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Integrated network pharmacology and serum metabolomics
to reveal the protective mechanism of methanolic extract of
BaiYangJie on cisplatin-induced acute kidney injury in mice
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Abstract. Cisplatin, a chemotherapeutic drug, produces severe
nephrotoxicity and at present, there are no effective drugs to
clinically prevent or treat it. In the Dai nationality, BaiYangJie
is used to treat poisoning caused by chemicals or drugs.
Previous research has demonstrated that the methanolic extract
of BaiYanglie (MEAG) can treat cisplatin-induced nephrotox-
icity; however, its mechanism of action remains unclear. The
aim of the present study was therefore to identify the potential
mechanism of action of MEAG in cisplatin nephrotoxicity
using a combination of network pharmacology and serum
metabolomics. Initially, network pharmacology analysis was
used to identify hub targets and signalling pathways involved
in the renoprotective effects of MEAG. Subsequently, plasma
metabolomics profiling utilising ultra performance liquid
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chromatography-quadrupole time-of-flight mass spectrometry
technology revealed key metabolic alterations and pathway
modulations associated with MEAG treatment. Finally,
integrated analysis uncovered key molecular mechanisms,
which were subsequently validated by western blotting and
immunohistochemistry. A total of 13 endogenous metabolites
were identified in serum metabolomics, primarily involved in
phenylalanine metabolism and in the biosynthesis of phenyl-
alanine, tyrosine and tryptophan. The treatment of MEAG in
cis-induced acute kidney injury primarily involved regulating
the inflammatory response, responses to lipid and chemical
stress, the FoxO signalling pathway, arachidonic acid metabo-
lism and the NF-kB signalling pathway. Animal experiments
showed that MEAG can inhibit inflammation and the expres-
sion of the migration inhibitory factor (MIF)/NF-kB pathway.
Through integrated network pharmacological analysis,
metabolomic profiling and experimental validation, it was
systematically elucidated that MEAG exerted its therapeutic
effects through dual regulatory mechanisms: Suppressing
inflammatory responses by inhibiting overactivation of
the MIF/NF-kB signalling pathway and restoring phenyl-
alanine metabolic homeostasis. These findings thus provide
a mechanistic foundation for developing targeted therapeutic
strategies against chemotherapy-associated nephrotoxicity.

Introduction

Acute kidney injury (AKI) is a clinical syndrome charac-
terised by a rapid decline in kidney function over a short
period of time. AKI remains a major global health burden,
with recent evidence showing that it affects millions of
individuals worldwide each year and is associated with high
mortality and an increased risk of progression to chronic
kidney disease. Therefore, AKI has become an important
public health problem requiring early prevention and effective
therapeutic strategies (1). Pathogenic factors for AKI include
hypovolemia, septic shock, nephrotoxic drug use and urinary
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tract obstruction (2), among which 12.2% of AKI cases are
associated with the use of nephrotoxic therapeutics (3).

Cisplatin (Cis) is widely used to treat a number of solid cancer
types, including lung, ovarian, testicular, bladder, and head and
neck cancer. However, owing to its side effects, particularly
nephrotoxicity, its clinical application is limited. Cis-induced
acute kidney injury (Cis-AKI), which is characterised by renal
tubular injury, inflammation and impaired renal function, occurs
in 20-30% of treated patients despite hydration-based preventive
measures. Identifying effective drugs for treating kidney injury
and elucidating their mechanisms of action therefore remains
a challenge (4-6). However, owing to its side effects, including
nephrotoxicity, ototoxicity, hepatotoxicity, gastrointestinal
toxicity and neurotoxicity, its clinical application is markedly
limited, especially due to Cis nephrotoxicity, as patients with
tumours often suffer from Cis-induced AKI (Cis-AKI), which is
characterised by acute tubular necrosis and inflammation, with
an incidence rate as high as 20-30% (7). Identifying effective
drugs for treating kidney injury and elucidating their mechanisms
of action therefore remains a challenge (8).

BaiYanglJie is the dry whole grass of Arundina graminifolia
(D. Don) Hochr. (Laeli, Arundina Blume), whose primary
active chemical components are stilbenes, phenanthrene and
flavonoids, which exhibit anti-inflammatory, antioxidant,
antibacterial and antitumour activities (9). BaiYanglJie is a
characteristic medicine of the Dai nationality and is used to
treat urinary system diseases, including urinary tract infections
and chemical, pharmaceutical and food-induced poisoning,
including liver and kidney detoxification (9). Previously, it has
been found that the methanolic extract of BaiYangJie (MEAG)
can improve Cis-AKI (10). Despite this discovery, the mecha-
nism by which MEAG improves Cis-AKI remains unclear,
hindering its clinical application. Therefore, it is necessary to
further explore its mechanisms of action.

