Drug Design, Development and Therapy

Dove

ORIGINAL RESEARCH

Network Pharmacology Analysis of ZiShenVVan
for Diabetic Nephropathy and Experimental
Verification of lts Anti-Inflammatory Mechanism

Xiaoyuan Guo
You Wu®?
Chengfei Zhang?
Lili Wu?

Lingling Qin*
Tonghua Liu

'Department of Nephrology, Dong Fang
Hospital, Beijing University of Chinese
Medicine, Beijing, 100078, People’s
Republic of China; 2Second Clinical
Medical College, Beijing University of
Chinese Medicine, Beijing, 100078,
People’s Republic of China; 3Key
Laboratory of Health Cultivation of the
Ministry of Education, Beijing University
of Chinese Medicine, Beijing, 100029,
People’s Republic of China; *Technology
Department, Beijing University of
Chinese Medicine, Beijing, 100029,
People’s Republic of China

Correspondence: Tonghua Liu

Key Laboratory of Health Cultivation of
the Ministry of Education, Beijing
University of Chinese Medicine, || Bei
San Huan Dong Lu, Chaoyang, Beijing,
100029, People’s Republic of China

Tel +8601064286426

Fax +8601064213817

Email thliu@vip.163.com

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

Background: Diabetic nephropathy (DN) is the leading cause of end-stage renal disease
(ESRD). The inflammatory response plays a critical role in DN. ZiShenWan (ZSW) is
a classical Chinese medicinal formula with remarkable clinical therapeutic effects on DN,
but its pharmacological action mechanisms remain unclear.

Aim: In this study, a network pharmacology approach was applied to investigate the
pharmacological mechanisms of ZSW in DN therapy. Based on the results of network
analysis, the core targets and signaling pathways related to anti-inflammatory effect were
verified via experiments in vivo.

Methods: The candidate chemical ingredients of ZSW as well as its putative targets and
known therapeutic targets of DN were acquired from appropriate databases. The “herb-
ingredient-target” network for ZSW in DN treatment was established. The protein—protein
interaction (PPI) network of potential targets was constructed to screen the core targets. Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrich-
ment analyses were performed. In addition to biochemical and pathological indicators, the
core targets and signaling pathways associated with inflammation were partially validated in
db/db mice at molecular level.

Results: A total of 56 active ingredients in ZSW and 166 DN-related targets were selected
from databases. A high proportion of core targets and top signaling pathways participate in
inflammation. ZSW markedly alleviated renal injuries pathologically and regulated related
biomarkers. In particular, ZSW significantly inhibited the exaggerated release of inflamma-
tory cytokines such as interleukin (IL)-1, IL-6, tumor necrosis factor receptor (TNF)-a, and
monocyte chemotactic protein (MCP)-1 as well as regulating p38 mitogen-activated protein
kinases (MAPK) and phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt) signaling
pathways in db/db mice.

Conclusion: This study first comprehensively investigated the active ingredients, potential
targets, and molecular mechanism of ZSW as a therapy for DN. ZSW achieved renoprotec-
tive effects in DN via regulation of multiple targets and signaling pathways, especially by
alleviating inflammation. Results indicate that ZSW is a promising multi-target therapeutic
approach for DN treatment.
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Introduction

Diabetic nephropathy (DN), the most common complication in diabetes mellitus
patients, is the leading cause of end-stage renal disease (ESRD).' DN increases
mortality and imposes a great physical and mental burden as well as an economic
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burden to individual families and society.” DN is clinically
characterized by varying degrees of proteinuria, which can
be partially alleviated by current therapies in the early
stage. However, progression accelerates after marked pro-
teinuria appears.>* Therefore, the need to find effective
strategies for the prevention and treatment of DN remains
urgent.

Inflammation response is active throughout DN pro-
gression and plays a pivotal role especially in the early
stage—participating in multiple pathological processes,
including podocyte injury, glomerular basement membrane
(GBM) thickening, mesangial cell proliferation, extracel-
lular matrix (ECM) accumulation and epithelial-mesench-
ymal transition (EMT) in renal tubule epithelial cells. It is
stimulated by inflammatory cytokines and involves genes
related to monocyte chemoattractant protein (MCP)- 1,
tumor necrosis factor (TNF), interleukin (IL) 6, IL-18,
and so on, as well as signaling pathways such as Janus
kinase-signal transducers and activators of transcription
(JAK-STAT) pathway, the nuclear transcription factor
kappa B (NF-«xB), and the nuclear factor erythroid
2-related factor 2 (Nrf2).” Inflammation has recently
become a popular research focus in the mechanism of
DN and has provided emerging targets for the develop-
ment of DN therapy.

Traditional Chinese medicine (TCM) is
a comprehensive medicinal system, and its application has
gradually increased worldwide, with its superior therapeutic
efficacy and minimal side effects. ZiShenWan (ZSW)), alter-
which
(Anemarrhena asphodeloides
Phellodendri Cortex
Schneid., and
(Cinnamomum Presl,
Rougui), is a classical Chinese medicinal prescription. It

natively called TongGuanWan, consists of
Anemarrhenae Rhizoma
Bunge., Zhimu),
(Phellodendron

Cinnamomum  Cassia

Chinensis
chinense Huangbai)

cassia

was first recorded in a famous ancient medicine treatise—
LanShiMiCang, written by Li Gao during the Yuan
Dynasty.® It was described as a prescription for treating
diseases with the syndrome of “Yin-deficiency and Heat-
excess”.” As wasting and thirsting named “XiaoKe” in
TCM is the typical syndrome of “Yin-deficiency with
Heat-excess” and similar to diabetes mellitus, these three
major components of ZSW were widely used in clinical
practice,® and their respective advantages including lowing
blood glucose and renoprotection were investigated via
experimental verifications.” !' Notably, a previous study
found that ZSW lowered the blood glucose and glycosy-
lated hemoglobin levels as well as improved the glucose

tolerance in db/db mice, which indicated that ZSW as
a TCM compound formula exhibited antidiabetic
activity.'> Besides, it was shown that ZSW inhibited IL
and regulated NF-kB pathway, suggesting an anti-inflam-
matory activity.” The main substances of ZSW compound
including mangiferin, berberine, cinnamic aldehyde, timo-
saponin BII, and timosaponin AIIIl have been identified and
quantified,'> some of which exerted an anti-inflammatory
effect via regulating signaling pathways mentioned
above.'*!> However, because the ingredients of TCMs are
diverse and the interactions of TCMs with the human body
are complex, the specific molecular mechanisms by which
ZSW acts on DN as a TCM compound are unclear. Network
pharmacology, as a breakthrough approach in the applica-
tion of bioinformatics and systems biology to TCM, has
sparked new interest and become a powerful strategy for
research on TCM formulas.'®

