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Purpose: YiShen HuoXue decoction (YSHXD) is a formulation th:
for many years. We aimed to clarify therapeutic effects Q#

clinically for the treatment of renal fibrosis (RF)
potential pharmacological mechanisms.

ue decoction, renal fibrosis, molecular docking simulation, machine-learning

Chronic kidney 8
mortality worldwide.' Due to the lack of visible symptoms in the early stages, CKD is often not definitively diagnosed until

Bcase (CKD) is a destructive condition that is considered a public health concern with high morbidity and

renal fibrosis (RF) is advanced and irreversible, and patients are dependent on dialysis or kidney transplantation for their entire
lives. Therefore, strategies that delay the progression of RF are urgently required.”* Accumulating evidence indicated that the
mechanism of RF involves multiple processes including abnormal extracellular matrix deposition*® as well as epithelial-to-
mesenchymal transition,® inflammatory responses,” apoptosis,® fibroblast proliferation and activation,”'® and pyroptosis."’
Research has shown that inhibiting the activation of these mechanisms can delay RF. Angiotensin-converting enzyme
inhibitors, angiotensin II receptor blockers, and renin-angiotensin-aldosterone system are among the core drugs with the
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ability to delay CKD.'*'* However, patients receiving these treatments still have a significant symptom burden and poor
quality of life.'* Therefore, new alternative complementary therapies are urgently required.

It has been reported that Traditional Chinese Medicine (TCM) can be used to intervene in the pathogenesis of RF with
a unique advantage and promising future in the clinical management of this condition.'> A meta-analysis suggested that the
combination of TCM and Western medicine was much more effective in treating RF than Western medicine alone.'® YiShen
HuoXue decoction (YSHXD) is composed of Rhei Radix et Rhizoma (Da Huang, DH), Angelica sinensis Radix (Dang Gui,
DG), Achyranthes bidentata Radix (Niu Xi, NX), Salviae Miltiorrhizae Radix et Rhizoma (Dan Shen, DS), Notoginseng Radix
et Rhizoma (San Qi, SQ), Carthami Flos (Hong Hua, HH) and Astragali Radix (Huang Qi, HQ). Modern pharmacological
studies have confirmed that DH, DS, HQ, DG, SQ, NX, HH and their components can inhibit RF and inflammatory responses
and promote kidney repair.'” ** Clinical studies have suggested that YSHXD inhibits pro- 1nﬂammatory cytokine expression
(TNF-a and IL-6), thereby protectmg the vascular endothelium and effectively improving reg gction and clinical

symptoms in CKD patients.” In addition, YSHXD combined with Losartan Potassium Tablet tg

damage.”” Lead (Pb) treatment elevated NLRP3, IL1p, an
pyroptosis in fish.*

Network pharmacology is an approach used to analyze a
diseases from a macroscopic perspective. Thus, thi

ificial intelligence, has been proven to be highly
re medical field.”

cating RF were predicted using network pharmacology and
molecular dynamics simulations and in vitro and in vivo
of YSHXD in RF.

Collection of -Related Targets

RF-related targets of YSHXD were acquired in the DisGeNET (https://www.disgenet.org/),>” PharmGKB (https://www.
pharmgkb.org/),’® GeneCards (https:/auth.lifemapsc.com/),** TTD (https://db.idrblab.net/ttd/)** and OMIM (https://
www.omim.org/)*' databases using the search term “Renal fibrosis”. The names of genes and proteins were standardized

according to the UniProt database.*

Venn Diagram Mapping of the Intersecting Target Genes
The YSHXD target genes were mapped with the RF-related targets to identify the intersecting target genes using the
Venny tool (http://www.bioinformatics.com.cn/).
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Protein-Protein Interaction (PPl) Network Construction

Based on the cross-targets of YSHXD identified in the composition databases and the intersection of the composition-
disease targets, we constructed PPI networks with medium confidence levels of 0.4, 0.7, and 0.9 in the STRING database
(http://string-db.org/)** with the species restriction of “Homo sapiens”. The PPI network data were then imported into

Cytoscape 3.7.1 for visualization and analysis.

Gene Ontology (GO) Functional Enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway Enrichment Analyses for Identification of Potential Targets

To determine the potential biological function and therapeutic mechanism of YSHXD in RF, we used the DAVID
database to perform GO enrichment analysis on the cross-targets of YSHXD identified in the composition databases and
nrichment circles
0.01). For

the intersection of the composition-disease targets (https://david.nciferf.gov/).*> For the GO analysis, ¢

were plotted according to the top 10 biological processes, molecular functions and cellular comg
the KEGG enrichment analysis, the top 30 and top 20 pathways were selected for bubble mas

Construction of the Main Active Components-RF-Core Target Network
We constructed the “herb-active component-target” and critical “herb-main active 4
diagrams for YSHXD treatment of RF based on the major active ingredients o

hat predicted the target proteins
tential targets of YSHXD in treating RF.
tifying the targets of small molecules.**

