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ARTICLE INFO ABSTRACT
Keywords: Renal fibrosis (RF) is a common pathological feature of chronic kidney disease (CKD), which
Renal fibrosis remains a major public health problem. As now, there is still lack of chemical or biological drugs

Chronic kidney disease

to reverse RF. Shen-shuai-yi Recipe (SSYR) is a classical Chinese herbal formula for the treatment
Ureteral unilateral obstruction

Shen-shuai-yi recipe of CKD. However, the effects and mechanisms of SSYR in treating RF are still not clear. In this
Signal transducer and activator of transcription study, the active constituents SSYR for treating RF were explored by UHPLC-Q-Orbitrap HRMS.
3 Bioinformatics analyses were employed to analyze the key pharmacological targets and the core
active constituents of SSYR in the treatment of RF. In experimental validation, vehicle or SSYR at
doses of 2.12 g/kg/d and 4.25 g/kg/d were given by orally to unilateral ureteric obstruction
(UUO) mice. 13 days after treatment, we detected the severity of renal fibrosis, extracellular
collagen deposition and pre-fibrotic signaling pathways. Bioinformatics analysis suggested that
signal transducer and activator of transcription 3 (STAT3) was the core target and lenticin,
luteolin-7-O-rutinoside, hesperidin, kaempferol-3-O-rutinoside, and 3,5,6,7,8,3',4-heptamethox-
yflavone were the key constituents in SSYR for treating RF. SSYR significantly reduced the ex-
pressions of fibronectin (FN), a-smooth muscle actin («-SMA), collagen-I and alleviated renal
interstitial collagen deposition in UUO kidneys. In mechanism, SSYR potently blocked the
phosphorylation of STAT3 and Smad3 and suppressed the expression of connective tissue growth
factor (CTGF). Collectively, SSYR can ameliorate RF via inhibiting the phosphorylation of STAT3
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and its downstream and reducing the collagen deposition, suggesting that SSYR can be developed
as a novel medicine for treating RF.

1. Introduction

Chronic kidney disease (CKD) is a leading public health problem worldwide with a global estimated prevalence of 13.4% [1]. Renal
fibrosis (RF) is a common pathological feature of CKD which characterized by excessive deposition of extracellular matrix (ECM)
proteins and activation of pro-fibrotic signaling pathways, which accelerates the decline of renal function and the destruction of renal
structure [2]. Despite the seriousness of this problem, there is not enough clinical treatment for RF. Therefore, the key scientific
problem of current research is to find more effective therapies to treat RF and reduce medical expenditure [3].

Traditional Chinese medicines (TCMs) are used as an alternative therapy for the treatment of CKD as its advantages in protecting
renal function, delaying the process of renal fibrosis [4], and furtherly improving the quality of life and long-term survival of patients
[5]. Shen-shuai-yi Recipe is an empirical prescription to treat CKD fibrosis since the 1980s [6]. Clinical studies illustrated that SSYR
obviously improves renal function via down regulation of inflammation and oxidative stress [7]. However, the effects and mechanisms
of SSYR in treating RF is still not clear.

In this study, the active constituents and mechanisms of SSYR for treating RF were explored by integrating Ultra high performance
liquid chromatography Q exactive hybrid quadrupole orbitrap high resolution accurate mass spectrometry (UHPLC-Q-Orbitrap
HRMS), bioinformatics analysis and experimental pharmacology. This study might be providing scientific evidence of SSYR on RF and
will be helpful in developing potential drug candidates in the future.

2. Materials and methods
2.1. Drugs and reagents

Hematoxylin and Eosin (H&E) staining kit (D006-1-1), and Masson’s trichrome staining kit (D026-1-3) were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China). Sirius Red staining kit (G1472) was purchased from Solarbio Science &
Technology Co., Ltd. (Beijing, China), Losartan tablets (100 mg/tablet) were obtained from MSD Pharmaceutical Co., Ltd. (Hangzhou,
China) and used as a positive control [8]. Aloe-emodin, rhein, emodin, chrysophanol and physcion were purchased from Dalian Meilun
Biotechnology Co., Ltd. (Dalian, China). Aloe-emodin-8-O-b-p-glucopyranoside, rhein-8-O-b-b-glucopyranoside, emodin-1-O-
glucoside, emodin-8-glucoside, chrysophanol-8-O-b-p-glucopyranoside and chrysophanol-1-O-b-p- glucopyranoside were purchased
from Chengdu Biopurify Phytochemicals Ltd. (Chengdu, China). Composition of SSYR was presented in Table 1. The herbs in SSYR
were purchased from Kangqiao Chinese Medicine Tablet Co., Ltd (Shanghai, China).