This study aims to investigate the therapeutic effects of
ZSW on DN and examine the underlying mechanisms via
a network pharmacology-based approach. Considering the
importance of inflammation in DN, the anti-inflammatory
mechanism was verified in vivo using db/db mice. The

flowchart of the study is shown in Figure 1.

Materials and Methods

Network Pharmacology Analysis

Database Building and Prediction of Potential Targets
The candidate chemical ingredients of the three herbs
contained in ZSW and the putative targets of these
ingredients identified with the Traditional
Chinese Medicine Systems Pharmacology (TCMSP,
http://Isp.nwu.edu.cn/tcmsp.php, updated on May 31,
2014) database
“Phellodendri Chinensis Cortex” and “Cinnamomum

were

using “Anemarrhenae Rhizoma”,
Cassia” as the search terms.'” The candidate active
ingredients were screened by absorption, distribution,
metabolism, and excretion (ADME) properties such as
oral bioavailability (OB) and drug similarity (DL).'°
OB > 30% and DL > 0.18 were used as the filtering
criteria. Besides, although with low OB and DL, cin-
namic acid and cinnamyl acetate were also listed as
candidate compounds considering their abundance in
Cinnamomum cassia."”

The known therapeutic targets acting on DN were
searched and collected from databases including the
Comparative Toxicogenomic Database (CTD, http://
ctmase.org/, updated on June 2, 2020),]8 Therapeutic

submit your manuscript

1578

Dove

Drug Design, Development and Therapy 2021:15


http://lsp.nwu.edu.cn/tcmsp.php
http://ctmase.org/
http://ctmase.org/
http://www.dovepress.com
http://www.dovepress.com

Dove Guo et al
é TAI;.MS; " .“.[V 1 .' l.nh ] ( § PHARMGKB
Targe_t Candidate I:lg;(-;dients ‘.'.' Ctd
Prediction 230 Y
L) e
< .0.'.':. ..':o.
2N @RUGBANK
Potential Targets of DN Treatment - .
Known Therapeutic Targets ®
g y wn Therapeat OMIM
 Association Datab
N J
( = \
é{cwoscape,, v %rSTRING

Network
Establishment

Herb-Ingredient-Target Network

PPI Network

w ClueGO
A ‘

Molecular Function

Network
Analysis

- KEGG Pathway
Enrichment

db/db mice

=
-

Experimental
Verification

Histologic Observation

GO

Enrichment Biological Process

Cellular Component
IL-1B IL-6

TNF-a  MCP-1

s

ZSW

Target and Pathway Detection —

»__ nephrin a-SMA IV-C

Figure | Flow diagram of network pharmacological analysis and experimental verification of ZSW for DN treatment.

Target Database (TTD, http://bidd.nus.edu.sg/group/cjttd/,
updated on January 6, 2020),"” DrugBank database (http://
www.drugbank.ca/,version 5.1.6, released on April 22,
2020),%° Online Mendelian Inheritance in Man (OMIM,
http://www.omim.org/, updated on May 1, 2020)
database,”’ Genetic Association Database (GAD, https:/
geneticassociationm.nih.gov/, updated on September 1,
2014),> and Pharmacogenomics Knowledge Base
(PHARMGKB, https://www.pharmgkb.org/, updated on
April 28, 2020),> using “diabetic nephropathy” as the
search term. The type of target ID was unified to the
Universal Protein Resource (UniProt, https://www.

UniProt.org/, updated on October 15, 2019) database
ID.%* The potential targets in DN treatment were obtained
by mapping the putative targets of the ingredients in ZSW
and the known therapeutic targets in DN.

Network Construction

A “herb-ingredient-target” network was constructed and
visualized with Cytoscape software (version 3.7.1, http://
www.cytoscape.org/, Boston, MA, USA) to explain the inter-

actions between the candidate chemical ingredients of ZSW
and their potential targets in DN treatment.”> Nodes represent
herbs, candidate chemical ingredients and potential targets;
edges represent interactions among herbs, candidate chemical
ingredients and potential targets.

The protein—protein interaction (PPI) network of potential
targets was constructed with the STRING (https:/string-m.org,
updated on January 19, 2019) database.”® The species was limited
to human (Homo sapiens), and the confidence level was set at
0.700. The results of PPI network construction were imported into
Cytoscape software and analyzed with the cytoHubba plugin. The
core targets in the PPI network were identified.
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Biological Function and Pathway Analysis

Gene ontology (GO) enrichment analysis mainly describes
the biological functions of genes, such as their activity,
process and site of action, and is widely used in gene
function classification. Enrichment analysis of the biologi-
cal process (BP), cellular component (CC) and molecular
function (MF) terms associated with potential targets was
performed with the ClueGO plugin of Cytoscape software.
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment analysis was used to study signaling
pathways related to genes with the Database for
Annotation,
(DAVID, https://david.ncifcrf.gov/, updated on
May 2016) Bioinformatics Resources 6.8 tool, with P <
0.05.”