Metabolomics has the unique potential to identify
biomarkers that predict the incidence, severity and progression
of diseases, including disease-related endogenous metabolites
and metabolic signatures, and to reveal perturbed metabolic
pathways, thereby providing novel clues to mechanistic abnor-
malities (11). Therefore, metabolomics is often used to study
botanical drugs in complex situations (12). Both tools account
for the complexity of biological systems and can complement
each other, which is beneficial for the systematic study of
diseases with complex mechanisms. Consequently, network
pharmacology was combined with serum metabolomics to
comprehensively examine how MEAG affects Cis-AKI in
mice, providing a theoretical basis for the future development
of anti-renal injury drugs.

Materials and methods

Drugs and reagents. Arundina graminifolia (D. Don) Hochr
samples used in the present study were collected from the
Yunnan Branch of the Institute of Medicinal Plant Development
(Chinese Academy of Medical Sciences, Jinghong, China).
It was identified as Arundina graminifolia (D. Don) Hochr.
by Research Professor Lixia Zhang (Yunnan Branch of the
Institute of Medicinal Plant Development, Chinese Academy
of Medical Sciences, Jinghong, China). The appraisal report is
shown in Fig. S1.

The following reagents were used in the present study:
Resveratrol (cat. no. 111535; National Institutes for Food and
Drug Control), pterostilbene (cat. no. 455753; J&K Chemical
Ltd.), acetonitrile [American Chemical Society/high-
performance liquid chromatography (HPLC) grade; cat.
no. AHO15-4HC; Honeywell International Inc.], methanol
(HPLC grade; cat. no. 01104351; Adamas-Beta® Ltd.), formic
acid (HPLC grade; cat. no. F112034; Shanghai Aladdin
Biochemical Technology Co., Ltd.), distilled water [Watsons
Water; AS Watson Group (HK) Ltd.], Cis (cat. no. 275688; J&K
Chemical Ltd.), H&E (cat. no. G1120) and Masson staining
kit (cat. no. G1346; both from Beijing Solarbio Science &
Technology Co., Ltd.), kidney injury molecule 1 (KIM-1)/
hepatitis A virus cellular receptor 1 rabbit polyclonal antibody
(cat. no. 30948-1-AP) and lipocalin-2/neutrophil gelatinase-
associated lipocalin (NGAL) rabbit polyclonal antibody
(cat. no. 30700-1-AP; discontinued; both from ProteinTech
Group, Inc.), mouse IL-6 (cat. no. YJ063159), IL-1p (cat.
no. YJ35346) and TNF-a (cat. no. YJ002095) ELISA Kkits (all
from Shanghai Yuanju Bio-Technology Co., Ltd.) migration
inhibitory factor (MIF) recombinant rabbit monoclonal anti-
body (cat. no. ET1703-89; HUABIO), MIF rabbit monoclonal
antibody (cat. no. A22623; ABclonal, Inc.), phosphorylated
(p)-NF-kB rabbit polyclonal antibody (cat. no. WL02169),
IL-6 (cat. no. WL02841), IL-1f (cat. no. WL02257) and
TNF-a rabbit polyclonal antibody (cat. no. WL01581; all
from Wanleibio Co., Ltd.), S-vision polymer secondary anti-
body for immunohistochemistry (IHC; goat anti-rabbit; cat.
no. G1302; Wuhan Servicebio Technology Co., Ltd.), sodium
citrate antigen retrieval buffer (cat. no. G1219-1L; Wuhan
Servicebio Technology Co., Ltd.), anti-NF-kB p65 rabbit
polyclonal antibody (cat. no. GB11997-100; Wuhan Servicebio
Technology Co., Ltd.), HRP-conjugated B-actin recombinant
rabbit monoclonal antibody (cat. no. PSH03-63; HUABIO)
and HRP-conjugated goat anti-rabbit IgG polyclonal antibody
(cat. no. HA1001; HUABIO).