To verify the network pharmacology analysis results, we adopted a

of the YSHXD core active components. This process also aided id
Previous studies have demonstrated the accuracy of SwissTargetP
A range of natural products were submitted to the SwissT,

Molecular Docking Simulation
The main genes identified were selected fg ing@simulation with the top 10 active ingredients of YSHXD,

em database (https://pubchem.ncbi.nlm.nih.gov/) and the

io3D. The crystal structures of the target proteins were obtained from
d receptor files were converted to pdbqt format by AutoDockTools

lacing water molecules with hydrogen atoms. After molecular docking
iscovery Studio indicated the affinity of ligand binding to the receptor.*®

“MD simulation was conducted in a TIP3 water molecule-filled triclinic box.*” After neutralization of
the system with N
(100 ps).” Finally,
and 1.0 bar pressure.

counter ions, the complex was then minimized (1000 steps) and equilibrated by running NVT and NPT
Wsimulation was performed (100 ns per system) under periodic boundary conditions at 310 K temperature

Therapeutic Effects of YSHXD on Experimental RF

Experimental Reagents and TCM Materials

The following reagents were used in this study: pentobarbital sodium (AM00469; Sigma, USA); 10% fetal bovine serum
(FBS; Gibco, Waltham, USA); hematoxylin and eosin (H&E) staining kit (G1120; Solarbio, China); Masson’s Trichrome
Stain Kit (G1340; Solarbio, China); Rat IL-8 ELISA kit (SEKR-0014; Solarbio, China), Rat IL-18 ELISA kit, (CSB-
E04610r; Cusabio, China) and Rat IL-1p, IL-6, TNF-o ELISA kits (batch numbers ab255730, ab234570, and ab236712,
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respectively; Abcam, Shanghai, China); Human IL-1pB, IL-6, IL-8, IL-18, TNF-a, HGF ELISA kits (batch numbers
KE00021, KE00139, KE00006, KE00193, KE00154, and KE00168, respectively; Proteintech, Wuhan, China); anti-IL
-1B, anti-NLRP3, anti-alpha smooth muscle actin antibodies (batch numbers are GB11113, GB114320, and GB111364,
respectively; Servicebio, Wuhan, China). Anti-caspase-1, anti-GSDMD, and anti-PTGS2 antibodies (22915-1-AP, 20770-
1-AP and 12375-1-AP, respectively; Proteintech, China); anti-IL-6, anti-NF-xB p65, anti-IL-18, and anti-ASC antibodies
(MAS5-45070, PA5-27617, PA5-79481 and PA5-95826, respectively; Thermo fisher, China); HQ, DS, DG, DH, SQ, NX
and HH (batch numbers 20220201, 20211002, 20211102, 21092901 and 20211101, respectively; Guangxi Xianzhu
Traditional Chinese Medicine Technology, Nanning, China).

Experimental Animals and Cells

Specific pathogen-free (SPF) male Sprague—Dawley rats (200 = 20 g) were purchased from sy Slaughter Jingda

YSHXD Preparation
The drug and dose composition of the YSHXD preparation wer
(10 g), NX (5 g), and SQ (5 g) in a 3:3:3:2:2:1:1 proportlon by
the “Criteria for TCM Decoction Room Managemen

(15 g), DS (15 g), HH (15 g), DH (10 g), DG
eparation was formulated in accordance with
> (approval number: GB/T 42282-2022, China)

using previously described methods.’* The final yield D (100% concentration) was 1 g/mL.

After adaptive feeding for 7 days Dawley rats (200 = 20 g) were randomly divided into the
following groups (n = 6 per gro del, Losartan Potassium Tablets (LP), YSHXD low-, medium-, and high-
dose; The rat model of RF w, i Bug unilateral ureteral ligation (UUO) as previously described;>*> rats in

without ligation of disconnection of the ureter. The low-, medium- and
ered (through gavage) oral doses of 3.94 g-kg ', 7.88 g-kg ' and 15.75 g'kg !
tively, ba®d on the conversion of body surface area between rats and humans.” Rats in

LP group were o istered, Losartan Potassium Tablets (10 mg-kg ') through gavage. Both the sham and UUO
groups rece s of distilled water by oral gavage once daily. Following a 14-day period of drug
interven zed via intraperitoneal injection of sodium pentobarbital (40 mg/kg), and the obstructed
renal side was collected and preserved. The calculation of sample size for animal experiments was

decided D9 Csource Equation Method” published by Arifin et al in 2017.%° The equation for determining the
observations (N) is as follows: N = (X/nB + 1) x KR, where n represents the sample size per group,
B represents theWumber of repeated measurements, X ranges between 10 and 20, K represents the number of groups, and
R represents the number of rat treatments. In animal experiments, n=6, B=6, K=6, R=6, hence the calculation would be:
N = 36. Therefore, the determined sample size for each experimental group was 6. The experimental quality was assessed
with the ARRIVE guidelines (Animal Research: Reporting of In Vivo Experiments) 2.0.%

Based on the previous experiments, HK-2 cells were cultured until reaching 80% confluence in DMEM complete
medium supplemented with 10% FBS, at 37 °C under a 5% CO2 environment. Subsequently, the cells were seeded into
12-well plates at a density of 1x10° cells per well. They were then randomly divided into the following groups: Control,
a fibrogenesis model groups stimulated with TGF-p (10 pg-L™"), Losartan Potassium Tablets (10 mgkg ')*® and
YSHXD at varying concentrations (20 pg'mL ™", 40 pg-mL™', 60 pg-mL").%¢
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H&E Staining

Formalin (4%)-fixed, paraffin-embedded sections (5 pum thick) of renal tissues were incubated at 37°C for 1 h, dewaxed
and hydrated with xylene and anhydrous ethanol and stained with H&E.”® Renal tissues pathology was evaluated by light
microscopy (Olympus, Japan).