Visualization and Integrated Discovery

Experimental Validation

Animals

Six-week-old male diabetic db/db (C57BLKS/J-lepr®/lepr™)
mice and their male nondiabetic db/m (C57BLKS/J-lepr®®™)
littermates were purchased from the Model Animal Research
Center of Nanjing University (Nanjing, Jiangsu, China). The
animals were housed under standard light (12 h light/dark
cycle), temperature (24 + 1 °C), and relative humidity (55 +
5%) conditions and fed a pelletized commercial chow diet.
The experiments were approved by Animal Experiments
Ethics Committee of Beijing University of Chinese
Medicine. All procedures were performed in accordance
with the guidelines of the committee.

Drugs and Reagents
ZSW s

Phellodendri Chinensis Cortex and Cinnamomum Cassia

composed of Anemarrhenae Rhizoma,
at a ratio of 20:20:3 according to the traditional experi-
and Phellodendri

Chinensis Cortex were crushed for 30 min, macerated in

ences. Anemarrhenae Rhizoma
8 volumes of ethanol (50%, v/v), and extracted two times
for 60 min each. Cinnamomum Cassia was added to the
filtered ethanol extracts and macerated in 8 volumes of
ethanol (50%, v/v). Reflux extraction was repeated twice.
All ethanol extracts were combined and filtered. Last, the
combined filtrate was concentrated using a rotary vacuum
evaporator and was then lyophilized to obtain a powder.
The yield of the ZSW extract was 11%. Dapagliflozin
(DAPA; 10 mg tablets; AstraZeneca, Gaithersburg, MD,
USA), a sodium—glucose cotransporter 2 (SGLT2) inhibi-
tor that has been confirmed to have renoprotective and

anti-inflammatory effects in diabetes mellitus models,*®>’

was used as a positive control.

Primary antibodies against rabbit IL-1p, IL-6, nephrin,
phospho-p38 mitogen-activated protein kinase (p-p38
MAPK), a-smooth muscle actin (a-SMA) and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as well as
secondary antibodies were obtained from Abcam
(Cambridge, UK). The primary antibody against rabbit
MCP-1 was obtained from Proteintech (Chicago, IL,
USA). The primary antibody against rabbit phospho-pro-
tein kinase B (p-Akt) was obtained from CST (Danvers,
MA, USA). The primary antibody against rabbit TNF-a
was obtained from GeneTeX (Irvine, CA, USA). The
primary antibody against rabbit type IV collagen (IV-C)
was obtained from Affinity Biosciences (Cincinnati, OH,
USA). Urinary albumin and neutrophil gelatinase-asso-
ciated lipocalin (NGAL, lipocalin 2) enzyme-linked
immunosorbent assay (ELISA) kits were obtained from

Elabscience (Houston, TX, USA).

Animal Model and Treatments

After acclimation to the environment for 2 weeks, db/db
mice were randomly divided into 5 groups with 10 mice
per group: the non-treated control (NC) group, high-dose
ZSW (ZSW-H, 6.0 g/kg) group, medium-dose ZSW
(ZSW-M, 3.0 g/kg) group, low-dose ZSW (ZSW-L, 1.5
g/kg) group and DAPA (1.0 mg/kg) group. ZSW and
DAPA were dissolved in deionized water for oral gavage
once daily at the doses mentioned above. Mice in NC
group and db/m mice received only an equivalent volume
of deionized water over the same treatment period. Mice
had access to food and water ad libitum. The treatment
duration was 12 weeks.

Sample Collection

Samples for fasting blood glucose (FBG) measurement
were collected by tail vein bleeding, and FBG was mea-
sured every 2 weeks. Mice were housed in individual
metabolic cages for urine sample collection every 4
weeks. At the end of the 12th week of treatment, blood
samples were collected by retro-orbital bleeding, and all
mice were then euthanized and sacrificed. Renal tissue
samples were harvested and divided into two parts. One
part was fixed with 4% paraformaldehyde and stored at 4 °
C for section preparation, and the other part was stored at
—80 °C for Western blotting (WB) and real-time quantita-
tive polymerase chain reaction (RT-qPCR) analyses.
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Blood and Urine Examination

Serum and urinary creatinine (CRE) and blood urea nitro-
gen (BUN) were measured in an automatic biochemical
analyzer (Xinrui, Zhongshan, Guangdong, China). The
urinary albumin concentration and urinary NGAL were
measured with ELISA kits (Elabscience, Houston, TX,
USA) in accordance with the manufacturer’s instructions.
Urinary albumin excretion was evaluated by the ratio of
the urinary albumin concentration to the CRE concentra-
tion (ACR, pg/mg).

Renal Histologic Analysis

Renal tissue samples fixed with 4% paraformaldehyde
were dehydrated through an alcohol concentration gradient
and were then cleared in xylene, embedded in paraffin, and
finally sliced into 3 pum thick sections. The sections were
stained with hematoxylin and eosin (HE), periodic acid-
Schiff (PAS) and Masson trichrome and were then exam-
ined by light microscope (Olympus, Shinjuku, Japan) at
400 x magnification for histopathological diagnosis.
Percentage of glomerular collagenous fiber was analyzed
using Image-Pro Plus 6.0 (Media Cybernetics, Inc.,
Rockville, MD, USA).30 Tubulointerstitial damage index
were calculated according to reference.’! For transmission
electron microscopy (TEM) observation and GBM thick-
ness measurement, renal cortical tissues were sectioned at
1 mm, fixed with 3% glutaraldehyde, postfixed in 1%
osmium tetroxide, dehydrated through a graded alcohol
series and embedded in Epon 812 epoxy. Ultrathin sec-
tions (60 nm) were sliced with an ultramicrotome (RMC-
Boeckeler Instruments, Tucson, AZ, USA) and were then
stained with uranyl acetate and lead citrate. The sections
were examined under an electron microscope (FEI Tecnai
Spirit, Dayton, OH, USA) at 6000 x magnification.

Immunohistochemical (IHC) Analysis

Sections (3 pum) of paraffin-embedded renal tissue were
deparaffinized and rehydrated and were then incubated
with 3% H,O, for 10 min to quench endogenous perox-
idase activity. The sections were then incubated overnight
at 4 °C with diluted primary antibodies against nephrin,
IV-C and o-SMA (1:4000 dilution) respectively. Images
were analyzed using Image-Pro Plus 6.0 software, and
staining values were expressed as the positive staining
rates.