Preparation of extract
Preparation of MEAG freeze-dried powder. A total of 100 g
BaiYangJie powder was added to 1,000 ml methanol and treated
ultrasonically (800 W; 40 kHz; 25+3°C) for 30 min, filtered and
concentrated under reduced pressure. The concentrated solution
was stored overnight at -80°C, then freeze-dried to a powder
(pro-4055/4085 freeze-dryer; Nanjing Genscience Instrument
and Equipment Co., Ltd.) and stored at 4°C. A total of 20 mg
freeze-dried methanol extract powder was added to a 100 ml
volumetric flask and methanol was added to make up the volume
to 100 ml. Then, the mixture was sonicated and finally filtered
through a 0.22 ym microporous membrane for further analyses.
Preparation of the reference substance. A total of ~1 mg
resveratrol and pterostilbene were added to 100 ml volumetric
flasks. Methanol was added to dilute to scale and make up a
total volume of 100 ml to obtain a 10 g/ml standard solution.
This solution was filtered through a 0.22 gm microporous
membrane for further analysis.

Establishment of Cis-AKI in a mouse model. All animal
experiments were approved by the Institutional Ethics Review
Committee of the Yunnan Branch of the Institute of Medicinal
Plant Development, Chinese Academy of Medical Sciences
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(Jinghong, China; approval no. 20240213001). The present
study was strictly performed in accordance with the guide-
lines of the National Research Council Guide for the Care and
Use of Laboratory Animals (13). Male Kunming (KM) mice
[weight: 20-22 g; aged 8 weeks; Sibefu (Beijing) Biotechnology
Co., Ltd.] were housed in SPF environments with a controlled
temperature (22+2°C), relative humidity (50+5%), atmospheric
pressure (101+2 kPa) and a 12-h light/dark cycle, before being
allowed to acclimatise for 7 days, during which animals were
provided with ad libitum access to water and standardised
feed. A total of 30 KM mice were randomly allocated into
three experimental cohorts (n=10/group): i) Nor [0.5% sodium
carboxymethyl cellulose (CMC-Na), intragastrically], ii) Cis
(Cis 13 mg/kg, intraperitoneally) and iii) MEAG (800 mg/kg,
intragastrically). The MEAG cohort received daily oral gavage
for 10 consecutive days, while the mice in the Nor group
were given equivalent volumes of 0.5% CMC-Na solu-
tion (0.1 ml/10 g). On day 7, Cis-induced nephropathy was
established in the Cis through a single intraperitoneal dose
(13 mg/kg). Biological specimens (blood and kidney tissues)
were collected on day 10. Mice were anaesthetised with 4%
isoflurane in an induction chamber until loss of consciousness
and then maintained at a concentration of 1-3% using a mask.
Once the toe pinch reflex disappeared for >60 sec, breathing
became deep and slow and there was no limb contraction or
respiratory change upon strong pinching, the head was fixed
and the jugular vein was gently compressed to engorge. A
capillary tube was inserted into the inner canthus of the eye
to collect blood, with the volume reaching 20-30% of the
total blood volume (0.5-0.8 ml for 25 g mice). Immediately
after blood collection, euthanasia was performed (under deep
anaesthesia, rapid cervical dislocation), To clarify, cervical
dislocation rather than exsanguination (blood loss) was used
for euthanasia as waiting for natural mortality due to blood
loss was prohibited. Mortality was determined when breathing
and heartbeat stopped for =2 min and the pupils dilated and
fixed. The left kidney was collected and fixed in 4% parafor-
maldehyde at 24°C for 24 h for histopathological examination,
while the right kidney was rapidly frozen in liquid nitrogen
and stored at -80°C for molecular biological experiments.

Metabolomics sample preparation. Serum aliquots (80 ul)
were mixed with 320 ul methanol/acetonitrile (ACN) solu-
tion (1:1; v/v) followed by 30 sec vortex-mixing. The mixture
underwent cryoprecipitation at -20°C for 60 min. Subsequent
centrifugation (4°C; 16,100 x g; 15 min) yielded supernatant
that was lyophilised using the Bionoon-VACI1 vacuum concen-
trator (Shanghai Bionoon Biotechnology Co., Ltd.) at 4°C. The
lyophilised products were reconstituted in 160 ul ACN/water
(1:1; v/v) solution. Quality control (QC) samples were prepared
by pooling 10 ul aliquots from each reconstituted sample.
Prior to analysis, all specimens were filtered through 0.22 ym
membrane filters to remove particulate matter.