Masson’s Trichrome Staining

Masson’s trichrome staining of renal tissues section was performed as previously described.®® After sealing, the sections
were photographed under a light microscope and images were analyzed using Image J software. The collagen volume
fraction (CVF, %) was calculated to assess the level of RF.

ELISA Analysis
ELISA kits were used to determine I1L6, IL-1p, IL-8, IL-18, TNF-a and HGF concentrations based
(OD) measured at 450 nm using a microplate reader (Thermo Scientific, China) and with refe

gtical density

ard curve.

Immunohistochemical Analysis
After dewaxing and hydration, renal tissues sections were repaired by immersion in ci

Western Blot Analysis

Total proteins were extracted from renal tissues and H
kit. Proteins were then separated by 8%, 10% and 15% s
PAGE) and transferred to polyvinylidene fluoride (PVDF)
h, membranes were incubated overnight at 4 v
NLRP3 (1:500), ASC (1:500), caspase-1 @
SMA (1:1000), NF-xB p65 (1:1000 2 @ GAPDH (1:10,000). After 24 h, the membranes were
incubated with secondary antibodi om temperature. Protein bands were visualized using an ECL kit and

Total RNA yf® -2 cells using TRIzol reagent according to the manufacturer’s instructions. To
detect the 4 y of RNA, the OD value was measured using the BioPhotometer plus system
(Eppendorf, any); OD,50/OD5g9 >1.8 indicated a high degree of purity of the prepared RNA. The total

RNA was separd@Qil by agarose gel electrophoresis and complete extraction was confirmed based on the presence
of the three intact ®ands (5S rRNA, 18S rRNA and 28S rRNA) visualized with an imaging system. cDNA was
generated using a reverse transcription kit (AE301-02; TransGen Biotech Co., Ltd, China) according to the
manufacturer’s instructions. Gene expression levels were determined by real-time fluorescence quantitative PCR
with the following reaction system: cDNA 5 pL, upstream and downstream primers 0.5 pL each, 2x SYBR Green
qPCR SuperMix 10 pL, and dH,0 4.0 pL. The reaction conditions were as follows: 95°C pre-denaturation for 5
min followed by 40 cycles of 95°C denaturation for 15s and 60°C annealing extension for 34s. The C, of each
sample was measured using the ABI PRISM® 7500 Sequence Detection System and data were normalized against

—AACt
2

B-actin. Relative gene expression levels were calculated using the method. The primers were synthesized by

Guangzhou de Weijia Bio-Technology Co., Ltd, and full details were shown in Table 1.
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Table | Primer Sequences

Gene Name Primer Sequence (5’ to 3') Product Length (bp)

NLRP3 Fl: CCTGTGTGGGAACAAGTATGC 121

R1: TCCCATCAGGTCACCAAGAG

Caspase-| Fl: CGAGTGGTTCCCTCAAGTTT 136

RI: TGAAAGTCTGTGCTGCAGAT

GSDMD Fl: TGAAGCACGTCTTGGAACA 200

RI: GGCATAGAGTGCACATATGG

IL-1B FI: GTGCTGTCTGACCCATGTGA 120

R1: CACAGGGATTTTGTCGTTGCT

IL-6 Fl: CTGGAGTTCCGTTTCTACCT

R1: TGGATGGTCTTGGTCCTTAG

NF-KBp65 Fl: GACGATCTGTTTCCCCTCAT

R1: GCTTCTCTCCCCAGGAAT,

B-actin FI: AGGGAAATCGTGCGTGACAT

R1: GAACCGCTCATT GATAG

Statistical Analysis

All experiments were repeated at least five times ind

d the data were presented as the mean + SD. Data were
analyzed using GraphPad Prism (version 9.0.0 “®Shapiro—Wilk test (for n > 10) or QQ plot (for n < 10)
e data was assessed with Bartlett’s test. When the data were
mparisons between two groups were analyzed using the
ated by One-way ANOVA, followed by a post-hoc Bonferroni
equal variance was violated, Welch ANOVA analysis was utilized, followed

est. P < 0.05 was considered to indicate statistical significance.

ere identified in the BATMAN-TCM database (Table S1). In addition, 252 active
9 for DH, 44 for SQ, 35 for DS, 21 for HH, 24 for HQ, 14 for NX, and 35 for DG) and 469
targets were W@kained in the TCMIP database (Table S2). After preliminary pharmacokinetic screening, 153 active
components wele obtained in the tcmsp database. After removing the active components without potential target
information, a total of 129 active components (10 in DH, 59 in DS, 17 in HH, 7 in SQ, 2 in DG, 17 in HQ, and 17
in NX) and 271 targets were obtained (Table S3). After integrating these data, 446 active components of YSHXD

and 56 targets were selected for the next step of our analysis (Figure 1a) (Table S4).

