cells, contributing to fibrogenesis.72 Similarly, BLM stimulation led 
to dysregulated mRNA levels of Bcl2 and Bax, along with overexpression of Caspase-3 at both mRNA and protein levels 
in our study (Figure 7C–G). Fortunately, QFHXD intervention effectively normalized the expression of these apoptotic 
targets in BLM-induced PF mice (Figure 7C–G). These results revealed multi-target apoptotic modulation as a significant 
mechanism through which QFHXD inhibited BLM-induced PF.

TCM-based serum pharmacochemistry has demonstrated that the pharmacodynamic effects of TCM prescriptions are 
mediated by their absorbable components, including prototypes and metabolites.73 Investigating the multi-component tissue 
distribution of TCM prescriptions can provide insight into the distribution patterns of bioactive components and illuminate their 
potential pharmacological activities.74 Through integrating serum pharmacochemistry and lung tissue distribution analyses, this 
study identified 37 absorbable and 24 lung-distributed components of QFHXD in vivo (Figure 2, Table 1 and Table 2), suggesting 
their potential contribution to QFHXD’s anti-PF efficacy. In TGF-β1-stimulated MRC-5 cells, treatment with either loganin, 
baicalein, baicalin, oroxylin A, peimine, peiminine, tanshinone IIA, nobiletin, or paeoniflorin effectively restored the aberrant 
expression of pro-fibrotic markers (FN and Collagen I) to varying degrees (Figure 8E–8H). These findings are corroborated by 
existing reports that highlight the anti-PF potential of these constituents.20,75–79 Our docking results further confirmed the binding 
properties between these active compounds and PF-relevant target proteins (TGF-β1, TLR4, CCL2, SPP1, MMP9, and Caspase- 
3) (Table 3 and Supplementary Figure S3–S5). Here, we provide the first conclusive evidence that these compounds serve as 
primary anti-PF substances in QFHXD. Meanwhile, the identification of Jinyinhua (monarch herb)-derived loganin, Huangqin 
(monarch herb)-derived baicalein, baicalin, and oroxylin A, as well as Zhebeimu (minister herb)-derived peimine and peiminine, 
Danshen (minister herb)-derived tanshinone IIA, Chenpi (minister herb)-derived nobiletin, and Baishao (minister herb)-derived 
paeoniflorin, demonstrates the major contribution of both monarch and minister herbs to the anti-PF activity of QFHXD.

While this work systematically investigated the anti-PF efficacy, mechanisms, and active substances of QFHXD, 
certain limitations warrant attention. For example, in the BLM-induced PF animal model, factors such as the mode of 
BLM administration, intervention timing for medication, and partial reversibility of fibrotic lesions can influence the final 
outcome and clinical translation.80,81 Hence, the clinical efficacy of QFHXD for PF treatment in a real-world setting 
merits further assessment. The anti-PF constituents identified in QFHXD warrant further in vivo investigation to 
characterize their pharmacokinetic profiles and pharmacological effects. The molecular targets of these constituents 
require further identification using advanced target discovery technologies.82

Conclusion
Overall, our study demonstrated for the first time that a prophylactic-plus-therapeutic regimen of QFHXD exerted 
beneficial effects against BLM-induced PF, partially through the regulation of multi-target mediated inflammatory and 
apoptotic mechanisms. QFHXD’s anti-PF efficacy was attributed to several active constituents, including loganin, 
baicalein, baicalin, oroxylin A, peimine, peiminine, tanshinone IIA, nobiletin, and paeoniflorin. These findings provide 
a strong foundation for future clinical translation, paving the way for the development of QFHXD as a promising multi- 
targeting anti-fibrotic agent derived from herbal medicine.
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