Ultra-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry (UPLC-Q-TOF-MS)
analysis. Chromatographic separation was achieved using an
Acquity HSS T3 column (2.1x100.0 mm; 1.8 zm; Waters China
Ltd.) on a Shimadzu LC400 system (Shimadzu Scientific
Instruments) coupled with AB SCIEX X500B Q-TOF mass
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spectrometer (SCIEX) operating in dual electrospray ioniza-
tion mode. The eluent system comprised of (A) 0.1% aqueous
formic acid and (B) 0.1% formic acid in acetonitrile. The
following parameters were used: Flow rate,0.3 ml/min; column
oven, 35°C; injection volume, 5 ul; nitrogen gas temperature,
350°C; and nitrogen nebuliser flow rate, 10 I/min. Mass detec-
tion employed information-dependent acquisition mode with
the following settings: Primary MS spectrometry scan, m/z
100-1,200; and secondary tandem MS scan, m/z 50-1,200. The
top 15 intense ions were selected for fragmentation.

For the MEAG samples, the mobile phase gradient was
0-2 min, 5% B; 2-5 min, 5-20% B; 5-8 min, 20-40% B;
8-10 min, 40-60% B; 10-15 min, 60-100% B; 15-19 min, 100%
B; 19-20 min, 100-5% B; and 20-23 min, 5% B. Nitrogen gas
was used in each gas path and ionisation voltage was 5,500 V.
Sprayer pressure was 60 psi, the auxiliary heating gas was
60 psi, the air curtain gas was 35 psi, the cone hole voltage
was 100 V and the collision energy was 10 V.

For the metabolomics samples, the mobile phase gradient
was 0-2 min, 5% B; 2-8 min, 5-50% B; 8-12 min, 50-80% B;
12-14 min, 80-95% B; 14-17 min, 95% B; 17-18 min, 95-5% B;
and 18-21 min, 5% B. Nitrogen gas was used in each gas path.
The ionisation voltage was 4,500 V, the sprayer pressure was
60 psi, the auxiliary heating gas was 60 psi, the air curtain gas
was 35 psi, the cone hole voltage was 80 V and the collision
energy was 20 V.

Network pharmacology and molecular docking. Active
components were initially screened using SwissADME
(http://www.swissadme.ch) with dual criteria: Oral bioavail-
ability =30% and drug-likeness. Potential therapeutic targets
were identified through SwissTargetPrediction (swisstarget-
prediction.ch). Cis-AKI targets were systematically retrieved
from five major databases: Online Mendelian Inheritance in
Man (OMIM; https://omim.org/), DrugBank (version 5.1.10;
https://go.drugbank.com/), GeneCards (version 5.22;
https://www.genecards.org/), Therapeutic Target Database
(TTD; https://db.idrblab.net/ttd/; accessed on October 31,
2023) and DisGeNET (version 24.0; https://www.disgenet.
org/). The targets shared by MEAG components and Cis-AKI
were identified using the Venn analysis module in SRplot
(bioinformatics.com.cn).

Protein-protein interaction (PPI) networks were
constructed using Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING; version 11.5; https://cn.string-db.
org/), with species restricted to Homo sapiens and a confi-
dence cutoff >0.4. Following network visualisation in
Cytoscape (14) (version 3.7.1), the ‘CytoNCA’ plugin (version
2.4.6) was used to prioritise nodes based on multidimensional
centrality metrics: Degree, betweenness and closeness. A
network of 12 metabolites was constructed using the Search
Tool For Interactions Of Chemicals (https://stitch-db.org/)
and Cytoscape to represent the metabolic module regulated
by MEAG. The consensus targets underwent comprehensive
functional annotation using Kyoto Encyclopedia of Genes
and Genomes (KEGG) (15,16) pathways and Gene Ontology
(GO) enrichment analyses in Metascape (metascape.org), with
organism specification restricted to Homo sapiens. Based
on the number of gene enrichments, diagrams were drawn
using SRplot.


https://www.spandidos-publications.com/10.3892/etm.2026.13199

4 XIA et al: PROTECTIVE MECHANISM OF BAIYANGIJIE EXTRACT ON CISPLATIN-INDUCED AKI

Metabolomics data analyses. Original data for each sample
were processed to obtain peak alignment, peak extraction,
peak comparison and standardisation using MS DIAL
software (version 4.9.221218) as previously described (17). The
online MetaboAnalyst (version 6.0; https://www.metaboana-
lyst.ca/) database was used for principal component analysis
(PCA) and orthogonal partial least squares discriminant
analysis (OPLS-DA). By analysing differences between the
Nor group and Cis group and between the Cis group and
MEAG group, differential metabolites [variable importance
in the projection (VIP)>1; P<0.05] were identified and
imported into MetaboAnalyst for enrichment and metabolic
pathway analyses.