2.2. Animals

SPF-grade male C57BL/6 mice (weighing 20 + 2 g) aged 6 weeks were acquired from Shanghai SLAC Laboratory Animal Co., Ltd.
and kept in the Shanghai University of Traditional Chinese Medicine’s animal center. The animals were kept in a temperature-
controlled breeding chamber, where the temperature was set to 25 °C and the day-night cycle was 12 h. All animal protocols were
approved by Committee on the Ethics of Animal Experiments of SHUTCM (Approval Number: PZSHUTCM220711030 and
PZSHUTCM220711031).

2.3. Preparation of the Chinese multi-herbal formula Shen-shuai-yi recipe (SSYR)

According to the composition of the Shen-shuai-yi Recipe (SSYR), 480 g herbs (including 30 g Rheum palmatum L., 90 g Smilax
glabra Roxb., 90 g Vaccaria segetalis (Neck.Garcke.), 30 g Citrus reticulata Blanco., 30 g Angelica sinensis (Oliv.) Diels., 30 g Pinellia
ternata (Thunb.), 90 g Astragalus membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao and 90 g Trigonella foenum-graecum L. were
mixed together. 2.4 L deionized water were added, and mixed herbs were macerated for 30 min. After then, the mixed herbs were

Table 1

Composition of Shen-shuai-yi recipe.
Chinese name Botanical name English name Parts used Proportion (g)
Dang gui Angelica sinensis (Oliv.) Diels Angelicae Sinensis Radix Root 10
Huang qi Astragalus membranaceus (Fisch.) Bge. var. mongholicus (Bge.) Hsiao ~ Astragali Radix Root 30
Ban xia Pinellia ternata (Thunb.) Pinelliae Rhizoma Rhizome 10
Chen pi Citrus reticulata Blanco Citri Reticulatae Pericarpium  Peel 10
Tu fu ling Smilax glabra Roxb. Smilacis Glabrae Rhizoma Rhizome 30
Wang bu liu xing ~ Vaccaria segetalis (Neck.) Garcke Vaccariae Semen Seed 30
Hu lu ba Trigonella foenum-graecum L. Trigonellae Semen Seed 30
Da huang Rheium paimatum L. Rhei Radix et Rhizoma Root and rhizome 10
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decocted for 45 min by 2.4 L water twice. The twice extracted liquid was filtered and merged. The extracted liquid was subsequently
concentrated by rotary vaporation under reduced pressure, and the concentrated extract was vacuum dehydrated, and then the extract
of SSYR was successfully prepared (74.2 g, extract yield was 15.46% from SSYR). 1.0 g SSYD was weighed, it was dissolved in 50 mL
deionized water under ultrasonic for 1 h, and then, the solution was centrifuged (10 000xg for 15 min). The supernatant solution was
filtered by 0.22 pm membrane, and the filtered solution was used for chemical analysis.

2.4. Chemical profiling of SSYR by UHPLC-Q-Orbitrap HRMS

The chemical profiling of SSYR was analyzed by using UHPLC-Q-Orbitrap HRMS (Thermo Fisher Scientific Inc., Grand Island, NY,
USA). The UHPLC was Dionex Ultimate 3000, and it was controlled by Chromeleon (version 7.2). The column heater was set at 45 °C
and the cooling autosampler was set at 10 °C. An UPLC BEH C;g column (2.1 x 100 mm, 1.7 pm, Waters) was employed. The mobile
phase consisted of 0.1% formic acid water (A) and methanol (B). The flow rate was set at 0.3 mL/min, while the following gradient
elution was used: 0—2.0 min, 4% B; 2.0—6.0 min, 4—12% B; 6.0—38.0 min, 12—70% B; 38.0—38.5 min, 70% B; 38.5—39.0 min,
70—95% B; 39.0—43.0 min, 95% B; 43.0—45.0 min, 4% B. Subsequently, the extract of SSYR (2 pL) was injected into the UHPLC-Q-
Orbitrap HRMS system equipped with an electrospray ionization source, while Xcalibur (version 4.1) was used for data recording and
data analysis. The electrospray ionization source was operated in positive and negative ionization mode. The parameters of mass
spectrometry were optimized and listed below: capillary temperature set at 320 °C; sheath gas (N5) flow rate set at 35 arbitrary units;
auxiliary gas (No) flow rate set at 10 arbitrary units; sweep gas flow rate set at 0 arbitrary units; spray voltage set at 2.8 kV (negative)
and 3.5 kV (positive); S-lens RF level set at 50 V; auxilliary gas heater temperature set at 300 °C; scan mode was used Full MS/SIM and
Full MS/dd-MS2 mode. The Full MS/dd-MS2 mode was includes 1 full scan (resolution set at 70000 FWHM) and 1 data-dependent
secondary scan (resolution set at 17500 FWHM) 2 events, the scanning range is 80-1200 m/z, and the gradient of collision energy
is set at 10, 20, 40 V.