RF-Related Targets

Searches of the TTD, PharmGkB, OMIM, DisGeNET and GeneCards databases yielded 3, 13, 35, 570 and 765 RF-
related targets, respectively. After all the targets were integrated and duplicate values removed, 1177 RF-associated target
proteins were acquired (Figure 1b).
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Figure | Network pharmacology target analysis. (a) UpSet gphient databases; (b) Venn diagram of five disease target databases; (c) Venn diagram

of the targets of the active components of YSHXD an,
PPI network diagram.

re imported into STRING and the PPI network was constructed using Cytoscape
SHXD with an interaction score >0.9 comprised 43 nodes and 86 edges and the

fatment of RF with an interaction score >0.9 comprised 14 nodes and 16 edges (Figure le)
d TNF were identified as the core targets.

GO Functional Enrichment and KEGG Pathway Enrichment Analyses

The 56 overlapping YSHXD target genes were submitted to the DAVID database and OmicShare cloud platform for GO
functional and KEGG pathway enrichment analyses. A total of 1379 related GO functional enrichment terms and 70
KEGG pathways were identified (P < 0.01). The GO terms included 1140 biological processes (BP), 177 molecular
functions (MF) and 62 cellular components (CC). The top 10 entries for BP, MF, CC enrichment in the GO analysis were
listed in Figure 2a. These analyses demonstrated that biological processes, such as cellular response to organic cyclic
compounds, response to lipid, intracellular receptor signaling pathway, response to endogenous stimulus, and regulation
of biological quality play important roles in the effects of YSHXD. The MF terms included GABA-A receptor activity,
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Figure 2 d petwork pharmacological targets and multidimensional network graph analysis. (a) GO functional enrichment analysis of the 56 overlapping
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herb-main active onent-target-pathway.

benzodiazepine receptor activity, steroid hormone receptor activity, transition metal ion binding, and transmitter-gated
ion channel activity involved in regulation of postsynaptic membrane potential. The CC terms were mainly concerned
with dendrite membrane, chloride channel complex, membrane-enclosed lumen, and the GABA receptor complex. The
top 30 KEGG pathways included pathways in cancer, GABAergic synapse, AGE-RAGE signaling pathway in diabetic
complications, and HIF-1 signaling pathway. Furthermore, the Th17 cell differentiation, HIF-1, VEGF, TNF, and NF-«B
signaling pathways were identified as the main pathways involved in the effects of YSHXD (Figure 2b).
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Corresponding analyses on the 22 core YSHXD-RF targets yielded 1391 GO enrichment terms and 54 KEGG
pathways (P < 0.01). The GO terms involved in the effects of YSHXD in the treatment of RF included 1280 BP, 86 MF
and 25 CC. The top 10 entries for BP, MF, CC enrichment in the GO analysis are listed in Figure 2c. Negative regulation
of apoptosis, negative regulation of programmed cell death, regulation of reactive oxygen species metabolism and
response to organic cyclic compounds were particularly enriched in the BP category. The CC terms included cytosol,
cytoplasm, and IL-6 receptor complex. The MF terms were mainly associated with antioxidant activity, peroxidase
activity, phosphatase binding, and oxidoreductase activity. The top 20 KEGG enrichment pathways revealed HIF-1
signaling, TNF signaling and VEGF signaling as potential pathways involved in the mechanism underlying the
therapeutic effects of YSHXD in RF (Figure 2d).

Multidimensional Network Graph Analysis
A visualized “herb-active component-target” network was constructed from the 364 active compg
the 22 YSHXD-RF targets using Cytoscape software (Figure 2e). The network had 393 nodes
active components including quercetin (degree = 23), kaempferol (20), luteolin (12), beta gy

YSHXD. Subsequently, a key “herb-main active ingredient-target-pathw
10 core active components of YSHXD, the top 20 KEGG enrichme
map indicated that quercetin, kaempferol, AKT1, BCL2, and p
therapeutic mechanism of YSHXD on RF might involve multipl

Machine-Learning Model Prediction of
Components of YSHXD

10 core active components of YSHXD and 749 tg
server (Table S6). To maximize accuracy, we
shown in Table 2. Interestingly, AR and P}

ability 0 were predicted using the SwissTargetPrediction
15 most probable targets for each core active component as

were also predicted.