Renal function tests and histological examination. Serum
creatinine (Scr) and blood urea nitrogen (BUN) concentra-
tions were quantified using the SMT-120VP clinical chemistry
system (Chengdu Seamaty Technology Co., Ltd.) with a
seven-parameter renal function assay kit (cat. no. AW03076;
Chengdu Seamaty Technology Co., Ltd.), according to the
manufacturer's protocol.

Kidney specimens were fixed in 4% paraformaldehyde
at 24°C for 24 h, followed by sequential dehydration at
room temperature and paraffin embedding at 60°C for 2 h.
Subsequently, 4 ym microtome sections were prepared. A
total of three tissue slices per sample were deparaffinized
with xylene at room temperature for 15 min twice, rehydrated
through a graded ethanol series at room temperature and
rinsed with distilled water. For H&E staining, the sections
were stained with haematoxylin at room temperature for
5 min, rinsed with running tap water, differentiated, blued
and then counterstained with eosin at room temperature for
2 min. For Masson's trichrome staining, the sections were
stained according to the manufacturer's protocol. Briefly, the
sections were stained with haematoxylin at room temperature
for 5 min, stained with Masson's ponceau acid fuchsin solution
at room temperature for 5 min, differentiated with phospho-
molybdic acid solution at room temperature for 2 min and
counterstained with aniline blue solution at room temperature
for 2 min. After staining, all sections were dehydrated, cleared
and mounted with neutral resin. Renal morphological altera-
tions were visualised using an Olympus BX53 bright-field
microscope at x200 and x400 magnification (Olympus
Corporation). The glomerular architecture, proximal convo-
luted tubule morphology, basement membrane characteristics
of glomeruli and collagen deposition patterns were observed.

ELISA. Circulating concentrations of TNF-a, IL-1f3 and IL-6
in mouse serum were quantified using commercially available
ELISA kits for mice according to the manufacturer's protocols.

IHC. Following dewaxing, the sections were rehydrated
through a graded ethanol series and rinsed with PBS. Antigen
retrieval was performed by boiling samples in sodium citrate
antigen retrieval buffer at 100°C for 10 min. Subsequently,
tissues were treated with a quenching reagent (3% hydrogen
peroxide solution) at room temperature for 5 min to block
endogenous peroxidase activity, followed by blocking with
10% goat serum (Wuhan Servicebio Technology Co., Ltd.) for
60 min at room temperature. The goat serum was discarded

and KIM-1 rabbit polyclonal antibody (1:300), NGAL rabbit
polyclonal antibody (1:200) and MIF rabbit monoclonal
antibody (1:800) were applied to the sections and incubated
overnight (~12 h) at 4°C. Next, secondary antibody conjugation
was performed using S-vision polymer secondary antibody
for IHC at room temperature for 60 min before the sections
were washed three times with PBS. Signals were visualised
using diaminobenzidine at room temperature for 3 min,
counterstained with haematoxylin at room temperature for
1 min, dehydrated through a graded ethanol series, cleared
with xylene and mounted. Tissues were viewed using standard
bright-field illumination.

Western blotting. Renal tissues were homogenised in lysis
buffer (cat. no. CW2333; CoWin Biosciences, Inc.) supple-
mented with 1% protease/phosphatase inhibitors, followed
by a 1 h incubation to ensure complete lysis and subsequent
centrifugation (16,100 x g; 20 min; 4°C). Protein quantifica-
tion was performed using a BCA protein detection kit (cat.
no. CW0014; CoWin Biosciences, Inc.). To resolve proteins,
a 10% SDS-PAGE gel was used and 30 ug of protein was
loaded per lane before electrophoresis; the resolved proteins
were transferred to PVDF membranes. Membranes were
blocked with 5% non-fat milk/TBST (at 25°C for 2 h; 0.05%
Tween-20) prior to overnight incubation (4°C) with anti-MIF
(1:1,000), anti-p-NF-«xB (1:2,000), NF-xB (1:1,000) anti-IL-6
(1:2,000), anti-IL-18 (1:2,000) and anti-TNF-a (1:2,000).
After three TBST washes, membranes were incubated with an
HRP-conjugated secondary antibody (25°C for 2 h; 1:50,000).
with [-actin as the internal reference. Signals were visualised
with ECL reagents (New Cell & Molecular Biotech Co., Ltd.)
and band intensities were quantified using an imaging system
from Tanon Science and Technology Co., Ltd. with Image
ProPlus (version 5.0; Media Cybernetics, Inc.; https://www.
mediacy.com/).