2.5. Target genes prediction of renal fibrosis

GeneCards (https://www.genecards.org), Therapeutic Target Database (TTD, https://db.idrblab.org/ ttd/), OMIM (https://omim.
org), and MalaCards (http://www.malacards.org/) database were used to search for disease-related target genes using the terms ‘renal
fibrosis’.

2.6. Identification of the components and the prediction targets of SSYR in treating renal fibrosis

The components of SSYR were identified by UHPLC-Q-TOF-MS analysis. We obtained the treatment targets of SSYR by importing
the SMILES strings of the active components into Swiss Target Prediction (http://www.swisstargetprediction.ch/) tool. The targets
with “Probability >0" were regarded as the potential therapeutic targets. We downloaded every structure file corresponding to the
active ingredients from Durgbank (https://go.drugbank.com/) and Pubchem (https://pubchem.ncbi.nlm. nih.gov/) database. The
names of potential therapeutic targets were collected from Uniprot (https://www.uniprot.org/) and Genecards database. The Venn
diagram was created by an online Venn tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).

2.7. Bioinformatics analysis and screening of core therapeutic targets of SSYR

The intersecting targets on Venn diagram obtained between the potential therapeutic targets of SSYR and the pathological genes of
renal fibrosis were considered as the key treatment target hub, R&S. The protein-protein interaction (PPI) network of R&S was
established by the STRING database. We downloaded the network and imported it into Cytoscape (version 3.6.1) software for further
topological analysis. The core therapeutic targets of SSYR were determined by topological analysis. Gene Ontology (GO) enrichment
evaluated biological process, molecular function and cellular component of R&S. GO analysis was performed by the R software.

2.8. Virtual molecular docking

The active components of SSYR were collected from the UHPLC-Q-TOF-MS analysis. The 2D structures of the constituents were
downloaded from the RCSB PDB database (https://www.pdbus.org/). The PDB files of the R&S core targets were obtained from the
RCSB PDB database (https://www.pdbus.org/). We used PyMOL software (version for education 2.2.0) to preprocess the protein
structure by deleting the HyO and some small molecules, adjusting hydrogen atoms, and defining the right bond orders. After cor-
recting the structure defects, we minimized the energy of the protein. The 2D structures in mol2 format were imported into the
AutoDock Vina software (version 1.2.0) and transformed into pdbqt format files. We used AutoDock Vina to conduct semi-flexible
dockings of the active components with the target protein into the catalytic active domain. The molecular docking scores were
calculated and the 3D diagram of the interaction between the receptor and the ligand was plotted.

2.9. Characterization of the absorbed chemical constituents in mice serum and kidney after oral administration of SSYR

After seven days of acclimatization, the mice (n = 6, male) were randomly divided into two groups. SSYR group (n = 3) was
administered SSYR by gavage (4.25 g dried extract/kg, extrapolated from human equivalent dose), control group (n = 3) was
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administered equal volume deionized water by gavage. Before the experiments, all mice were fasted overnight, and it had free access to
water. And then, all mice were anaesthetized after the once oral administration at 1 h. Blood samples were collected from the
abdominal aorta. Then, serum samples were obtained by centrifuged (5000xg, 15 min, 4 °C). All samples were stored at ultra-low
temperature freezer (—80 °C) until analysis. The 200 pL of serum samples were added 1 mL methanol, vortexed and centrifuged
(10 000xg, 15 min). The supernatant (960 pL) was dried by using N». The residue was redissolved in 80 pL 20% methanol, vortexed
and centrifuged (10 000xg, 15 min), and the supernatant solution was used as the LC/MS sample. The 100 mg kidney tissue is ho-
mogenized in methanol (1 mL), the homogenate of them is centrifuged (10 000xg, 15 min, 4 °C). The supernatant (800 pL) is dried by
using Na. The residue is redissolved in 20% methanol (160 pL), vortexed and centrifuged (10 000xg, 15 min). The supernatant (2 pL)
was analysis by UHPLC-Q-Orbitrap HRMS.

