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Background: Huangqi-Danshen decoction (HDD) is a Chinese medicinal herb pair with good efficacy in treating chronic kidney 
disease, but its mechanism needs to be clarified.
Aim: To uncover the underlying mechanism of HDD antagonizing renal fibrosis through network pharmacology (NP) analysis and 
experimental validation.
Materials and Methods: The chemical components of water extract of HDD were analyzed by combining the ultra-high 
performance liquid chromatography coupled with Q-Exactive mass spectrum analysis (UHPLC-QE-MS) and HERB database. NP 
was used to identify core common targets of HDD components and renal fibrosis. Subsequently, male C57BL/6 mice were divided into 
Sham, unilateral ureteral obstruction (UUO) and UUO+HDD groups. Renal function, histopathology, Western blotting, and immuno-
histochemistry analyses were used to evaluate the protective effect of HDD on UUO mice. The effects of HDD on signaling pathways 
were validated in both UUO mice and transforming growth factor-β1 (TGF-β1)-induced HK-2 cells.
Results: By combining UHPLC-QE-MS analysis and HERB database, 25 components were screened in HDD extract. There were 270 
intersection targets of the 25 components and renal fibrosis. Based on their scores in protein-protein interaction analysis and degree 
values in component-pathway-target triadic network, 6 core common targets of the 25 components and renal fibrosis were identified, 
namely phosphoinositide 3-kinase (PI3K), signal transducer and activator of transcription 3 (Stat3), non-receptor tyrosine kinase Src 
(Src), epidermal growth factor receptor (EGFR), matrix metalloproteinase 9 (MMP9), and MMP2. HDD ameliorated renal tubular 
damage and collagen deposition and downregulated fibrosis-related proteins expression in UUO mice. Furthermore, HDD was 
demonstrated to reduce PI3K, Stat3, Src, EGFR, and MMP2 expressions, and enhance MMP9 expression in the kidney of UUO 
mice and in TGF-β1-induced HK-2 cells.
Conclusion: HDD can alleviate renal fibrosis which may be related to regulating the expression of essential proteins in the epithelial- 
mesenchymal transition and extracellular matrix production/degradation signaling pathways.
Keywords: renal fibrosis, chronic kidney disease, Huangqi-Danshen decoction, network pharmacology, signaling pathway

Introduction
By 2040, chronic kidney disease (CKD), which is becoming more prevalent, will rank as the fifth greatest cause of 
premature death globally.1,2 According to current international guidelines, CKD is defined as a deterioration in renal 
function, or markers of renal damage, that lasts for a minimum of 3 months, regardless of the underlying etiology.3 CKD, 
which can proceed to end-stage renal disease or early mortality from cardiovascular problems, is frequently brought on 
by hypertension and diabetes.3 CKD has gained attention as an important health issue in recent years, requiring 
significant financial and social resources.1 However, the etiology and pathogenesis of CKD are still under investigation. 
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It is believed that renal fibrosis is an essential marker of CKD, and its degree is closely related to CKD stage and clinical 
prognosis.4 Extracellular matrix (ECM) contributes to renal fibrosis by increasing production and deposition, destroying 
normal kidney structure.5 The primary factor accelerating CKD progression is renal fibrosis. Treatment of CKD must 
therefore target the alleviation of renal fibrosis.

With the limited treatment of current mainstream, in both the avoiding and remedying of CKD, traditional Chinese 
medicine (TCM) has an extensive background and a considerable impact. Based on the clinical characteristics of CKD 
patients, Qi deficiency and blood stasis is the main type of TCM syndrome. Hence, Qi invigoration and blood activation 
are the key strategies in TCM for preventing and treating CKD. Huangqi-danshen decoction (HDD), which comprises the 
herbs Huangqi (Astragali Radix) and Danshen (Salviae Miltiorrhizae Radix et Rhizoma), is utilized in the healing process 
of CKD in clinical settings for invigorating Qi and activating blood.6–8 Both Huangqi and Danshen were originally 
mentioned in the Shennong’s Classic of Materia Medica (Shennong Bencao Jing, pinyin in Chinese) in the Eastern Han 
Dynasty (AD 25–220).9 In TCM practice, Huangqi is used to tonify Qi and Danshen is used to promote blood circulation. 
According to TCM treatment principles, Huangqi and Danshen are usually prescribed for patients with CKD.6 Our earlier 
studies have revealed the benefits of HDD in reducing renal fibrosis and delaying CKD progression.10–13 The funda-
mental mechanisms, however, have yet to be clarified.

There is a paradigm of treatment in TCM known as “multi-target, multi-component”,14 that breaks the shackles of 
organ-centric medicine and the one-target, one-drug dogma.15 By using network pharmacology (NP), herbals can be 
detected chemically, potential active ingredients screened, and targets predicted for related illnesses explored.16 In our 
current investigation, we firstly screened the components in HDD extract by combining the ultra-high performance liquid 
chromatography coupled with Q-Exactive mass spectrum (UHPLC-QE-MS) analysis and HERB database. Then, we used 
NP to identify the core common targets of the screened components and renal fibrosis. Subsequently, unilateral ureteral 
obstruction (UUO) mice model and transforming growth factor-β1 (TGF-β1)-induced HK-2 cells were applied to validate 
the antifibrotic response of HDD and its regulation on the identified targets.