WB Analysis
Total protein from renal tissues was extracted with ice-
cold RIPA lysis buffer (Beyotime, Shanghai, China). The

lysate was centrifuged at 10,000 x g for 15 min at 4 °C.
The protein concentrations were determined with a BCA
Protein Assay Kit (Solarbio, Beijing, China). Equal
amounts of protein were separated by SDS-PAGE and
transferred to PVDF membranes (Millipore, Burlington,
MA, USA). Membranes were blocked in 5% nonfat milk
at room temperature for 1 h and were then incubated with
primary antibodies against IL-1f, IL-6, nephrin, p-Akt (all
at a 1:1000 dilution), IV-C, MCP-1, p-p38 MAPK, TNF-a
(all at a 1:500 dilution), a-SMA (1:100 dilution) and
GAPDH (1:5000 dilution) respectively overnight at 4 °C
and were then washed. After incubation with the appro-
priate secondary antibodies (1:1000 dilution) for 1 h at
room temperature, target protein bands were detected with
enhanced chemiluminescence substrate (Solarbio, Beijing,
China). Each WB analysis was performed three times.
Semiquantitative analysis was performed using Imagel
software (National of Health, Bethesda,
MD, USA).

Institutes

RT-qPCR Analysis

Total RNA from renal tissues was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s instructions. RNA (0.2 pg) was reverse
transcribed into cDNA using a SuperScript III reverse
Carlsbad, CA,
USA), and equal amounts of the reverse transcription

transcription reagent kit (Invitrogen,

products were subjected to PCR amplification. Real-time
PCR was performed in a StepOne Software Real-Time
PCR system (Applied Biosystems, Foster City, CA,
USA). B-Actin was amplified in a parallel reaction as an
internal quantitative control. The thermal cycling program
used for PCR was as follows: 95 °C for 10 s, followed by
40 cycles at 58 °C for 20 s, 72 °C for 20 s and 95 °C for 5
min. The amplification curve and melting curve for real-
time fluorescence quantitative PCR were performed at the
end of the reaction. The cycle threshold (Ct) values were
obtained for each sample well. The Ct value of B-actin in
the same sample was taken as the internal normalization
parameter, and relative quantitative expression levels were

calculated by the 244

method. Each group was analyzed
in triplicate. The primer sequences used for mouse mRNA

detection are listed in Table 1.

Statistical Analysis

All data are shown as the mean =+ standard deviation (SD)
values. Data were analyzed with Statistical Product and
Service Solutions software 22.0 (Chicago, IL, USA).
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Table | Primers Sequences of RT-qPCR

Target Forward (5’ to 3') Reverse (5’ to 3’)

IV-C TGAACAAGCTCTGGAGTGGGTACAG GTACAGGAAAGGCATGGTGCTGAAG
a-SMA GGAAAAGATCTGGCACCACTC TTTCTCCCGGTTGGCCTT

Akt ATGAACGACGTAGCCATTGTG TTGTAGCCAATAAAGGTGCCAT
IL-1B GTGAAATGCCACCTTTTGACA GATTTGAAGCTGGATGCTCT

IL-6 CTTCCATCCAGTTGCCTT CTGTGAAGTCTCCTCTCCG
MCP-I| CTGCTGCTACTCATTCACCA CTTCTTTGGGACACCTGC
nephrin TCTGGGTCCAAACCCTAAGATT TCAATAAGCAGGTGGAACTCAC
p38 MAPK TGACCCTTATGACCAGTCCTTT GTCAGGCTCTTCCACTCATCTAT
TNF-a TTCCCAAATGGCCTCCCTC TCCAGCTGCTCCTCCACT
B-Actin CCCATCTATGAGGGTTACGC TTTAATGTCACGCACGATTTC

Analysis of variance (ANOVA) was carried out to deter-
mine statistical significance for comparisons among multi-
ple parameters. The least significant difference (LSD) test
was performed under the assumption of equal variances;
otherwise, Dunnett’s T3 test was applied for data with
unequal variances. Statistical significance was established
at P <0.05 or P <0.01.

Results

Chemical Ingredients in the Candidates

A total of 56 chemical ingredients in the three herbal medi-
cines in ZSW were screened in TCMSP by ADME para-
meters (OB > 30% and DL > 0.18): 15 ingredients in
Anemarrhenae Rhizoma, 36 ingredients in Phellodendri
Chinensis Cortex and 10 ingredients in Cinnamomum
Cassia. Among the screened compounds, stigmasterol was
the common constituent of the three herbal medicines.
Kaempferol was found in both Anemarrhenae Rhizoma and
Cinnamomum Cassia, while quercetin was found in both
Phellodendri Chinensis Cortex and Cinnamomum Cassia.

Prediction of Potential Targets

The putative targets of the candidate ingredients in ZSW
identified in the TCMSP database: 94 for
Anemarrhenae Rhizoma, 137 for Phellodendri Chinensis

were

Cortex and 142 for Cinnamomum Cassia. In total, 18,824
known therapeutic targets for DN were identified in CTD,
TTD, DrugBank, OMIM, GAD and PHARMGKB.
Finally, 166 potential treatment targets in DN were
obtained.

Network Construction
The “herb-ingredient-target” interaction network of ZSW
for DN treatment was constructed with Cytoscape

software and contained 220 nodes and 1093 edges shown
in Figure 2. The average degree value in the network was
9.93. The top 20 candidate chemical ingredients by degree
value were listed in Table 2.

The PPI network was constructed with STRING data-
base and Cytoscape cytoHubba plugin with a confidence
level of 0.700. A total of 154 targets were screened and
analyzed as shown in Figure 3. The average degree value
in the PPI network was calculated to be 10.59. Sixty
selected core targets had a degree value larger than the
average value. Among the top 20 core targets listed in
Table 3, IL6, IL1B, TNF and CCL2 were coding genes
of inflammatory cytokines, targets coded by SAA1, ESRI1,
AR, F2 were closely related to inflammatory response,
MAPKI1, MAPKS, MAPK3 and MAPK14 were coding
genes of MAPK family participating in inflammation.