2.10. Intervention effects of SSYR on unilateral ureteral obstruction-induced renal interstitial fibrosis mouse model

For unilateral ureteral obstruction (UUO) mouse model, 8-week-old mice were anaesthetized with sodium pentobarbital (SP) (8
mg/kg, i.p.), and then a left flank incision was made to expose the left ureter which was ligated with 4-0 silk sutures [9]. The same
operation was performed in sham mice except the ligation of ureter. Thirty-five mice were randomly divided into five groups: sham +
Vehicle (saline) group (n = 7), UUO + Vehicle (saline) group (n = 7), sham + SSYR low-dose (2.12 g/kg) group (n = 7), UUO + SSYR
high-dose (4.25 g/kg) group (n = 7) and UUO + Losartan (8.57 mg/kg) group (n = 7). Mice were treated with saline or daily by gavage
for 13 days from the second day after surgery. Two weeks after the operation, mice were euthanized with SP (8 mg/kg, i.p.) and kidney
tissues were collected for histopathological examination and Western blot.

2.11. Histological analysis

Kidneys were fixed in 4% paraformaldehyde and embedded with paraffin. Four-mm-thick tissue sections were performed for
hematoxylin-eosin, Masson’s trichrome (Masson), and Sirius Red staining according to the protocol. Positive staining was obtained and
semi-quantitatively analyzed by Leica SCN400 Slide Scanning System and software (Leica, Inc., Wetzlar, GER). The severity of the
renal injury was assessed by Paller’s scoring method [10].
2.12. Western blotting analysis

Protein extraction and Western blot analysis were performed using previously described methods [11]. The band densities were
measured using Quantity One software (Bio-Rad, USA). The primary and secondary antibodies are listed in Supplementary Table S2.
2.13. Statistical analysis

All data were presented as means + standard deviation (SD). One-way analysis of variance (ANOVA) with was used for the

comparisons of differences among multiple groups and a t-test was used to compare the differences between two groups. When the P
value < 0.05 the differences were considered statistically significant.
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Fig. 1. The total ion chromatography of the extract of SSYR in positive (ESI+) and negative (ESI-) ion mode by UHPLC-Q-Orbitrap HRMS.
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3. Results

3.1. Identification of the chemical constituents in extract and the absorbed constituents in mice serum and kidney after oral administration
of SSYR

The identification of the chemical components in SSYR was completed by UHPLC-Q-Orbitrap HRMS. The total ion chromatograms
(TICs) of the SSYR were showed in Fig. 1. The limit of errors of the protonated molecular weights of all identified compounds were set
at within 10 ppm. After comparison with the MS/MS profiles and retention times of chemical standards, references and chemistry
books, 186 chemical constituents were identified or tentatively determined from the SSYR The detailed information (including
retention times, precise molecular weights, error, molecular formula et al.) of identified chemical components in the SSYR were listed
in Supplementary Table S1. The serum and kidney samples were collected from SSYR-treated mice at 1 h. And these samples were
analysis by using UHPLC-Q-Orbitrap HRMS, which was detected the absorbed prototypes as more as possible. With the help of the key
information of the identification chemical constituents in SSYR, a total of 70 and 45 prototype compounds were determined in serum
and kidney, respectively.
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3.2. The network pharmacological analysis and bioinformatic analysis of SSYR in the treatment of RF

An herb-molecular-target network was established to give a general description (Fig. 2A). It was noticed that the main active
components belonged to Smilacis Glabrae Rhizoma, Angelicae Sinensis Radix, and Rhei Radix et Rhizoma. Linoleic acid, tigogenin, and
methyl palmitate were the active components in common in Smilacis Glabrae Rhizoma and Trigonellae Semen. We collected 641
predicted targets of SSYR in treating renal fibrosis according to the method described forward. 1037 key genes in the occurrence and
development of RF were downloaded from open-source databases. Then, the core gene hub (R&S) which contained 115 core genes was
obtained by intersecting the predicted targets of SSYR and the key genes in RF (Fig. 3A).