Materials and Methods
Components Screening
HDD Extract
There are two components of HDD: Huangqi (Astragali Radix [Astragalus membranaceus (Fisch). Bge.var. mongholicus 
(Bge). Hsiao]) and Danshen (Salviae Miltiorrhizae Radix et Rhizoma [Salvia miltiorrhiza Bunge]). Raw herbs of 
Huangqi and Danshen were purchased from Shenzhen Huahui Pharmaceutical Co., Ltd. (Shenzhen, China). HDD extract 
was prepared in our laboratory according to the following procedure. After soaking Huangqi and Danshen in 10 times (w/ 
v) of double-distilled water (ddH2O) for 30 min, the herbs were boiled for 1 hour for extraction. The extracted solution 
was collected, and the herbs were then heated for an additional hour with 8 times (w/v) as much ddH2O. A final 
concentration of 1 g of raw herb per mL was achieved by combining, filtering, and concentrating the extracts that were 
obtained twice.

UHPLC-QE-MS Analysis
The samples were centrifuged at 12,000 rpm for 15 min at 4 °C after being defrosted on ice for 30s. After adding 
1000 mL of extract (methanol: water = 4:1, IS = 1000: 10) to 300 mL of supernatant in an EP tube, samples were 
sonicated in an ice water bath for 5 min, and then incubated at −40 °C for 1 h before being centrifuged at 12,000 rpm for 
15 min at 4 °C. The supernatant was injected into the sample container and passed through a 0.22 μm filter membrane 
before being blended with 200 μL of each sample for machine detection.

A Waters UPLC BEH C18 column (1.7 μm 2.1×100 mm) was used for the LC-MS/MS study on an Agilent ultra-high 
performance liquid chromatography 1290 UPLC system. A flow rate of 400 μL/min was applied, and a sample injection 
volume of 5 μL was used. Both 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B) consisted of the 
mobile phase. Elution follows a gradient linear procedure. Based on the IDA acquisition mode, the MS and MS/MS data 
were obtained using a Q Exactive Focus mass spectrometer and the Xcalibur software. The mass range for each 
acquisition cycle was 100 to 1500, and the top three results from each cycle were filtered before the matching MS/MS 
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data were further obtained. XCMS software was used to import raw mass spectrometry data.17 After retention time 
correction, peaks with MS/MS data were identified. The components in HDD extract were screened by combining the 
results of UHPLC-QE-MS analysis and HERB database (http://herb.ac.cn/).18

Network Pharmacology Analysis
Prediction of Targets of the Screened Components in HDD
The screened components in HDD were entered into PubChem (https://pubchem.ncbi.nlm.nih.gov/) and converted into 
canonical SMILES format. Next, the canonical SMILES format files were imported into the SwissTargetPrediction 
platform (http://www.swisstargetprediction.ch/), and the attribute was set to “Homo Sapiens” to obtain the predicted 
targets of these components. The known targets of these components were supplemented according to literature reports. 
Then, the UniProt database (https://www.uniprot.org/) was used to normalize and standardize these targets, and finally 
the targets of components were obtained after duplication was deleted.

Targets Screening of Renal Fibrosis
The GeneCards database (https://www.genecards.org/), DisGeNET database (https://www.disgenet.org), and TTD data-
base (http://db.idrblab.net/ttd/) were used to search for potential targets of renal fibrosis. In GeneCards database, the 
higher the Relevance score, the closer the target is to disease. If there were too many targets, set the target with 
a Relevance score greater than the median as the potential target of renal fibrosis. After merging the three disease 
database targets, the renal fibrosis targets were obtained by deleting duplicates. The gene names of the targets were 
corrected using the UniProt database (https://www.uniprot.org/).

Constructing the Protein-Protein Interaction Network
Drawing a Venn diagram of HDD components targets and renal fibrosis targets in Venny 2.1 (https://bioinfogp.cnb.csic. 
es/tools/venny/index.html) to find crossover targets. The protein-protein interaction (PPI) network model of intersection 
targets was constructed by STRING11.5 (https://string-db.org). Set the biological species to “Homo sapiens”, set the 
minimum interaction threshold to “highest confidence (> 0.9)”, and hide disconnected nodes in the network. The other 
settings were all default settings. Visualization and analysis of PPI network were implemented by Cytoscape 3.9.0 
software (National Resource for Network Biology, USA). The Cytoscape 3.9.0 plug-in analyze network was applied to 
calculate the topological parameters of individual nodes in the network. In this network diagram, nodes were used to 
represent components and targets, and edges were used to represent node interactions.