Biological Function and Pathway Analysis
Biological function analysis of the candidate chemical
ingredients in ZSW for DN treatment was carried out
with the Cytoscape ClueGO plugin, with P < 0.05. The
key targets were involved in biological processes such as
the G-protein coupled receptor signaling pathway, lipo-
polysaccharide-mediated signaling pathway, oxidation-
reduction process, synaptic transmission, and cell-cell
signaling as shown in Figure 4A. GO cell component
enrichment analysis indicated that the targets were
enriched mainly in the terms cell junction, synapse,
ECM, and cytosol shown in Figure 4B. The enriched
molecular function terms were mainly G-protein coupled
receptor activity, neurotransmitter binding, and activation
of MAPK activity, as shown in Figure 4C. The GO
enrichment results for the top 10 terms are shown as
a histogram in Figure 4D.
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Figure 2 The “herb-ingredient-target” interaction network of ZSW for DN treatment by pharmacological analysis. The purple part represents the unique active
components of Anemarrhenae Rhizoma. The yellow part represents the unique active components of Phellodendri Chinensis Cortex. The pink part represents the unique
active components of Cinnamomum Cassia. The blue nodes represent the target of chemical composition interaction. The gray edge represents the interaction between

compound molecule and target.

Pathway enrichment analysis of ZSW for DN treatment
was performed with DAVID Bioinformatics Resources 6.8
tool, and 167 significant pathways were identified as those
with P < 0.05. The enrichment results of the top 50 KEGG
pathways are shown in Figure 5SA by a bubble chart. The
pathways included inflammatory reaction, advanced glyco-
sylation end products (AGEs), cell proliferation and differ-
entiation, endocrine resistance, nerve tissue conduction and
so on. Considerable quantities of pathways related to
inflammatory response such as PI3K-Akt signaling path-
way, IL-17 signaling pathway, MAPK signaling pathway,
T cell receptor signaling pathway, Toll-like receptor signal-
ing pathway, and NOD-like receptor signaling pathway
existed in top 50 pathways. As shown in the “target-top
50 pathways” network constructed by Cytoscape software
(Figure 5B), PI3K-Akt signaling pathway and MAPK sig-
naling pathway contained the largest related targets.

ZSW Improved the Levels of Blood Sugar
and Renal Injury Biochemical Index in db/db
Mice

The hypoglycemic effect of ZSW has been confirmed by pre-
vious studies. As expected, our study showed that FBG levels
were much higher in eight-week-old db/db mice than in db/m
mice of the same age (P < 0.01). Biweekly blood glucose tests
showed that as early as the second week of treatment, all doses
of ZSW and DAPA significantly decreased FBG levels in db/db
mice (P < 0.01). These results are shown in Figure 6A. The
renoprotective effect of ZSW as a TCM compound in db/db
mice had not been explored in the past. As shown in Figure 6B
and C, compared to that of db/m mice, both urinary ACR and
NGAL levels of db/db mice were increased, and were effec-
tively reduced by ZSW and DAPA treatment (P < 0.01). As
shown in Figure 6D and E, both the BUN and serum CRE
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Table 2 General Information of the Top 20 Ingredients in Network of ZSW in Treating DN

Mol ID Ingredient Herb OB (%) DL Degree
MOL000098 Quercetin P. C. Cortex, C. Cassia 46.3 0.28 86
MOL006821 Epicatechin C. Cassia 55.09 0.77 54
MOL000422 Kaempferol A. Rhizoma, C. Cassia 41.88 0.24 54
MOL003526 Cinnamyl acetate C. Cassia 21.15 0.04 54
MOL000790 Isocorypalmine P. C. Cortex 35.77 0.59 53
MOL000358 Beta-sitosterol P. C. Cortex 36.91 0.75 49
MOLO001455 (S)-Canadine P. C. Cortex 53.83 0.77 48
MOL002670 Cavidine P. C. Cortex 35.64 0.8l 45
MOL000449 Stigmasterol A. Rhizoma, P. C. Cortex, C. Cassia 43.83 0.76 44
MOL000787 Fumarine P. C. Cortex 59.26 0.83 44
MOL004373 Anhydroicaritin A. Rhizoma 4541 0.44 39
MOL002651 Dehydrotanshinone Il A P. C. Cortex 43.76 0.4 30
MOL002662 Rutaecarpine P. C. Cortex 40.3 0.6 30
MOLO001454 Berberine P. C. Cortex 38.86 0.78 29
MOL000785 Palmatine P. C. Cortex 64.6 0.65 29
MOL000004 Procyanidin Bl C. Cassia 67.87 0.66 28
MOL002894 Berberrubine P. C. Cortex 35.74 0.73 26
MOL006422 Thalifendine P. C. Cortex 44.4| 0.73 26
MOLO001 131 Phellamurin_qt P. C. Cortex 56.6 0.39 25
MOL002644 Phellopterin P. C. Cortex 40.19 0.28 24

Notes: The top 20 ingredients in network of ZSW in treating DN screened via Cytoscape software were sorted by degree. The Mol ID, OB, and DL of the ingredients were

obtained by screening TCMSP database.

Abbreviations: A. Rhizoma, Anemarrhenae Rhizoma; P. C. Cortex, Phellodendri Chinensis Cortex; C. Cassia, Cinnamomum Cassia; OB, oral bioavailability; DL, drug

similarity.

levels were higher in db/db mice than in db/m mice (P < 0.01).
DAPA and all doses of ZSW significantly blunted the increases
in BUN and serum CRE (P < 0.01). All these results demon-
strated that ZSW improved the levels of blood sugar and renal

injury biochemical index in db/db mice.