Then, a systematic bioinformatic analysis was employed to analyze the potential core target in the R&S. The topological analysis of
the PPI network of R&S showed that STAT3, SRC, protein tyrosine phosphatase non receptor type 11 (PTPN11), heat shock protein
90AA1 (HSP90AA1), and mitogen-activated protein kinase 3 (MAPK3) were the top 5 core targets of SSYR in treating RF (Fig. 3B). The
gene function analysis of R&S showed that STAT3, SRC, and PTPN11 had more comprehensive gene functions than other core genes
(Fig. 3C and Supplementary Fig. S1). Through the topological analysis of the molecular-target interaction, the top component was
apigenin which was a common flavonoid in plant herbs (Fig. 3D). Then, the GO enrichment analysis of R&S was operated. The genes of
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R&S were enriched in biological process (Fig. 4A). The top 2 and 3 enriched biological processes were peptidyl-tyrosine modification
and phosphorylation which were also indicated in gene function analysis (Fig. 4B). Tyrosine phosphorylation and modification were
closely related to the phosphorylation of STAT3 as its crucial phosphorylation site was tyrosine amino acid residue 705. The cellular
component analysis of R&S indicated that the main subcellular organelles participated were membrane microdomain, raft, and region
(Fig. 4C). The top 3 enriched molecular functions of R&S were transmembrane receptor protein tyrosine kinase activity, trans-
membrane receptor protein kinase activity, and protein tyrosine kinase activity which were essential in the phosphorylation process of
STATS3 (Fig. 4D). These analyses indicated that the interference of the activation of STAT3 may be a core link of SSYR in the treatment
of RF.

3.3. Virtual simulation of the constituents from SSYR docking with STAT3

To further verify the key components and potential treatment targets, we employed virtual molecular docking and evaluated all the
active components of SSYR docking with STAT3 (PDB ID: 6NJS). The top 10 components sorted by binding energy in descending order
were listed in Table 2. The top 5 components were lenticin, luteolin-7-O-rutinoside, hesperidin, kaempferol-3-O-rutinoside, and
3,5,6,7,8,3,4-heptamethoxyflavone with —8.75, —6.84, —6.72, —6.39, and —6.04 kcal/mol, respectively. The 3D and 2D diagrams of
each compound docking with the SH2 domain of STAT3 were presented in Fig. 5A-E. The SH2 domain was an amino acid strain from
584 to 688 which formed a highly conserved and key active pocket in STAT3. The inhibition of SH2 domain blocked the formation of
STAT3-dimer which finally performed the catalytic activity. It was noticed that lenticin and linolenic acid could bind with the Ser613
and Glu612 sites while other components bound with the Glu638 site.

Despite lenticin, other components showed a mild binding performance with STAT3. Therefore, we evaluated lenticin and a potent
STATS3 inhibitor SI109 (ICso = 3 nM, as a positive control) docking with the SH2 domain of STAT3. As the results showed, lenticin,
which was the main constituent of Vaccariae Semen, docked well into the catalytic pocket of STAT3. It bound to the Ser613, Ser611,
and Glu612 sites with hydrogen bonds and the Glu638 site with H-t bond (Fig. 6A). The amino acid residues from 609 to 620 of SH
domain was the key active sub-domain called pY pocket which strongly determined the phosphorylation of T705. Lenticin might be
able to strongly bind to the pY pocket and inhibit the phosphorylation of STAT3. In addition, the binding sites of lenticin and the
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Fig. 4. The GO enrichment analysis of R&S. (A) The total histogram of GO enrichment analysis of R&S. (B) The biological process of GO enrichment
analysis of R&S. (C) The cellular component of GO enrichment analysis of R&S. (D) The molecular function of GO enrichment analysis of R&S.