Gene Enrichment Analysis and Component-Pathway Network Building
The threshold was set at P <0.05 for the gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG) 
enrichment analysis performed using the clusterprofiler package in R studio software (https://www.rstudio.com/). The 
enrichment results were visualized by ggplot2 package. The top 15 pathways of biological process (BP), cellular 
component (CC), and molecular function (MF) modules were selected to draw GO bubble diagram. The top 15 pathways 
in KEGG were plotted as bubble and chord diagrams. HDD component-renal fibrosis intersection targets and the targets 
included in the top 15 signaling pathways of KEGG were introduced into Cytoscape 3.9.0 software to obtain the HDD 
component-renal fibrosis-pathway network diagram.

Animals
A total of 18 male C57BL/6 mice, aged 6 weeks and weighing 20 ± 2 g, were purchased from Guangdong Medical 
Laboratory Animal Center (Foshan, China). Three groups of mice were divided randomly after seven days of adaptation: 
Sham (n = 6), UUO (n = 6), and UUO+HDD (n = 6). Mice in the UUO and UUO+HDD groups were subjected to UUO 
to induce renal fibrosis. In accordance with established protocols, the UUO surgery was carried out by ligating the left 
ureter with surgical silk.19 Sham mice were only subjected to bluntly separated without ligation of the ureter. HDD 
extract (6.8 g/kg/day) was administered to mice in the UUO+HDD group 3 days prior to the modeling procedure by 
gastric irrigation. All mice were killed on day 7 after UUO surgery. Tissue samples from the UUO ipsilateral kidney and 
blood samples acquired by ocular enucleation were collected for follow-up analysis. All animal experiments were 
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complied with the ARRIVE guidelines and were carried out in accordance with the UK Animals (Scientific Procedures) 
Act, 1986 and associated guidelines. Due to the limitations of our hospital’s animal experimentation facilities and long 
waiting time for appointments, we chose Shenzhen TopBiotech Co., Ltd to conduct the animal experiments and obtained 
approval from the Ethics Committee (approved ID: TOP-IACUC-2022-0203).

Renal Function and Pathology Analysis
Serum creatinine (Scr) and blood urea nitrogen (BUN) were assayed with the corresponding detection kits (#SKT-217 
and # SKT-213, StressMarq Biosciences, British Columbia, Canada). Dehydrated and paraffin embedded kidney samples 
were fixed in 4% paraformaldehyde overnight at 4 °C. Periodic acid-Schiff stains (PAS) and Masson’s trichrome stains 
were used on the 4-mm kidney sections. PAS staining was used to quantify tubular dilatation, atrophy, and vacuolation 
based on a modified six-point scoring system (grades 0–5): grade 0 (no injury), grade 1 (≤ 10%), grade 2 (10 – 25%), 
grade 3 (25 – 50%), grade 4 (50 – 75%), and grade 5 (≥ 75%).20 ImageJ (NIH, Bethesda, MD, USA) was used to measure 
the collagen-occupied areas in Masson staining. The collagen volume fraction (%) was then calculated by dividing those 
areas by the entire area under examination. All scoring procedures were carried out under blind conditions.

Immunohistochemistry
Slices of 6 μm thick were made from the kidney tissues, which were then embedded in paraffin and preserved with 4% 
paraformaldehyde. Kidney sections were reacted with antigen retrieval, goat serum blocking, and overnight incubations 
at 4 °C with α-SMA, TGF-β1, PI3K, P-Stat3, MMP9, and P-Src. After reacted with secondary antibodies, the positive 
areas were observed with DAB enzyme-linked anti-mouse/rabbit IgG polymer reagent under close observation with 
microscope for 30s-10min. All sections were covered in hematoxylin for 5 min and differentiated with acidic ethanol 
differentiation solution (1%) for 1–3s and restored the elution before sealing. ImageJ software (National Institutes of 
Health, Bethesda, MD, USA) was used to compute the integrated optical density.

Cell Culture and Treatment
The renal proximal tubular epithelial cell line (HK-2) was purchased from Pricella Biotechnology Co., Ltd. (Wuhan, 
China). HK-2 cells were cultured in DMEM/F12 medium containing 10% fetal bovine serum, 100 U/mL penicillin, and 
100 μg/mL streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Cell culture was maintained in a humidified 
atmosphere at 37°C with 5% CO2. After reaching 80% confluence, HK-2 cells were treated with 10 ng/mL TGF-β1 
(PeproTech, Rocky Hill, NJ, USA) in the absence or presence of HDD (5 mg/mL) for 48 h. For mechanism, HK-2 cells 
were pretreated with EGFR agonist NSC228155 (0.625 μM) or Stat3 agonist colivelin (1 μM) for 2 h, followed by 
treatment with TGF-β1 or combined HDD for an additional 48 h.