Molecular Docking Si

@ s sitost¥rol, IL1B-luteolin, TNF-luteolin, and IL6-kaempferol had excellent binding ability
(Figure 3f), W bDock scores of 139.523, 140.585, 85.4176, 91.1699, and 110.979, respectively (Table S8).
Molecular Dyr®mics Simulation
On the basis of the molecular docking studies, kinetic simulations of 100 ns were performed for each of the five pairs of
protein-ligand complex systems to explore the potential interaction mechanisms within each system. Except for the IL6-
kaempferol system, all systems reached equilibrium after 100 ns, indicating that the system was stable, at which point the
MD simulation trajectories were available for further analysis. The mean Root Mean Square Deviation (RMSD) for the
AR-luteolin and TNF-luteolin systems were in the ranges 0.079-0.224 and 0.076-0.214, respectively, which was
significantly lower than the ranges for the IL1B-luteolin, PTGS2-beta-sitosterol, IL6-kaempferol systems (0.075-0.340,
0.076-0.270, and 0.087-0.267 respectively). The five systems had different Root Mean Square Fluctuation (RMSF)
fluctuation trends and flexible regions and formed interactions with the compounds, indicating differences in the
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Table 2 Top 15 Potential Targets of the Core Active Components of YSHXD Predicted by SwissTargetPrediction

Molecule Top 15 Targets Max. Max. Min. Min.
Probability | Probability | Probability | Probability
Target (%) Target (%)
Quercetin NOX4, AVPR2, AKRIBI, XDH, MAOA, IGFIR, FLT3, NOX4 100 TERT 19.84
CYPI9AI, EGFR, F2, CA2, PIMI, ALOXS, AURKB,
DRD4
Kaempferol NOX4, AKRIBI, XDH NOX4 100 MAPT 17.19
TYR, FLT3, CA2, ALOX5, CA7, HSD17B2, ABCCI,
HSD17B1, AHR, CAIl2, ESRRA, ABCBI
Luteolin NOX4, AKRIBI, CDK5RI CDKS5, XDH, MAOA, NOX4 13.90
FLT3, CA2, CCNB3 CDKI CCNBI CCNB2, ALOXS5,
ADORAI, CA7, GLOI, APP, SYK, GSK3B
Beta-sitosterol HMGCR, CYP5IAI, AR, NPCILI, NRIH3, CYPI7AI, HMGCR 0
RORC, CYPI9AI, ESR2, ESRI, SHBG, SREBF2,
CYP2CI9, SLC6A2, BCHE
Wogonin PTGS2, NOS2, FLT3, AKRIBI, OPRDI, KIT, ABCBI, PT, 9.78
IKBKB, NTRK2, KDM4E, XDH, ALOXI5, CDKI,
ALOX12, GRKé
Stigmasterol CYP51AI, HMGCR, NRIH3, NPCILI, CYPI7AI, 48% YPSIAI 6.43 TOP2A 0
SREBF2, CYPI9AI, RORC, ESRI, ESR2, SHB
SLC6A2, SERPINA6, PTPNI
Isorhamnetin XDH, CA2, CA7, CAIl2, CA4, CYRLBI, ABCCI} 100 TNKS2 10.99
NOX4, AKRIBI, ABCG2, ACHE, AL} 12,
IGFIR, EGFR
Baicalein KDMA4E, XDH, ALOX ALC; GRKaS, KDMA4E 100 CDK2 10.05
CYPI9AI, CA7, , CAABNBCBI, IBI,
HSDI17BlI, IBI,
Dihydrotanshinlactone No et No No No No
Progesterone AR, C2} Cl, PGR, INA6, SIGMARI, AR 100 TSPO 0
BG, FABPI, 19A1, CYPI7AI, HSDI7B3,
SRD5AI, 2, NRI12, NR113
interaction, > i mponents with their respective binding targets. The radius of gyration (Rg) value
indicatg complex structure. The average Rg values of PTGS2-beta-sitosterol, AR-luteolin, IL6-
kaempiS@al, T4 : and IL1B-luteolin were 2.404, 1.909, 1.570, 1.496, and 1.448 nm, respectively. Thus, the MD

simulation
luteolin, PTG

wults were consistent with the molecular docking simulations showing effective binding between IL1(3-
beta-sitosterol, IL6-kaempferol, AR-luteolin, and TNF-luteolin (Figure 3g).