P.-L Lin et al. Heliyon 9 (2023) 17908

Table 2

The binding energy of the constituents of SSYR docking with the SH2 domain of

STATS.
Molecular Binding energy (kcal/mol)
Lenticin —8.75
Luteolin-7-O-rutinoside —6.84
Hesperidin —6.72
Kaempferol-3-O-rutinoside —6.39
3,5,6,7,8,3,4-Heptemthoxyflavone —6.04
5-O-Caffeoylshikimic acid —6.04
Hexamethoxyflavone —6.00

Fig. 5. The virtual simulation of the active components docking with STAT3. The molecular docking of the components from SSYR and STAT3 (PDB
ID: 6NJS) with top 5 docking score. (A) Lenticin. (B) Luteolin-7-O-rutinoside. (C) Hesperidin. (D) Kaempferol-3-O-rutinoside. (E) 3,5,6,7,8,3,4-
Heptamethoxyflavone. The 3D illustrations of the top 5 components (lenticin, luteolin-7-O-rutinoside, hesperidin, kaempferol-3-O-rutinoside, and
3,5,6,7,8,3,4-heptamethoxy- flavone) docking with the protein crystal of STAT3 (Left pictures). The 2D diagrams of the top 5 components docking
with STAT3 (Right pictures).

positive control SI109 were very similar, especially in pY pocket (docking score: —8.75 versus —11.18 kcal/mol) (Fig. 6A and B). All
the evidence above strongly indicates that SSYR may have a good effect on inhibiting the phosphorylation of STAT3 to treat RF and the
key component is lenticin.

3.4. SSYR ameliorated tubulointerstitial fibrosis

UUO induced mouse model was used to validate the therapeutic efficacy of SSYR against renal injury and tubulointerstitial fibrosis.
Firstly, the kidney of UUO mice exhibited severe structural damage, a decreased number and obvious expansion of tubules, widened
tubulointerstitium and infiltration of inflammatory cells marked by H&E staining (Fig. 7D). We found that after treatment with 2.12 g/
kg and 4.25 g/kg SSYR (p < 0.01; p < 0.01) improved the Paller’s tubular injury score of UUO kidneys. Secondary, Masson’s trichrome
and Sirius Red staining revealed increased extracellular matrix and interstitial collagen deposition in UUO kidneys (Fig. 7A). The semi-
quantitatively analyzed Masson’s trichrome (Fig. 7B) and Sirius Red positive area (Fig. 7C) in kidney tissue decreased in two doses of
SSYR treatment group (p < 0.01; p < 0.01). Furthermore, the protein expression of FN, a-SMA, Collagen-I were up-regulated in the
kidneys of UUO mice (Fig. 8A), and high dose of SSYR treatment markedly reduced the expression of fibrosis-associated hallmarks (p
< 0.01; p < 0.01; p < 0.01). In addition, the protein levels of p-Smad3 (p < 0.01; p < 0.01) and CTGF (p < 0.01; p < 0.01) were
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A

Fig. 6. The virtual simulation of lenticin and SI109 docking with STAT3. (A) The illustration of lenticin docking with STAT3. (B) The illustration of
a STAT3 inhibitor (SI109) docking with STAT3. The 3D illustration of lenticin and SI109 docking with the protein crystal of STAT3 (PDB ID: 6NJS)
(Left pictures). The details of the lenticin and SI109 docking with the SH2 domain of STAT3 (amino acid residues from 584 to 688). The pink
column-column represents H-bond and the orange column-circle represents the H-nr bond (Middle pictures). The 2D diagrams of the top 5 com-
ponents docking with STAT3 (Right pictures). (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

significantly increased in the UUO kidneys (Fig. 8B), which is abolished by treatment of both two doses of SSYR. These findings
suggested that SSYR treatment attenuated pathological structures and suppressed tubulointerstitial fibrosis in UUO mice.

3.5. SSYR inhibited STAT3 activation in kidneys of UUO mice

The protein expression levels of phosphorylation of STAT3 and STAT3 were examined in kidney tissues (Fig. 9A). The expression of
phospho-STAT3 (Tyr705) (p < 0.01; p < 0.01) and STAT3 (p < 0.01; p < 0.01) increased in the UUO group but dramatically suppressed
in the 2.12 g/kg and 4.25 g/kg SSYR group (Fig. 9B).

4. Discussion

Although the etiology and pathological characteristics of renal fibrosis has been persistently investigated, there is no ideal drugs for
preventing its progression and exhibiting no adverse side effects. TCM shows an extensive application potential in the prevention and
treatment of renal fibrosis [12]. SSYR is prescribed base on traditional Chinese medicine theory and has been used in clinical practice
for 30 years [13]. Since the complicated characteristics of traditional Chinese medicine, systematic network pharmacology was used to
elucidate the specific mechanisms of SSYR underlying the renal fibrosis treatment.