ZSW Ameliorated Pathological Damage
and Regulated Related Indicators in db/db
Mice

Pathological changes can directly show the therapeutic
effects. In the present study, HE, PAS and Masson
staining as well as TEM observation showed glomerular
hypertrophy, GBM thickening, mesangial matrix expan-
sion and tubular inflammation in db/db mice. However,
these injuries were attenuated to varying extents by
ZSW and DAPA treatment, as shown in Figure 7.
Moreover, as shown in Figure 7B-D, the percentage of
glomerular collagenous fiber, GBM thickness, and tubu-
lointerstitial damage index were remarkably higher in
db/db mice than in db/m mice (P < 0.01). DAPA and all
doses of ZSW significantly decreases all these three
pathological quantitative indicators (P < 0.01).

We further explored the effect of ZSW on markers of
renal proper cells and indicators of pathological injuries.
As a marker of podocytes, nephrin expression was mark-
edly lower in the renal tissue of db/db mice than in the
renal tissue of db/m mice. This reduction in nephrin
expression was reversed by ZSW and DAPA treatment.
The increased IV-C level in db/db mice indicated ECM
proliferation in renal tissues, and the IV-C level was
decreased by ZSW and DAPA treatment. The expression
level of a-SMA, a marker of fibrosis, was higher in db/db
mice than in db/m mice, and a-SMA expression was
inhibited by DAPA and ZSW treatment. All these findings
were determined by IHC analysis (P < 0.01), as shown in
Figure 8. The protein and mRNA levels of these biomar-
kers were subsequently measured by WB analysis and RT-
gqPCR (P < 0.01), as shown in Figure 9.

ZSW Inhibited the Expression of Multiple
Inflammatory Cytokines in db/db Mice

According to the result of core genes screened by PPI
and cytoHubba analysis, we chose inflammatory cyto-
kines including IL-1B, IL-6, TNF-a, and MCP-1 for

experimental validation. As shown in Figure 10, the
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Figure 3 The PPl network map of target in ZSW for DN treatment. The spot represents the potential target of DN treatment. The darker spot closer to the center has
higher degree value. The black edge represents the interaction between targets.

protein levels of inflammatory cytokines including IL-18, ZSW Regulated the PI3K-Akt and P38

IL-6, TNF-a, and MCP-1 were significantly increased in MAPK Signaling Pathways in db/db Mice

the NC group compared with those in the db/m group Considering the importance in the “target-top 50 path-

(P < 0.01), as were the mRNA levels of these cytokines ways” network analyzed in the present study, PI3K-Akt
(P < 0.01). The protein and mRNA levels of the above-  and p38 MAPK signaling pathways were selected for
mentioned inflammatory cytokines were significantly  experimental validation as major inflammation-related sig-
reduced in db/db mice treated with ZSW or DAPA com- naling pathways. As shown in Figure 11, the levels of
pared with NC mice (P < 0.01). p-Akt and p-p38 were significantly increased in db/db

Drug Design, Development and Therapy 2021:15 submit your manuscript 1585

Dove


http://www.dovepress.com
http://www.dovepress.com

Guo et al

Dove

Table 3 The Top 20 Core Targets in PPl Network of ZSW in
Treating DN

Gene Target Degree
IL6 Interleukin-6 41
MAPK| Mitogen-activated protein kinase | 41
JUN Transcription factor AP-1 40
APP Amyloid-beta precursor protein 38
TP53 Cellular tumor antigen p53 38
EGF Pro-epidermal growth factor 38
MAPK8 Mitogen-activated protein kinase 8 37
VEGFA Vascular endothelial growth factor A 37
TNF Tumor necrosis factor 33
MAPK3 Mitogen-activated protein kinase 3 33
EGFR Epidermal growth factor receptor 32
PTGS2 Prostaglandin G/H synthase 2 28
ILIB Interleukin-1 beta 27
ESRI Estrogen receptor 26
SAAI Serum amyloid A-1 protein 24
F2 Prothrombin 22
AR Androgen receptor 22
MAPK 4 Mitogen-activated protein kinase 14 21
CcCL2 C-C motif chemokine 2 20
NOS3 Nitric oxide synthase, endothelial 20

Note: The top 20 core targets in PPl network of ZSW in treating DN constructed by
STRING database were screened via Cytoscape cytoHubba plugin and sorted by degree.

mice compared with db/m mice (P < 0.01). Moreover,
compared with those in db/db mice, the levels of p-Akt
and p-p38 were significantly decreased by 12 weeks of
ZSW or DAPA treatment (P < 0.01). The mRNA levels of
Akt and p38 were increased in db/db mice compared with
db/m mice (P < 0.01) and were significantly lower in all
ZSW groups and the DAPA group than in the NC group
(P <0.01). All these findings declared that ZSW regulated
the PI3K-Akt and p38 MAPK signaling pathways in db/db
mice.

Discussion

Abnormal glycolipid metabolism, inflammation, oxidative
stress, AGEs, hemodynamic disorders and other factors
are implicated in DN pathogenesis.>* Although previous
studies have confirmed that some of the main active ingre-
dients of ZSW have hypoglycemic and renal protective
effects,>> >

multi-pathway activities therapeutic characteristics and

while cannot fully reflect the multi-target and

related mechanisms of ZSW as a TCM compound. In the
present study, the bioactive compounds and the molecular
mechanisms of ZSW for DN therapy were firstly revealed
by a network pharmacology-based approach. The above-
mentioned mechanisms were validated in the db/db mouse

model as the main mechanistic targets of ZSW in DN
therapy. A remarkable number of core targets and signal-
ing pathways were screened by PPI network and KEGG
pathway enrichment analysis in this study, rising
a significant research direction of ZSW for DN treatment.

Chronic low-grade inflammation exists widely in
patients with diabetes mellitus and is essential for the
progression of DN.>® Notably, inflammation is attributed
to glucose metabolism disorder, which leads to glucose
self-oxidation and metabolic stress responses.’’
Consequently, blood glucose control is the basic princi-
ple in the prevention and treatment of DN. As a model
of spontaneous diabetes, db/db mice exhibit increased
blood glucose levels as a result of leptin receptor gene
mutation and functional loss.*® Our study demonstrated
that ZSW exerted a hypoglycemic effect, which might
be an underlying renoprotective and anti-inflammatory
mechanism.