Statistical analysis. Statistical analysis was performed utilising
GraphPad Prism (version 9.0; Dotmatics) software. Data were
compared using a one-way ANOVA followed by Tukey's HSD
post hoc test. A total of three independent biological replicates
were performed for each experiment. Results are presented as
the mean + SD. P<0.05 was considered to indicate a statistically
significant difference.

Results

Characterisation of chemical constituents of MEAG. Based
on UPLC-Q-TOF-MS analysis, combined with database
searches, reference compounds and related literature, 33
chemical components were identified in MEAG using multi-
level MS information (18-24). The chemical components of
the MEAG are listed in Table I and the base peak chromato-
grams of the positive and negative ion modes are shown in
Fig. 1A and B.

Network pharmacology. A total of 14 active ingredients
(Table SI) and 348 active ingredient targets were screened
using the Swiss ADME and Swiss Target Prediction databases.
A total of 2,514 non-redundant disease targets were retrieved
from OMIM, DrugBank, GeneCards, TTD and DisGeNET. A
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Error,

Ton

Molecular

Measured

ppm

species

MS/MS

value, m/z formula

Compound name RT, min

No.

0.9
12

(M Hy

431.0978,284.0319, 269.0460, 255.0293, 227.0342
431.0978,284.0319, 269.0460, 255.0293, 227.0342

C21H2OOIO

431.0980
241.0873

8.044
8.290

Kaempferol-3-O-a-L-rhamnoside
Coelonin

32
33

(M Hy

C15H1403

MEAG, methanolic extract of BaiYangJie; RT, retention time; MS/MS, tandem mass spectrometry.

total of 210 intersecting targets were obtained by intersecting
the drug and disease targets (Fig. 2A).

The PPI network reflects protein interactions; 210 inter-
secting targets formed a network with 208 nodes and 2,861
edges. Subsequently, the PPI network was visualised using
Cytoscape and the topology analysis was performed using
the ‘CytoNCA’ plug-in. The top 15 nodes of the network were
sorted by betweenness centrality, closeness centrality and
degree centrality values and the hub targets were the inter-
section of these three values. These hub targets were AKT]I,
EGFR, ALB, BCL2, HIF1A,HSP90AA1, SRC,ESR1,PTGS2,
MAPK3 and GSK3B (Fig. 2B and C; Table SII).

Based on GO functional enrichment, biological process
enrichment involved ‘cellular response to lipid” and ‘cellular
response to chemical stress’, ‘regulation of inflammatory
response’ and ‘positive regulation of programmed cell death’.
Cellular component enrichment included ‘perinuclear region
of cytoplasm’, ‘centrosome’ and ‘basal plasma membrane’.
Molecular function enrichment involved ‘protein kinase
activity’ and ‘protein tyrosine kinase activity’ (Fig. 2D).
Collectively, MEAG may have contributed to the treatment
of Cis-AKI through the regulation of numerous components,
targets and pathways.

The target set was imported into the Metascape data-
base for KEGG pathway and biological process enrichment
analysis. There were 184 KEGG pathways associated with
Cis-AKI therapy in mice. In addition to the cancer pathway
with the largest number of annotation genes, the target set
was also closely associated with ‘FoxO signalling pathway’,
arachidonic acid metabolism’, ‘NF-kB signalling pathway’
and ‘TGF-f signalling pathway’ (Fig. 2E).

Serum metabolomics

Multivariate statistical analyses. General distribution of
samples was examined by PCA, with results showing the QC
samples clustered together, indicating that the instrument
was stable (Fig. 3A and B). The three groups of test samples
were clustered, which indicated similarities within the data.
There were notable metabolic differences among the three
groups. The Nor group was clearly separated from the Cis
group and the MEAG group exhibited a downward trend
after treatment, indicating that MEAG exerted an ameliora-
tive effect on metabolic disorders in Cis-AKI model mice
(Fig. 3A and B).