UHPLC-Q-Orbitrap HRMS detection suggested that the main chemical components of 8 herbs in SSYR were flavonoids, organic
acids, alkaloids, and anthraquinones, which may show a wide range of pharmacological activities with a variety of targets and
pathways. Systematic network pharmacology indicated that the main active components belonged to Rhei Radix Et Rhizoma,
Angelicae Sinensis Radix, and Astragali Radix. These 3 herbs were all essential and famous Chinese herbs used for thousands of years
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Fig. 7. SSYR alleviates kidney injury and renal fibrosis in the UUO model of CKD. (A) H&E staining of mouse tissue sections demonstrated degree of
renal injury. Renal fibrosis was assessed by Masson’s trichrome staining. Collagen deposition was measured by Sirius Red staining. (Magnification x
200, Bar = 100 pm). (B) Semiquantitative result of renal fibrosis area (n = 7). (C) Tubular injury score of kidneys in the H&E staining. (D)
Semiquantitative result of collagen deposition area (n = 7). Data represent mean + SD. #p < 0.05 vs. sham-vehicle, ##p < 0.01 vs. sham-vehicle,
*p < 0.05 vs. UUO-vehicle, **p < 0.01 vs. UUO-vehicle. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 8. SSYR alleviates pro-fibrotic proteins in the UUO model of CKD. (A) Immunoblot analysis of FN and a-SMA expression and relative quan-
titation in UUO kidneys. (B) Immunoblot analysis of Collagen-I, p-Smad3 and CTGF expression and relative quantitation in UUO kidneys. (n = 7).
Data represent mean + SD. #p < 0.05 vs. sham-vehicle, ##p < 0.01 vs. sham-vehicle, *p < 0.05 vs. UUO-vehicle, **p < 0.01 vs. UUO-vehicle.
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Fig. 9. SSYR inhibits renal fibrosis through inhibiting the expression of phospho-STAT3 (Tyr705) and STAT3 in obstructed kidneys. (A) Immunoblot
analysis of phospho-STAT3 (Tyr705) and STAT3. (n = 7). #p < 0.05 vs. sham-vehicle, ##p < 0.01 vs. sham-vehicle, *p < 0.05 vs. UUO-vehicle, **p
< 0.01 vs. UUO-vehicle.

[14]. They had very comprehensive pharmacological effects of anti-oxidation, anti-inflammation, and anti-fibroblast cells in several
animal models and may considered as the complementary therapeutic medicine for alleviating fibrosis [15-17].

In the current study, the chemical constituents screening and network pharmacological analysis gave a profile of pharmacodynamic
material basis and systematic bioinformatic analysis showed the potent core targets of SSYR. STAT3 is a pleiotropic transcription factor
activated by the phosphorylation of tyrosine 705 or the acetylation of Lys685 residues [18,19]. In vivo, STAT3 is the main driver of renal
fibrosis through accumulating extracellular matrix [20], inducing multiple pro-fibrotic proteins and facilitating interstitial fibroblast
proliferation [21,22]. In vitro, pharmacological inhibition or knock down of STAT3 activity attenuated the epithelial-mesenchymal
transition of primary mouse renal tubular epithelial cells induced by TGF-p through inhibiting the phosphorylation of Smad3 and
transcriptional activation of Snail [23]. Accordingly, STAT3 plays a critical role in the development of renal fibrosis [24].

Ureteral urinary obstruction in rodent can generate progressive renal fibrosis [25,26], which is characterized by tubular dilation,
interstitial expansion, loss of proximal tubular mass, hydronephrosis, tubular epithelial cell death and presence of fibroblasts [27]. A
dynamic model of UUO treated with SSYR in 13 days was taken to validate its mechanism of anti-fibrosis. SSYR significantly reduced
the expressions of fibrotic markers and alleviated renal interstitial collagen deposition, which was potently through blocking the
phosphorylation of STAT3 and Smad3 and suppressing the expression of CTGF. So that the correlation between the protective effects of
SSYR in renal fibrosis with the STAT3 phosphorylation signaling pathway was certified. To further prove our hypothesis that STAT3
mediates the protective effect of SSYR in renal fibrosis, some approaches to activation or inactivation of this signal pathway in the
presence of SSYR should be taken in further work.