Western Blot Analysis
Kidney tissues or cells from different groups were dissolved in RIPA buffer [#9806, Cell Signaling Technology (CST)] 
supplemented with protease inhibitor cocktail (04693124001, Roche) and phosphatase inhibitor cocktail 
(04906837001, Roche). The kidney lysates were electrophoresed in 7–10% SDS-PAGE gels, and then transmembrane 
with 0.45 μm polyvinylidene difluoride membranes were used. The membranes were reacted with primary antibodies 
against fibronectin (FN, ab2413, Abcam), α-smooth muscle actin (α-SMA, A5228, Sigma-Aldrich), transforming 
growth factor-β1 (TGF-β1, ab179695, Abcam), Phospho-Smad2/3 (P-Smad2/3, #8828, CST), Smad2/3 (#8685, 
CST), phosphoinositide 3-kinase (PI3K, #4249, CST), Phospho- signal transducer and activator of transcription 3 
(P-Stat3, #9145, CST), Stat3 (#9139, CST), Phospho-Src (P-Src, #2101, CST), Src (#2109, CST), Phospho-epidermal 
growth factor receptor (P-EGFR, #3777S, CST), EGFR (#4267S, CST), matrix metalloproteinase-9 (MMP9, 10375- 
2-AP, Proteintech), matrix metalloproteinase-2 (MMP2, 10373-2-AP, Proteintech), and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH, 60004-1-1g, Proteintech) at 4 °C overnight. The secondary antibodies were then applied to 
the membranes and incubated. Membranes were imaged and quantitated using Image Lab software 5.1 (Bio-Rad 
Laboratories, Hercules, CA, USA).
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Statistical Analysis
Data were expressed as the mean ± standard error of mean (SEM). For normally distributed data, One-way ANOVA 
followed by Dunnett multiple comparisons test was used for comparison between groups. For non-normally distributed 
data, the Kruskal–Wallis test followed by Dunn’s multiple comparisons test was used for comparison between groups. All 
analyses were conducted using GraphPad Prism 9.0 (La Jolla, CA, USA). A P value < 0.05 was considered statistically 
significant.

Results
Component Analysis of HDD and Targets Prediction
By combining UHPLC-QE-MS analysis and HERB database, 25 components were screened in HDD extract (Table 1 and 
Figure 1). Vanillic acid, sucrose, ononin, daidzein, dihydrocapsaicin, astragaloside II, astragaloside III, astragaloside IV, and 
formononetin were derived from Astragali Radix. Isoimperatorin, ferulic acid, danshensu, caffeic acid, carnosol, rosmarinic 
acid, lithospermic acid, protocatechualdehyde, salvianolic acid A, salvianolic acid B, salvianolic acid C, ursolic acid, 
apigenin, cryptotanshinone, and tanshinone IIA were derived from Salviae Miltiorrhizae Radix et Rhizoma. Isoferulic acid 
was derived from both Astragali Radix and Salviae Miltiorrhizae Radix et Rhizoma (Table 1). By the SwissTargetPrediction 
platform, 473 targets of the 25 components were determined (Supplementary Table S1). A total of 3470 targets of renal 
fibrosis were obtained in GeneCards, DisGeNET, and TTD database (Supplementary Table S2). The Venn diagram yielded 
270 intersection targets of HDD components and renal fibrosis (Figure 2A). In PPI network analysis, Src was the highest 
scoring target, followed by Stat3, phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1), heat shock protein 90-alpha 
(HSP90AA1), and phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) (Figure 2B). These 
results suggested that Src, Stat3, and PI3K were core common targets of HDD components and renal fibrosis.

Table 1 Details of the 25 Components in HDD Extract

Peak 

No.

ID. Retention 

Time (min)

Adduct Ion Theoretical 

Mass (m/z)

Experimental 

Mass (m/z)

Error 

(ppm)