To establish an association model between the expres-
sion of metabolites and sample categories and to screen the
differential metabolites, OPLS-DA in positive and negative
ion mode was used (Fig. 3C, E, G and I) and the samples in
the Nor and Cis groups and Cis and MEAG groups were all
significantly separated.

The S-plot diagram of positive and negative ions
showed differences in metabolites between the Nor and Cis
groups and between the Cis and MEAG groups (Fig. 3D,
F, H and J). VIP, fold change (FC) and P-values were then
used to identify characteristic differentially expressed
metabolites among the three groups. Thus, substances
with log, (FC) >1, VIP >1 and P<0.05 were potentially
upregulated differential metabolites and substances with
log, (FC)<-1, VIP>1 and P<0.05 were potential down-
regulated differential metabolites. In the positive ion



A 3.0x 106+

2.5 x 10°

2.0 x 10°]
O
1.5 x 106 o

1.0 x 106

Absolute ion abundance

0.5 x 10°—

0.0 x 10°

E Resveratrol (12)

OH
L

EXPERIMENTAL AND THERAPEUTIC MEDICINE 32: 205, 2026 7

Pterostilbene (19)
~

22

1
il

B 25x10° -

2.0 x 10°
29

1.5x10°+

2527
1.0 x 10° +

Absolute ion abundance

0.5 x 108

23
0.0 x 108 __Jw

N

— —
9 10 11
Time (min)

— . - . - ,
12 18 14 15 16 17 18 1€

3

0

T

1

2

T

3

T

4

5

6

9

10

T
11

12

Time (min)

Figure 1. Base peak chromatogram of methanolic extract of BaiYangJie. (A) Positive ion modes and (B) negative ion modes.

mode, six endogenous differential metabolites were iden-
tified between Nor and Cis groups, and Cis and MEAG
groups, including L-phenylalanine, L-carnitine, creatine,
phosphocholine, lysophosphatidylethanolamine (LysoPE
16:0/0:0, the notation 16:0/0:0 indicates the fatty acyl chain
composition, with a 16-carbon saturated fatty acyl chain
and no second fatty acyl chain) and stearoyl-L-carnitine. In
negative ion mode, eight endogenous differential metabo-
lites were identified between the Nor and Cis groups and
the Cis and MEAG groups, including L-tryptophan, citric
acid, ascorbic acid, L-phenylalanine, hyocholic acid, doco-
sahexaenoic acid, L-tyrosine and L-pyroglutamic acid. All
differential metabolites in different groups were visualised
as a heatmap, in which blue to red indicated an increase in
the abundance of differential metabolites (Fig. 4). Table SII
and Fig. 5 provide detailed information regarding each
differential metabolite and the changes in the relative
contents of potentially different metabolites.

Construction and analysis of metabolic module. Metabolite and
gene regulatory network is shown in Fig. 6A. Through topolog-
ical analysis of metabolic modules, phenylalanine was identified
as the hub with the highest centrality. Then, MetaboAnalyst
was used to analyse the metabolic pathway enrichment of the
12 metabolites. As shown in Fig. 6B, 14 pathways affecting
the metabolism of mice with Cis-AKI were obtained from 13
different metabolites. Among them, the potential metabolic
pathways with path influence >0.1 were ‘phenylalanine metabo-
lism’ and ‘phenylalanine, tyrosine and tryptophan biosynthesis’.
Based on the results of metabolite network and pathway
analyses, phenylalanine metabolism may be a key metabolic
pathway regulated by MEAG in the treatment of Cis-AKI.

Comprehensive analysis of network pharmacology and serum
metabolomics. Associations between metabolic pathways
and their targets were next assessed. To comprehensively
explore the mechanism of action of MEAG in treating Cis
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Figure 2. Therapeutic mechanisms of MEAG against Cis-AKI in murine models using network pharmacology approaches. (A) Venn analysis of common
targets of MEAG-Cis-AKI in mice. (B) Protein-protein interaction network of shared MEAG and Cis-AKI targets. (C) Core protein-protein interaction
network for MEAG against Cis-AKI injury. (D) Bar diagram of top 20 biological process, cellular component and molecular function terms. (E) Enrichment
profile of the 20 most significant Kyoto Encyclopaedia of Genes and Genomes signalling pathways. MEAG, methanolic extract of BaiYanglJie; Cis, cisplatin;

AKI, acute kidney injury.

nephrotoxicity, the targets of phenylalanine metabolism were
assessed using KEGG (25) and intersected with drug targets
and disease targets, integrated the results of serum metabo-
lomics and network pharmacology analysis and subsequently
identified an intersection target (MIF).