As they mimic many of the characteristics of early
human DN, db/db mice are widely used in efficacy and
mechanistic studies of DN therapies.* Microalbuminuria
can be detected in the early stage, as well as increase of
other early renal injury markers, such as NGAL which
reflects tubular injury.** As DN progresses, increasing
proteinuria is the major character, and eventually leads to
renal dysfunction. Regarding histopathological features,
the glomerular hypertrophy, GBM thickening, mesangial
expansion and matrix deposition exist in db/db mice. In
addition, the extent of tubulointerstitial injury shown as
vacuolar degeneration and inflammatory cell infiltration
ultimately determines the rate of attrition of renal
function.*' The typical marker proteins molecularly reflect
variation of both intrinsic renal cells and pathological
processes. Nephrin maintains the functions of the renal
filtration barrier. Previous studies have shown that high
glucose reduces the stability of nephrin, which often leads
to podocyte injury, proteinuria and renal failure.** IV-C is
physiologically expressed in the GBM. However, exces-
sive IV-C secretion leads to the accumulation of ECM,
resulting in GBM thickening and mesangial matrix expan-
sion in DN,* The number of myofibroblasts is inversely
correlated with renal function in DN. a-SMA is the major
cytoskeletal protein expressed by myofibroblasts as acti-
vated fibroblasts and closely related to progressive renal
fibrosis in DN.** 0-SMA is expressed in cells primarily
located in the renal interstitium and, to a lesser extent, in
glomeruli in association with mesangial proliferation.*” In
this study, ZSW improved indexes of renal injury,
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Figure 4 GO enrichment analysis of target in ZSW for DN treatment. (A) GO biological process enrichment analysis; (B) GO cell component enrichment analysis; (C) GO

molecular function enrichment analysis; (D) the top 10 GO enrichment results.

ameliorated pathological damage and regulated related
indicators in db/db mice, suggesting the renoprotective
effects of ZSW in DN treatment.

Several inflammation-related genes including IL6,
IL1B, TNF and CCL2 were listed in the top 20 core
targets with high degree by PPI network analysis, pro-
viding a strong reason for index selection of further
research. Cytokines are essential for mediating inflam-
mation throughout the progression of DN. ILs are clas-
sical inflammatory factors. IL-6, encoded by the IL6
gene, promotes ECM production and mesangial cell
proliferation, changes vascular permeability, and accel-
erates GBM thickening. IL-1fB, encoded by the IL1B
gene, activates and aggregates immune cells; induces
the synthesis and release of other inflammatory cyto-
kines (such as IL-6), chemokines and adhesion mole-
cules; and amplifies the local or systemic inflammatory

response. TNF-a, encoded by the TNF gene, promotes
renal cell apoptosis and microalbuminuria, and acceler-
ates renal fibrosis. A previous study found that, com-
pared with patients free of renal injury, the level of
serum TNF-o significantly increased in DN patients.*®
MCP-1, which is encoded by CCL2, is the most well-
known chemokine regulator of monocytes and is upre-
gulated in DN patients. It regulates the expression of
adhesion molecules, increases and recruits monocytes to
the glomerulus. Moreover, it promotes the release of
inflammatory mediators such as IL-1 and IL-6, induces
oxidative stress, activates proteolytic enzymes and
damages endothelial cells.*” We investigated the above-
mentioned cytokines as the core targets of ZSW in DN
therapy by network pharmacology analysis and made an
experimental verification in vivo, suggesting a potential
mechanism of renal protection in DN treatment.

Drug Design, Development and Therapy 2021:15

submit your manuscript

1587

Dove


http://www.dovepress.com
http://www.dovepress.com

Guo et al

Dove

Neuroactive ligand-receptor interaction -
Fluid shear stress and atherosclerosis -
AGE-RAGE signaling pathway in diabetic complications -
Calcium signaling pathway -
PI3K-Akt signaling pathway -
CGMP-PKG signaling pathway -
Pathways in cancer-
Th17 cell differentiation -
IL-17 signaling pathway -
HIF-1 signaling pathway -
Prostate cancer -
Serotonergic synapse -
CAMP signaling pathway -
Endocrine resistance -
TNF signaling pathway -
Cholinergic synapse-
Chagas disease (American trypanosomiasis) -
GnRH signaling pathway -
Influenza A-
Breast cancer-
Tuberculosis -
Estrogen signaling pathway - ®
Bladder cancer-
Retrograde endocannabinoid signaling -
EGFR tyrosine kinase inhibitor resistance -
Proteoglycans in cancer-
Gap junction -
Toxoplasmosis -
Adrenergic signaling in cardiomyocytes -
MAPK signaling pathway -
Leishmaniasis -
Pertussis -
Dopaminergic synapse -
VEGF signaling pathway -
Hepatitis B -
Thyroid hormone signaling pathway -
Rheumatoid arthritis -
Sphingolipid signaling pathway -
Morphine addiction -
Oxytocin signaling pathway -
Vascular smooth muscle contraction -
Drug metabolism - cytochrome P450 -
Ras signaling pathway -

diated oocyte
Prion diseases -
Osteoclast differentiation -
Hepatitis C -
T cell receptor signaling pathway -
Toll-like receptor signaling pathway -
NOD-like receptor signaling pathway -

[ ]

-log10(pvalue)
30

count
® 10
e 15
® 0
@
[ EY

o5k fratract PO e}
. e

o R o
- gt
g N
s g .