Unilateral Ureteric Obstruction-Induced RF

As a prerequisite for in-depth studies of the therapeutic effects of YSHXD on RF, we established a robust model of UUO
in rats. To assess the success of the model, twelve rats were prepared for the pre-experiment and randomly divided into
the sham group and a group undergoing unilateral ureteral ligation (UUO model), with six rats in each group (Figure 4a).
The kidney of UUO model rats appeared to be significantly larger in size, gray in color and ischemic than those of the
rats in the sham group (Figure 4b). H&E and Masson’s trichrome staining showed that the sham group of rats had
structurally intact kidneys with a small amount of collagen fibers. In the UUO model group, glomerular atrophy, loss of
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Figure 3 Partial results of molecular docking and molecular dynamics simulation of YSHXD core active components and proteins. (a) AR-luteolin; (b) PTGS2-beta-
sitosterol; (c) ILIB-luteolin; (d) TNF-luteolin; (e) IL6-kaempferol, (f) heat map of LibDock scores and (g) RMSD, RMSF and Rg of key active components and target proteins
of YSHXD.
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Figure 4 Effect of 5§l by surgical ligation on renal tissues and effects of YSHXD on the general and histopathological characteristics of UUO model rats. (a) Experimental
design scheme; (b) diag of the kidney appearance (n = 6/group); (c) rat renal histopathology by H&E staining (n = é/group) (% 200 and x 400 magnification); (d) Masson’s
trichrome staining (n = 6/group, paired two-tailed t-test) (X 400 magnification); (e) representative Western blot images of a-SMA expression (n = é/group, paired two-tailed
t-test). (f) Body weight (n = 6/group, two-way ANOVA with Sidak’s post-hoc test); (g) renal index (n = 6/group, one-way ANOVA with Bonferroni post-hoc test); (h) H&E
staining (n = 6/group) (% 200 and x 400 magnification); (i) Masson’s trichrome staining (* 400 magnification) and collagen fiber area (%) (n = 6/group, one-way ANOVA with
Bonferroni post-hoc test); (j) representative Western blot images of a-SMA and PTGS2 levels (n = 6é/group, one-way ANOVA with Bonferroni post-hoc test). Data were
represented as the mean # SD. #¥*P < 0,000 vs Sham group; **P < 0. 01 and P < 0.0001 vs Model group.

Abbreviations: Sham, Sham group; UUO, UUO Model; LP, Losartan Potassium Tablets group; YSHXD-L, YSHXD-Low dose group; YSHXD-M, YSHXD-Medium dose
group; YSHXD-H, YSHXD-High-dose group.
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tubular structure, partial inflammatory infiltration, significant fibrosis of renal tissues, and significantly increased collagen
volume fraction were observed (paired two-tailed #-test, P = 0.0000) (Figure 4c and d). Compared to the sham group, a-
SMA expression was significantly higher in the UUO model group (paired two-tailed t-test, P = 0.0000) (Figure 4e).
These results confirmed successful establishment of the UUO model and its suitability for use in subsequent studies.

YSHXD Ameliorated RF in UUO Model Rats

Effects of YSHXD on the General State and Renal Structure of UUO Model Rats

After 14 days of modeling, the body weight of rats in all groups increased significantly, although the smallest increase
was found in the UUO group (two-way ANOVA with Sidak’s post-hoc test, UUO, P = 0.0013; YSHXD-L, P = 0.0001;
LP, YSHXD-M, YSHXD-H, P = 0.0000) (Figure 4f). Compared with the sham group, the renal index in the UUO group

was significantly higher (one-way ANOVA with Bonferroni post-hoc test, P = 0.0000), while the g dexes of each

P =0.005; LP, YSHXD-M, YSHXD-H, P = 0.0000) (Figure 4g).
Compared with the sham group, H&E staining showed more dilated or atrophied re

The LP and YSHXD groups exhibited some changes in collagen
significantly reduced compared with that in the UUO group (o
0.0000) (Figure 4i).

Compared with the sham group, elevated levels of both a-S
onferroni post-hoc test, all 7 =0.0000). In
ere decreased in the LP and YSHXD groups

promoting RF,°"%% were detected in UUO model rats (o

contrast, compared with the UUO group, a-SMA and

YSHXD Inhibited Serum Inflam
To evaluate the anti-inflammato
ELISA in the sham, UUO, LP. groups. Compared with the sham group, the expression levels of IL-1p, IL-6,
IL-8, IL-18 and TNF-a w! igni ised in the model rats (one-way ANOVA with Bonferroni post-hoc test, all

Expression in UUO Model Rats
in UUO model rats, we measured inflammatory factor expression by

significantly reduced reatmegt group (one-way ANOVA with Bonferroni post-hoc test, all P = 0.0000)
(Figure 5a), sugadiiie

g@acosis iIn UUO Model Rats
The network acology results indicated that IL-6, IL-1B, and TNF-a are key targets, and negative regulation of

programmed ce
7,63-66

cath was key biological process in the anti-RF activity of YSHXD. Reviews of the relevant
literature indic¥ted that these inflammatory factors are actively involved in the RF process and large amounts
are produced during pyroptosis. In addition, YSHXD can inhibit the release of ROS from mitochondria, thereby
alleviating oxidative stress and delaying RF.°” Thus, we speculated that YSHXD alleviates RF by inhibiting pyroptosis.