Formula Identification Source

1 HDD1 2.69 [M-H]− 269.082 269.0820 0.12 C16H14O4 Isoimperatorin SMRR

2 HDD2 2.97 [M-H]− 167.035 167.0351 0.72 C8H8O4 Vanillic acid AR

3 HDD3 4.43 [M-H] 341.108 341.1093 0.90 C12H22O11 Sucrose AR

4 HDD4 5.08 [M+H] 195.065 195.0649 0.45 C10H10O4 Ferulic acid SMRR

5 HDD5 5.37 [M+H] 195.065 195.0649 0.54 C10H10O4 Isoferulic acid AR/SMRR

6 HDD6 5.99 [M-H] 197.045 197.0451 0.26 C9H10O5 Danshensu SMRR

7 HDD7 6.05 [M+H] 181.049 181.0492 1.20 C9H8O4 Caffeic acid SMRR

8 HDD8 6.06 [M+H] 331.191 331.1895 1.48 C20H26O4 Carnosol SMRR

9 HDD9 6.14 [M+H-H2O]− 343.083 343.0804 1.16 C18H16O8 Rosmarinic acid SMRR

10 HDD10 6.21 [M+H] 539.118 539.1185 0.88 C27H22O12 Lithospermic acid SMRR

11 HDD11 6.67 [M+H] 431.134 431.1332 0.37 C22H22O9 Ononin AR

12 HDD12 6.71 [M+H]+ 255.065 255.0644 1.47 C15H10O4 Daidzein AR

13 HDD13 6.82 [M+H] 139.039 139.0387 2.16 C7H6O3 Protocatechualdehyde SMRR

14 HDD14 7.63 [M+H] 308.223 308.2217 2.22 C18H29NO3 Dihydrocapsaicin AR

15 HDD15 7.76 [M+H] 493.113 493.1128 0.45 C26H20O10 Salvianolic acid C SMRR

16 HDD16 8.26 [M-H] 493.115 493.1146 1.25 C26H22O10 Salvianolic acid A SMRR

17 HDD17 8.31 [M+H] 785.468 785.4638 2.75 C41H68O14 Astragaloside IV AR

18 HDD18 8.82 [M-H] 267.066 267.0664 1.48 C16H12O4 Formononetin AR

19 HDD19 9.17 [M-H] 783.453 783.4529 1.45 C41H68O14 Astragaloside III AR

20 HDD20 9.78 [M+H] 827.478 827.4664 10.38 C43H70O15 Astragaloside II AR

21 HDD21 10.08 [M+H-H2O]− 439.36 439.3555 1.16 C30H48O3 Ursolic acid SMRR

22 HDD22 10.93 [M-H]− 269.046 269.0454 1.40 C15H10O5 Apigenin SMRR

23 HDD23 13.06 [M+H] 297.148 297.1479 0.25 C19H20O3 Cryptotanshinone SMRR

24 HDD24 13.29 [M+H] 295.133 295.1319 0.45 C19H18O3 Tanshinone IIA SMRR

25 HDD25 6.94 [M+NH4]
+ 736.188 736.1846 0.61 C36H30O16 Salvianolic acid B SMRR

Abbreviations: AR, Astragali Radix; SMRR, Salviae Miltiorrhizae Radix et Rhizoma.
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Figure 1 The total ion chromatograms (TICs) of HDD extract in the negative (A) and positive (B) ion modes. The numbers represent the 25 components identified. 
Abbreviation: ESI, electron spray ionization.

A B

Figure 2 The interaction of shared targets between HDD components and renal fibrosis. (A) The Venn diagram. (B) PPI network of 270 intersection targets.
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Enrichment Analysis and Component-Pathway-Target Triadic Network Construction
Taking P < 0.05 as the screening condition, a total of 3291 GO enrichment analysis results were obtained, 
including 2863 biological processes, 150 cell components, and 278 molecular functions. The top 15 results were 
shown in Figure 3A. P < 0.05 screening was performed on a total of 171 KEGG enrichment analysis results. The 
results showed 15 pathways ranked highly (Figure 3B). The visual results of network analysis of KEGG were 
shown in Figure 3C. These results showed that targets of HDD against renal fibrosis mainly enriched in energy 
metabolism, apoptosis, inflammation, and oxidative stress related pathways, containing PI3k/Akt signaling path-
way, proteoglycans in cancer, rap1 signaling pathway, lipid and atherosclerosis, focal adhesion and so on. In 
component-pathway-target triadic network, the top 5 target proteins were screened out according to degree value, 
which were EGFR, MMP9, Stat3, MMP2, and PIK3CA (Figure 4). Combined with PPI results, 6 target proteins 
including PI3K, Stat3, Src, EGFR, MMP9, and MMP2 were finally identified for experimental verification.

HDD Improved Renal Pathological Injury in UUO Mice
Results of Scr and BUN did not markedly differ from those in the Sham group between the UUO group and the UUO 
+HDD group (Figure 5A and B), suggesting UUO may have little effect on renal function in mice in the short term 
(7-day). However, in contrast to Sham mice, UUO animals showed notable tubular injury in PAS staining, including 
tubular cell atrophy and degeneration as well as vacuolar lesions in kidney tissue (Figure 5C and D). Masson staining 
displayed obvious collagen deposition in renal tubular interstitium of UUO mice (Figure 5E and F). HDD treatment 
markedly reduced tubular injury and collagen volume fraction in UUO mice (P < 0.001, Figure 5C–F). These findings 
showed how effectively HDD may protect the renal structure in UUO mice.

A

B

C

Figure 3 Gene enrichment analysis. (A) Bubble chart of the top 15 pathways for the GO enrichment analysis based on the common targets of HDD components and renal 
fibrosis. (B) Bubble chart of the top 15 pathways for the KEGG enrichment analysis from the common targets between HDD components and renal fibrosis. (C) Chord 
chart of KEGG enrichment analysis. The 15 yellow bubbles represent signaling pathways, and the grey bubbles represent targets.
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HDD Diminished Renal Fibrosis in UUO Mice
According to Western blotting, the expressions of FN, α-SMA, TGF-β1, and P-Smad2/3 were obviously enhanced in the kidney 
of UUO mice (P < 0.001). The above fibrosis indicators were greatly decreased in expression after HDD therapy (P < 0.05, 
Figure 6A and B). Further IHC validation showed UUO mice had higher expression of α-SMA and TGF-β1 compared with 
Sham mice (P < 0.001). Administration of HDD downregulated α-SMA and TGF-β1 compared with the UUO group (P < 0.001, 
Figure 6C and D). Both Western blot and IHC analyses proved that HDD alleviated renal fibrosis in UUO mice.