The results of virtual molecular docking revealed a component with a strong binding performance with potent target. Lenticin got a
higher docking score than other constituents, which is the material basis for the core target in SSYR. Lenticin, also called hypaphorine,
is an alkaloid from Vaccariae Semen, which is a member of the indole derivative family with pharmacological effect in anti-
inflammation via NF-xB and ERK pathways [28,29]. The mother structure of lenticin is close to the potent STAT3 inhibitor SI109
[30]. Their binding sites of STAT3 are very similar while they both bind solidly to the Ser613, Ser611, and Glu612 sites with H-bond in
the pY pocket of SH2 domain which critically interferes with the phosphorylation of Tyr705 site. Furthermore, down-regulation of
STATS3 phosphorylation would reduce inflammation levels and thus inhibiting fibrosis accumulation in the renal tissue or in fibroblasts
induced by transforming growth factor (TGF-p) in TECs [31]. This evidence indicates that Lenticin may be a candidate active substance
with inhibiting the phosphorylation of STAT3 in the anti-fibrosis properties of SSYR. Its inhibitory activity of STAT3 and anti-renal
fibrosis effect will be further evaluated in the next work.

We also found several primary flavonoids, such as luteolin-7-O-rutinoside, kaempferol-3-O-rutinoside, and 3,5,6,7,8,3',4-hepta-
methoxyflavone, showed comprehensive inhibitory activities of binding with STAT3, SRC, and Janus kinase 2 (JAK2) though their
docking scores of STAT3 were not prominent. JAK2 and SRC are both up-streams of STAT3 [32,33]. By combining inhibiting the
up-streams of STAT3 and directly blocking STAT3, these flavonoids may strengthen their inhibitory activities of STAT3 signaling
pathway. As reported, luteolin-7-O-rutinoside could also reduce the release of IL-6, TNF-a, and IL-1f and inhibit PI3K/AKT signaling
pathway to attenuate acute liver injury [34]. Kaempferol-3-O-rutinoside inhibited the phosphorylation of STAT3 and the activation of
NF-xB to prevents ischemic brain injury and neuroinflammation. It also inhibited IL-6, TNF-a, and VEGF-C in LPS-induced RAW264.7
[35,36]. 3,5,6,7,8,3,4-Heptamethoxyflavone suppressed IL-6, TNF-a, and IL-1f in oxidized low-density lipoprotein-induced
RAW264.7 macrophage-derived foam cell model [37]. Pro-inflammatory mediator IL-6 is also a crucial signal transductor which
powerfully triggers the phosphorylation of JAK2/STAT3 signaling pathway [38]. These primary flavonoids may treat diseases via
regulating the IL-6/STAT3 signaling pathway. In the further research, we will also evaluate the actual pharmacological effects and the
regulation of IL-6/JAK2/STAT3 pathway of these three flavonoids in the treatment of RF in vivo and in vitro.

On the whole, SSYR could alleviate UUO-induced renal fibrosis, and STAT3 maybe the key therapeutic target of SSYR.

5. Conclusion

In this study, the active constituents and mechanisms of SSYR for treating RF were explored by integrating UHPLC-Q-Orbitrap
HRMS, bioinformatics analysis and experimental pharmacology. Bioinformatics analysis suggested that STAT3 was the core target
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and lenticin, luteolin-7-O-rutinoside, hesperidin, kaempferol-3-O-rutinoside, and 3,5,6,7,8,3,4-heptamethoxyflavone were the key
constituents in SSYR for treating RF. SSYR alleviated renal fibrosis potently blocked the phosphorylation of STAT3 and Smad3 and
suppressed CTGF, suggesting that SSYR can be developed as a novel medicine for treating RF.
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o-SMA  a-smooth muscle actin

CKD chronic kidney disease
CTGF connective tissue growth factor

ECM extracellular matrix
FN fibronectin
GO Gene Ontology

HSP90AA1 heat shock protein 90AA1

IL-1B interleukin 1P

IL-6 interleukin 6

JAK2 Janus kinase 2

MAPK3 mitogen-activated protein kinase 3

PTPN11 protein tyrosine phosphatase non receptor type 11

RF renal fibrosis

R&S renal fibrosis-related genes & SSYR potential targets

UHPLC-Q-Orbitrap HRMS Ultra high performance liquid chromatography Q exactive hybrid quadrupole orbitrap high resolution
accurate mass spectrometry

uuo unilateral ureteral obstruction
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STAT3  signal transducer and activator of transcription 3
SSYR Shen-shuai-yi recipe

TCM traditional Chinese medicine

TGF-p  transforming growth factor

TICs

total ion chromatograms

TNF-a tumor necrosis factor o
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