IHC staining revealed higher expression of NLRP3, caspase-1, GSDMD, and IL-1B in the UUO model group
compared with that in the sham group (one-way ANOVA with Bonferroni post-hoc test, all P = 0.0000). Compared
with the UUO model group, expression of NLRP3, caspase-1, GSDMD, and IL-1p was decreased in the LP and YSHXD
treatment groups (one-way ANOVA with Bonferroni post-hoc test, IL-18: YSHXD-L, P = 0.0004; LP, YSHXD-M,
YSHXD-H, P = 0.0000; NLRP3, caspase-1, GSDMD: all P = 0.0000) (Figure 5b and c). In addition, Western blot

analysis showed upregulation of NLRP3, ASC, caspase-1, GSDMD, NF-kBp65, IL-18, IL-6, and IL-1B protein
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Figure 5 YSHXD protects renal tissues in UUO model rats (n = 6) by regulating pyroptosis. (a) Serum levels of inflammatory factors in UUO rats measured by ELISA (n =
6/group, one-way ANOVA with Bonferroni post-hoc test); (b) representative immunohistochemical staining of NLRP3, caspase-|, GSDMD, and IL- 1§ in renal tissues (x 400
magnification); (c) quantification of the data shown in (b) (n = é/group, one-way ANOVA with Bonferroni post-hoc test); (d) protein expression levels of NLRP3, ASC, NF-
«B, caspase-1, GSDMD, IL-18, IL-1B, and IL-6 determined by immunoblotting; (e) quantification of the data shown in (d) (n = 6/group, one-way ANOVA with Bonferroni
post-hoc test). Data were represented as the mean  SD. ¥*P < 0,0001 vs Sham group; **P < 0.001 and ***P < 0.0001 vs Model group.
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expression in the UUO group (one-way ANOVA with Bonferroni post-hoc test, all P = 0.0000), which was significantly
reversed in the LP and YSHXD treatment groups (one-way ANOVA with Bonferroni post-hoc test, IL-13: YSHXD-L,
P =0.0002; LP, YSHXD-M, YSHXD-H, P = 0.0000; NLRP3, ASC, caspase-1, GSDMD, NF-kBp65, IL-6, IL-18: all P =
0.0000) (Figure 5d and e).

YSHXD Inhibited Pyroptosis and Exerted Anti-RF Effects in HIK-2 Cells
We next used a HK-2 cell fibrosis model to confirm that YSHXD alleviates RF by inhibiting the pyroptosis pathway.

According to CCK-8 assays, the viability of HIK-2 cells gradually decreased with prolongation of TGF-p treatment
(one-way ANOVA with Bonferroni post-hoc test, P = 0.0000), but increased under YSHXD or LP treatment (one-way
ANOVA with Bonferroni post-hoc test, YSHXD-L, P = 0.0054; LP, YSHXD-M, YSHXD-H, P = 0.0000) (Figure 6a).

demonstrated that the protein levels of NLRP3, caspase-1, GSDMD, NF-
cells by TGF-B stimulation (one-way ANOVA with Bonferroni pos
analysis revealed that LP and YSHXD treatment significantly re
and IL-6 transcript levels, and the effect of YSHXD appeare
Dunnett’s T3 post-hoc test, P = 0.0000) (Figure 6¢). Moreover,
caspase-1, GSDMD, NF-kBp65, IL-1p and IL-6 (Westcgigh
0.0000; RT-qPCR: Welch ANOVA with Dunnett’s T3 p St all 2 = 0.0000) (Figure 6d and e). These results
supported our hypothesis that YSHXD amelioratg ting pyroptosis.

endent manner (Welch ANOVA with
ts inhibited the expression of NLRP3,

6, and 103.044, respectively (Figure 7a-f) (Table S10).
er 100 ns, with average RMSDs of 0.129-0.339, 0.117-0.799, 0.101-0.489,

0.068-0.264 ag LRP3-beta-sitosterol, NF-kB-kaempferol, caspase-1-quercetin, GSDMD-luteolin
and IL-18- ctively. Each system also exhibited different RMSF fluctuation trends and flexible
regions. ThH g thermogram also exhibited good stability. Thus, the MD and molecular docking

simulations der g trated that YSHXD had good ability to bind with NLRP3, NF-kB, caspase-1, GSDMD, and IL-18

(Figure 7g).

Discussion

RF is common among all progressive CKDs, with the pathogenesis involving a cross-network interactions of multiple
targets, pathways, and mechanisms. Unfortunately, single-target drugs have limited effects on RF. TCM formulations
contain numerous active compounds with multiple pharmacological activities-multiple targets-multiple pathways char-
acteristics, providing new therapeutic prospects for RF. In this study, we adopted a network pharmacology and machine-
learning approach combined with experimental validation to elucidate the potential therapeutic mechanism of YSHXD
in RF.
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v g; (e) quantification of the data shown in (d) (n = é/group, one-way ANOVA with Bonferroni post-hoc test). Data were represented as
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the mean % SD!
Abbreviations:
YSHXD-M, YSHXD-

In network pharmacology investigations, quercetin, kaempferol, luteolin, beta-sitosterol, wogonin, stigmasterol, isorhamne-
tin, baicalein, dihydrotanshinlactone, and progesterone were identified as the major active compounds involved in the therapeutic
mechanism of YSHXD in UUO-induced RF. Quercetin, the most enriched active component of YSHXD, has a wide range of
biological activities. A study showed that quercetin can regulate oxidative stress to improve inflammation and protect against
RF.%® Ma discovered that quercetin inhibited the activation of NLRP3 inflammatory vesicles to improve tubulointerstitial
transformation and RE.%’ Therefore, quercetin may effectively treat kidney diseases. Loss or gain in TGF-f expression is thought

to stimulate fibroblast activation and proliferation, playing a key role in the fibrosis associated with various CKDs.””’
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Figure 7 Molecular docl
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proteins.