HDD Regulated the Expression of Fibrosis-Related Signals in the Kidney of UUO Mice 
and TGF-β1-Induced HK-2 Cells
In order to validate the results of NP, we analyzed the expression changes of PI3K, Stat3, Src, EGFR, MMP9, and MMP2 in 
different ways. In Western blotting, UUO elevated the expressions of PI3K (P < 0.05), Stat3 (P < 0.001), Src (P < 0.05), and 
EGFR (P < 0.001) in comparison to the Sham group. In contrast, the expression of MMP9 (P < 0.001) was diminished in the 

Figure 4 The component-pathway-target triadic network construction. The Orange circulars represent 25 HDD components. The blue rectangles represent targets of 
HDD components and renal fibrosis. The pink hexagons represent the top 15 signaling pathways.

Figure 5 Effects of HDD on UUO mice. (A) Serum creatinine. (B) Blood urea nitrogen. (C) Representative PAS staining images. All images are shown at identical 
magnification, × 200, scale bar = 100 μm. (D) Tubular injury score. (E) Representative Masson staining images. All images are shown at identical magnification, × 200, scale 
bar = 100 μm. (F) Collagen volume fraction (%). Data are expressed as mean ± SEM, n = 6 mice per group, ns = no significance, *P < 0.05, ***P < 0.001. 
Abbreviations: BUN, blood urea nitrogen; Scr, serum creatinine.
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kidney of UUO mice. Except for EGFR, expressions of above indicators were reversed significantly by HDD treatment (P < 
0.05, Figure 7A and B). In IHC staining, the expressions of PI3K, P-Stat3, and P-Src were significantly increased (P < 
0.001), while MMP9 (P < 0.001) was markedly decreased in the kidney of UUO mice (Figure 7C and D). However, HDD 
treatment significantly reversed these alterations in UUO mice (P < 0.001). In vitro, HDD downregulated the expressions of 
α-SMA, P-EGFR, PI3K, and P-Stat3 induced by TGF-β1 in HK-2 cells (Figure 8A and B). Furthermore, EGFR agonist 
NSC228155 exacerbated TGF-β1-induced α-SMA expression but could be attenuated by combined treatment with HDD 
(Figure 8C and D). Similarly, HDD weakened the profibrotic effect of Stat3 agonist colivelin on TGF-β1-stimulated HK-2 
cells (Figure 8E and F). These results revealed that HDD treatment was able to significantly regulate the expression of 
several targets that screened from NP in UUO mice kidney and TGF-β1-induced HK-2 cells.

Discussion
In this study, we screened 25 components in HDD extract by combining UHPLC-QE-MS analysis and HERB database. 
Then, we identified 6 core common targets (PI3K, Stat3, Src, EGFR, MMP9, and MMP2) of the screened 25 components 
and renal fibrosis by NP. Following this, HDD was confirmed to diminish renal fibrosis and regulate the expression of the 
above 6 core proteins in the UUO mice model. Since these 6 core proteins are signals of epithelial-mesenchymal 
transition (EMT) and extracellular matrix (ECM) production/degradation pathways, this could be a form of therapy for 
how HDD combats renal fibrosis (Figure 9). This is the first study to investigate the anti-renal fibrosis effects and 

Figure 6 Effects of HDD on renal fibrosis in UUO mice. (A) Western blot images of FN, α-SMA, TGF-β1, P-Smad2/3, and Smad2/3 expression in the kidney. (B) 
Quantitative analysis of FN, α-SMA, TGF-β1, and Smad2/3 (phosphorylated/total) expression, folded over sham, normalized to GAPDH. Data are expressed as mean ± SEM, 
n = 6 mice per group, *P < 0.05, **P < 0.01, ***P < 0.001. (C) Representative IHC images of α-SMA and TGF-β1 in kidneys. All images are shown at identical magnification, × 
400, scale bar = 100 μm. (D) Quantitative analysis of α-SMA and TGF-β1 expression in IHC. Data are expressed as mean ± SEM, n = 5 mice per group, ***P < 0.001. 
Abbreviations: α-SMA, α-smooth muscle antibody; FN, fibronectin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; P-Smad2/3, Phospho-Smad2/3; TGF-β1, 
transforming growth factor-β1.
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Figure 7 Effects of HDD on key targets expression in the kidneys of UUO mice. (A) Western blot images of P-EGFR, EGFR, PI3K, P-Stat3, Stat3, MMP9, MMP2, P-Src, and 
Src expression in kidney tissue. (B) Quantitative analysis of EGFR (phosphorylated/total), PI3K, Stat3 (phosphorylated/total), MMP9, MMP2, and Src (phosphorylated/total) 
expression, normalized to GAPDH. Data are expressed as the mean ± SEM, n = 6 mice per group, ns = no significance, *P < 0.05, **P < 0.01, ***P < 0.001. (C) 
Representative IHC images of PI3K, P-Stat3, MMP9, and P-Src. All images are shown at identical magnification, × 400, scale bar = 100 μm. (D) Quantitative analysis of PI3K, 
P-Stat3, MMP9, and P-Src expression in IHC. Data are expressed as the mean ± SEM, n = 5 mice per group, ***P < 0.001. 
Abbreviations: α-SMA, α-smooth muscle antibody; EGFR, epidermal growth factor receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MMP2, matrix 
metalloproteinase-2; MMP9, matrix metalloproteinase-9; PI3K, phosphoinositide 3-kinase; Src, non-receptor tyrosine kinase Src; Stat3, signal transducer and activator of 
transcription 3; TGF-β1, transforming growth factor-β1.
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Figure 8 Effects of HDD on key targets expression in TGF-β1-induced HK-2 cells. (A) Western blot images of α-SMA, P-EGFR, EGFR, PI3K, P-Stat3, and Stat3 expression in 
HK-2 cells stimulated with TGF-β1 or/and HDD. (B) Quantitative analysis of α-SMA, EGFR (phosphorylated/total), PI3K, and Stat3 (phosphorylated/total) expression, 
normalized to α-Tubulin. (C) Western blot images of α-SMA, P-EGFR, and EGFR expression in TGF-β1-induced HK-2 cells treated with NSC228155 or/and HDD. (D) 
Quantitative analysis of α-SMA and EGFR (phosphorylated/total) expression, normalized to α-Tubulin. (E) Western blot images of α-SMA, P-Stat3, and Stat3 expression in 
TGF-β1-induced HK-2 cells treated with colivelin or/and HDD. (F) Quantitative analysis of α-SMA and Stat3 (phosphorylated/total) expression, normalized to GAPDH. Data 
are expressed as the mean ± SEM, n = 3–5 independent experiments, *P < 0.05, **P < 0.01, ***P < 0.001. 
Abbreviations: α-SMA, α-smooth muscle antibody; EGFR, epidermal growth factor receptor; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PI3K, phosphoinositide 
3-kinase; Stat3, signal transducer and activator of transcription 3; TGF-β1, transforming growth factor-β1.
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potential mechanisms of HDD in UUO mice model. The added value of this study lies in (1) providing evidence for the 
effectiveness of traditional Chinese medicine in treating renal fibrosis; and (2) providing a basis for screening compounds 
from HDD for treating renal fibrosis.