g g
) S
RSN o
o ggon g
e e e e e B ®E B
o R e BB S @ ® e
e R E S E B S8
gt - e E e s e e e e
EE e R e R B =S
~r - EEE e e =R E S S
e NS E s S ® D
e CE R -
e e R EB RS =
wEEe R R B E B G

e eE RS s S =S @
B eE s s e =&

e g
g g
- = O
e o\

A s
e g N
/4 o
p i R g
SN AN

Figure 5 KEGG pathway enrichment analysis of target in ZSW for DN treatment. (A) The enrichment results of the top 50 KEGG pathways. (B) The “targets-top 50
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As a result of higher P value and more targets
related to shown by KEGG pathway enrichment analy-
sis, PI3K-Akt and MAPK signaling pathway were
MAPK

serine/threonine protein kinase

selected for experimental wvalidation. is

a member of the

family.** Among the four members of the MAPK
family, p38 MAPK plays a critical role in inflammation.
Once activated by inflammation-related cytokines, it
promotes cell proliferation and ECM production in
DN.** The PI3K-Akt signaling pathway mediates the
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inflammation (shown in HE staining) are indicated by yellow arrows. ZSW treatment decreases percentage of glomerular collagenous fiber (B), GBM thickness (C), and
tubulointerstitial damage index (D). Data are presented as mean % SD (n = 4). *P < 0.01, vs db/m group; *P < 0.01, vs NC group.

differentiation, proliferation, apoptosis and migration of
cells. However, this pathway can be excessively acti-
vated by hyperglycemia, which results in cell dysfunc-
tion, accelerates ECM accumulation and EMT in renal
tubular epithelial cells, eventually promotes glomerulo-
sclerosis and renal interstitial fibrosis.”® We found that
both the MAPK and PI3K-Akt signaling pathways were
among the top 50 KEGG pathways; moreover, the genes
encoding the related targets were the key targets of
ZSW in DN treatment. In addition, our animal study
indicated that ZSW can decrease the phosphoprotein
and mRNA levels of p38 and Akt in db/db mice, reveal-
ing that ZSW exerted its therapeutic effects on DN
partially by regulating the related signaling pathways.
It is worth noting that ZSW exerted renoprotective
effects via targets and pathways related to many other
molecular mechanisms besides inflammation as shown by

network pharmacology analysis. Vascular endothelial
growth factor (VEGF) signaling pathway has been con-
firmed to play a central role in the pathogenesis of micro-
vascular complications of diabetes including DN, as
causing diabetic hyperfiltration and albuminuria.’’* The
Ras proteins are GTPases that function as molecular
switches for signaling pathways regulating cell prolifera-
tion, survival, growth, migration, differentiation or cytos-
keletal dynamism. A previous study has shown that renal
mesangial cells increase Ras activation and mediate intra-
cellular signal transduction to promote VEGF gene tran-
scription when stimulated by high glucose.’”® AGEs are
a complex group of compounds produced through the non-
enzymatic glycation and oxidation of proteins, lipids and
nucleic acids. Receptor for AGE (RAGE) mediated by
AGEs can activate diverse signal transduction cascades

and downstream pathways, including generation of
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Figure 8 ZSW treatment regulates the major biomarkers of renal injuries in db/db mice. (A) Nephrin, a-SMA and IV-C expression detected by IHC analysis (400 x); (B)
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reactive oxygen species (ROS).”” Interaction of AGEs
with RAGE stimulates could contribute to progressive
alteration in renal architecture such as mesangial matrix
expansion and GBM thickening and sclerosis, which lead
to renal dysfunction.’®>® The role of ZSW in these crucial
mechanisms of DN have been demonstrated by network
pharmacology analysis in the current study, which requires
further experimental verifications and explorations.

Conclusion

In conclusion, according to network pharmacology analy-
sis, the effective mechanisms of ZSW in DN therapy
involve the regulation of targets and pathways in multiple
biological processes, particularly inflammation. The anti-
inflammatory activity of ZSW in db/db mice seems to be
mediated by inhibition of the exaggerated release of
inflammatory cytokines including IL-1f8, IL-6, TNF-a,
and MCP-1 as well as regulation of p38 MAPK and
PI3K-Akt signaling pathways. ZSW might be used as
a potent therapeutic agent for DN.
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Figure 10 ZSW treatment inhibits expression of multiple proinflammatory cytokines exaggerated in db/db mice. (A) Representative band of IL-1p, IL-6, TNF-a, and MCP-1|
protein detected by WB. (B) The relative protein levels of the WB results; (C) The levels of IL-1, IL-6, TNF-0, and MCP-1 mRNA assessed by RT-qPCR. Data are presented
as mean % SD (n = 3). ¥ < 0.01, vs db/m group; **P < 0.01, vs NC group.

Association Database; PHARMGKB, Pharmacogenomics for Annotation, Visualization and Integrated Discovery;
Knowledge Base; BP, biological process; CC, cellular DAPA, dapagliflozin; SGLT2, sodium—glucose cotranspor-
component; MF, molecular function; DAVID, Database ter 2; o-SMA, a-smooth muscle actin, GAPDH,
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Figure 11 ZSW treatment regulates the expression of key nodes in PI3K-Akt and p38 MAPK signaling pathways activated in db/db mice. (A) Representative band of p-Akt
and p-p38 protein detected by WB. (B) The relative protein levels of the WB results; (C) The levels of Akt and p38 MAPK mRNA assessed by RT-qPCR. Data are presented

as mean % SD (n = 3). ¥P < 0.01, vs db/m group; *P < 0.01, vs NC group.

glyceraldehyde-3-phosphate dehydrogenase; IV-C, type IV
collagen; NGAL, neutrophil gelatinase-associated lipoca-
lin; ELISA, enzyme-linked immunosorbent assay; NC,
non-treated control; ZSW-H, high-dose ZiShenWan;
ZSW-M, medium-dose ZiShenWan; ZSW-L, low-
dose ZiShenWan; FBG, fasting blood glucose; WB,
Western blotting; RT-qPCR, real-time quantitative poly-
merase chain reaction; CRE, creatinine; BUN, blood urea
nitrogen; ACR, albumin concentration versus creatinine
concentration ratio; HE, hematoxylin and eosin; PAS, per-
iodic acid-Schiff; TEM, transmission electron microscopy;
IHC, immunohistochemistry; SD,
ANOVA, analysis of variance; LSD, least significant dif-
ference; AGEs, advanced glycosylation end products;
VEGF, endothelial RAGE,
Receptor for AGE; ROS, reactive oxygen species.

standard deviation;

vascular growth factor;
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