teolin; (f) heat map of LibDock scores, and (g) RMSD, RMSF and hydrogen bond heat map of key active components and target

Kaempferol de ed NF-kB phosphorylation and inhibited TGF- signaling transduction in HK-2 cells and also attenuated
fibrosis.”> Moreovelin a diabetic nephropathy model, kaempferol reduced the expression levels of fibrosis markers and
improved RF.”> As a flavonoid compound, Luteolin inhibited LPS-induced liver inflammation by suppressing the production
of inflammation-related genes TNF-o. and IL-6.”* Luteolin alleviated macrophage infiltration and attenuated the kidney tissues
damage caused by inflammation and oxidative stress, thus ultimately improving RF in a mouse model of MRL/lpr.”>"®
Moreover, Yu reported that luteolin also inhibited the induction and activation process of NLRP3, thus alleviating podocyte
injury.”” Oxidative stress stands as one of the contributory factors to renal diseases. Wogonin, as a potential anti-fibrotic herbal
monomer with antioxidant, anti-inflammatory and neuroprotective effects, has been verified to alleviate liver injury by
simultaneously ameliorating oxidative stress and inflammatory response.”® Reports indicate that wogonin impedes oxidative

stress, regulates NF-kB-mediated renal inflammatory response, effectively protects renal tissues, and ameliorates renal
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fibrosis.”**” Isorhamnetin, on the other hand, protects renal function and delays RF by inhibiting the expression of proteins
associated with the NF-«B signaling pathway.®' In addition, the flavonoid isorhamnetin regulates NF-kB, PI3K/AKT, MAPK
and other signaling pathways to suppress the release of pro-inflammatory factors such as TNF-a, IL-1p, IL-6, and IL-8.%* Modern
pharmacology indicates that the flavonoid monomer baicalein delays RF through its anti-inflammatory and antioxidant
activities.*>® In addition, baicalein exerts anti-fibrotic activity that inhibits apoptosis to improve renal tubular interstitial
fibrosis.®> Although reports of the use of progesterone to treat RF are scarce, Bahaa demonstrated that progesterone decreased
TGF-P expression and delays fibrosis in diabetic nephropathy.®® The mechanism by which dihydrotanshinlactone, beta-sitosterol,
and stigmasterol intervene in the process of RF remains to be elucidated. Overall, this evidence supports our network
pharmacology analysis data, suggesting that YHSXD contains multiple bioactive components that effectively delay RF.

The combined results of network pharmacology analysis and machine-learning implicated the inflammation-related

genes encoding IL-6, IL-1p, TNF-a, AR and PTGS2 as the core targets of YSHXD in treatingg 6 is a pleiotropic

previous reports, our molecular docking and MD simulations
were involved in therapeutic mechanism of YSHXD in RF.
related. However, whether they are real targets of
studies using biophysical and molecular biological

ory factors that are in the occurrence of RF. NLRP3/
optosis.”® Activation of NLRP3/caspase-1/GSDMD signaling
hich activate the NF-xB signaling cascade that mediates
M- Therefore, it was hypothesized that YSHXD can inhibit
inflammatory response, reduce inj and delay RF by interfering with pyroptosis. We investigated this hypoth-
esis using a UUO-induce i
infiltration promotes the, i otic factors, leading to pathological RF. In the UUO rat model, HE and Masson’s

block the i@ fibroblasts and mesangial cells, and also inhibit the EMT process to delay RE.”*” Our
i e ts revealed that YSHXD significantly inhibited the expression of IL-1f, IL-6, IL-8, IL-18,
PTGS2. Furthermore, HGF level was significantly elevated by YSHXD treatment.
emistry analysis revealed that YSHXD downregulated NLRP3, Caspsase-1, GSDMD, and IL-1f expres-
sion in vivo. Fulgermore, Western blot analysis showed that YSHXD obviously inhibited protein expression of NLRP3,
ASC, Caspase-1, GSDMD, NF-«Bp65, IL-18, IL-6, and IL-1p both in vivo and in vitro and the results were confirmed by
qRT-PCR analysis. Molecular docking and molecular dynamics simulations also confirmed that YSHXD could bind with
NLRP3, Caspase-1, GSDMD, NF-kB and IL-18, further verified that YSHXD could inhibit the pyroptosis. Thus, these

experimental studies confirmed the predictions of the network pharmacology analysis that YSHXD attenuated inflam-

Immunohist8

matory responses and ameliorated RF by blocking pyroptosis (Figure 8). In this study, we did not explore the active
components and targets of YSHXD at the molecular level to clarify its ability to degrade the binding site of the target,
thereby inhibiting the target degradation process. We aim to investigate this potential mechanism in future studies using
techniques such as biotin fluorescent labeling and DARTS.
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Conclusions
In summary, network pharm

¥a multi-component and multi-target mechanism. These findings not only provide a new
he clinical management of RF, but also highlight an avenue of the research that could extend the
HXD for other diseases.
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