In CKD, fibrosis is the main pathological feature, and that severity is closely correlated with clinical prognosis.4 In 
order to effectively treat CKD, renal fibrosis must be prevented and treated. ECM is produced and deposited in excess 
during the development of renal fibrosis, which results in the destruction of healthy kidney structures.21 According to 
various studies, TGF-β1 affected ECM deposition in a variety of ways, leading to renal fibrosis.22–24 Firstly, myofibro-
blasts are the primary cells responsible for producing ECM, and TGF-β1 can cause myofibroblast development by 
triggering the EMT process.22 Secondly, TGF-β1 stimulates ECM production via a variety of signaling pathways that are 
either Smad-dependent or Smad-independent.23 Thirdly, TGF-β1 suppresses matrix metalloproteinases (MMPs) and 
promotes tissue inhibitors of metalloproteinases (TIMP) to inhibit the degradation of ECM.24 Using NP analysis in our 
study, it was found that 6 proteins including PI3K, Stat3, Src, EGFR, MMP9, and MMP2 were core common targets of 
HDD components and renal fibrosis. Further animal experiments validated that HDD could regulate the expression of 
these 6 proteins in the kidney of UUO mice. These 6 proteins are signals of EMT and ECM production/degradation 
pathways, suggesting that this could be a potential mechanism by which HDD antagonizes renal fibrosis. However, we 
did not use all pathway inhibitors or stimulators to confirm the specific signal pathways affected by HDD. This is 
a limitation of the present study. Further studies are needed to clarify the targets of HDD and screen effective small 
molecule compounds in HDD.

Regulation of EMT Progression
Several EMT responses brought on by TGF-β1 have been demonstrated to be mediated by the PI3K/Akt pathway.25 

TGF-β1 activation can either directly or indirectly activate the PI3K/Akt pathway. The PI3K/Akt pathway works with 
TGF-β1 for managing EMT in cancerous cells.25–28 Additionally, pharmacological inhibitors of PI3K and Akt have been 
shown to block TGF-β1-induced EMT, cell migration, and osteoblast differentiation mediated by bone morphogenetic 
protein.29 In our validation, we determined that the UUO model had a significantly greater TGF-β1 expression, and that 
HDD therapy had the opposite effect (Figure 6). Additionally, the expression of PI3K was decreased in the UUO+HDD 
group compared to the UUO group. These results are consistent with previous studies that PI3K is one of the key targets 
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Figure 9 Schematic diagram showing potential mechanisms by which HDD antagonizes renal fibrosis. 
Abbreviations: Akt, polyserine/threonine kinase; ECM, extracellular matrix; EGFR, epidermal growth factor receptor; EMT, epithelial-mesenchymal transition; MMP2, 
matrix metalloproteinase-2; MMP9, matrix metalloproteinase-9; PI3K, phosphoinositide 3-kinase; SIRT1, silent information regulator 1; Stat3, signal transduction and 
transcriptional activator 3; TGF-β1, transforming growth factor-β1; TIMP2, tissue inhibitors of metalloproteinase 2.
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which participate in controlling the progression of TGF-β1-induced EMT. In addition, HDD may reduce the expression 
of PI3K in order to reverse EMT progression. Additionally, Stat3 activation prevents interstitial fibroblasts in the UUO 
kidneys from being stimulated, which encourages renal fibrosis.30 Stat3 activation can be induced by a variety of growth 
factors and cytokines such as TGF-β1. During tumorigenesis, Stat3 directly binds Smad3 and blocks its ability to form 
complexes with Smad4, thereby reducing the role TGF-β1 plays in promoting EMT.31 Furthermore, by inactivating 
interstitial fibroblasts, the selective Stat3 inhibitor lowers obstructive nephropathy renal interstitial fibroblast activity and 
interstitial fibrosis.32 In this research, it is found that P-Stat3 was expressed increasingly in UUO compared to Sham, 
indicating that Stat3 is closely related to the process of renal interstitial fibrosis (Figure 7C and D).

Stimulation of ECM Production
Among the most well-studied causes of fibrosis, TGF-β1 signaling induces myofibroblast activation through both Smad 
and non-Smad pathways.33 TGF-β1 is a polymorphous cytokine that binds to its receptors on the cell membrane and 
activates Smad-dependent signaling. Smad2 and Smad3 become phosphorylated and connected to Smad4 to create Smad 
complexes. Matrix production is triggered by the Smad complex translocating into the nucleus.34 In this study, the 
expressions of TGF-β1 and Smad2/3 were significantly greater in the UUO group than in the Sham group, whilst HDD 
treatment reversed the increase (Figure 6). These results indicated that HDD improved renal condition of UUO mice by 
modulating TGF-β1/Smad signaling pathway. Besides Smad dependent signaling pathway, TGF-β1 also promotes matrix 
production through non-Smad-dependent signaling pathways.35 Recent research has demonstrated that TGF-β1 can 
quickly and briefly transactivate the EGFR and then trigger the production of FN without first activating Smad2. 
TGF-β1 can reactivate EGFR in rat mesangial cells via a Src kinase-mediated ligand-independent pathway.34 TGF-β1 
stimulates ECM upregulation through the Src/EGFR pathway.36 In our research, we discovered that UUO had much 
higher levels of Src and EGFR expression than Sham, suggesting a key role for Src and EGFR in non-Smad-dependent 
signaling pathways. Additionally, HDD treatment tended to lessen the stimulation of the Src/EGFR signaling pathway.

Inhibition of ECM Degradation
A net accumulation of collagen in the tissue results in the formation of the extracellular matrix. This is due to an 
imbalance between collagen synthesis and degradation. Various MMPs and their inhibitors regulate both collagen 
transition and ECM degradation.37 It has been proposed that the stimulation of the TGF-β1/Smad3 signaling pathway 
could trigger the transcription of SIRT1 along with c-Jun. By inhibiting the transcription of the MMP9 promoter, SIRT1 
was able to fix MMP9 in the OFF mode. In contrast, the ON mode of MMP9 remained when Smad3 was lacking.38 It 
was shown in Figure 7 that compared to the Sham, MMP9 expression was lower in UUO, and HDD treatment 
upregulated MMP9 expression in UUO mice. Moreover, activated MMP2 acts as a drill during the enzymatic hydrolysis 
of ECM components and is capable of rapidly binding fibrin. Mechanistically, the transcriptional activator Smad3 
activates MMP2 and represses tissue inhibitors of metalloproteinases 2.39 Thus, as shown in Figures 6 and 7, the over- 
expression of MMP2 may be due to up-regulation of Smad2/3 expression. Furthermore, in models of gastric cancer, the 
succinyl group of fibrillin 1 prevents MMP2 from adhering to it and prevents fibrillin 1 degradation.40 This could also be 
an explanation for the increased MMP2 content. In agreement with other studies, our results suggest that HDD increases 
MMP9 and decreases MMP2 expression to improve ECM degradation and thus attenuate renal fibrosis.

Conclusion
Overall, through NP and experimental validation, our findings suggest that HDD may alleviate renal fibrosis by delaying 
EMT progression, reducing ECM production, and promoting ECM degradation. The construction of a critical target 
network for HDD mitigation of renal fibrosis may provide an experimental basis for clinical therapy of CKD. However, it 
still needs more research to determine the precise effects of the HDD components on the targets.

Abbreviations
BUN, blood urea nitrogen; CKD, chronic kidney disease; EGFR, epidermal growth factor receptor; EMT, epithelial- 
mesenchymal transition; FN, fibronectin; MMP2, matrix metalloproteinase-2; MMP9, matrix metalloproteinase-9; 
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MMPs, matrix metalloproteinases; PAS, periodic acid-Schiff; P-EGFR, Phospho-epidermal growth factor receptor; 
P-Smad2/3, Phospho-Smad2/3; P-Src, Phospho-Src; P-Stat3, Phospho-Stat3; SEM, standard error of mean; TIMP, tissue 
inhibitors of metalloproteinases; TGF-β1, transforming growth factor-β1; α-SMA, α-smooth muscle antibody.
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