Among the aforementioned key signalling pathways,
NF-«xB serves a central role in cellular inflammatory and
immune responses (26). A previous study suggested that, in
a Cis-AKI mouse model, injured renal tubular epithelial cells
released inflammatory cytokines, activated the MIF/NF-xB

pathway and triggered a cascade of inflammatory responses,
thereby exacerbating renal tubular injury (27). In addition,
phenylalanine metabolism is also associated with inflam-
mation. Therefore, the ability of MEAG to regulate the
MIF/NF-«B signalling pathway and associated inflammatory

factors was evaluated. A schematic diagram of the regulatory
pathway is shown in Fig. 7.

MEAG ameliorates Cis-AKI in mice. After intraperitoneal
injection of Cis, mice exhibited clear nephrotoxicity, including
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Figure 3. Multivariate statistical analyses of metabolomics in mice serum. (A) PCA score plot of serum metabolism in POS ionization mode. (B) PCA score
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weight loss and a significantly increased renal index (P<0.0001;
Fig. 8A and B). The levels of Scr (P<0.0001) and BUN
(P<0.0001) also increased significantly (Fig. 8C and D). H&E
staining of renal tissue showed that intraperitoneal injection of
Cis caused serious damage to renal tubules and glomeruli, with
renal tubular dilatation, renal tubular epithelial cell shedding,
gelatinous casts, glomerular atrophy and basement membrane
thickening (Fig. 8E). Quantitative analysis further showed that
the tubular injury score was significantly increased in the Cis
group compared with that in the Nor group (P<0.0001; Fig. 8F).
Masson's trichrome staining revealed severe fibrosis in renal
tissue (Fig. 8G). Consistently, the collagen volume fraction
was significantly increased in the Cis group compared with

that in the Nor group (P<0.0001; Fig. 8H). MEAG treatment
significantly ameliorated the loss of renal function of mice and
significantly reduced the kidney index (P<0.001; Fig. 8B) and
levels of Scr (P<0.0001) and BUN (P<0.0001), which were
increased by Cis injection (Fig. 8C and D). Simultaneously,
MEAG ameliorated renal tubular damage and reduced the
degree of renal tissue fibrosis (Fig. 8E-H).

KIM-1 and NGAL are biomarkers of AKI (28). The expres-
sion and distribution of KIM-1 and NGAL in renal tissue were
examined. IHC staining showed that the expression of KIM-1
(P<0.0001) and NGAL (P<0.0001) in mouse renal tissue
significantly increased after Cis injection and were signifi-
cantly reduced by MEAG treatment (P<0.0001; Fig. 9A-D).
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Mechanism of MEAG regulating Phe metabolism in Cis-AKI mice
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Figure 7. Schematic diagram of MEAG regulating phenylalanine metabolic flux. MEAG, methanolic extract of BaiYanglie; Cis, cisplatin; Cis-AKI, cispl-
atin-induced acute kidney injury; Phe, phenylalanine; Tyr, tyrosine; MIF, macrophage migration inhibitory factor; NF-«xB, nuclear factor kB; P-NF-«xB,
phosphorylated NF-kB; TNF-a, tumor necrosis factor a; IL-6, interleukin-6; IL-1f, interleukin-1p; AKI, acute kidney injury.

MEAG ameliorates inflammatory responses in mice treated ~ MEAG significantly reduced the increase in IL-1{ (P<0.0001),
with Cis. Proinflammatory cytokine expression in mice after IL-6 (P<0.0001) and TNFa (P<0.0001) levels in the serum
MEAG treatment was analysed. ELISA data showed that of mice initially induced by Cis (Fig. 10A-C). Furthermore,
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Figure 8. MEAG treatment ameliorated Cis-AKI in mice. (A) Effect of MEAG on body weight change in mice with Cis-AKI. (B) Effect of MEAG on
kidney index in mice with Cis-AKI. (C) Effect of MEAG on BUN levels in mice with Cis-AKI. (D) Effect of MEAG on Scr levels in mice with Cis-AKI.
(E) Representative H&E-stained kidney sections from the Nor, Cis, and MEAG groups, shown at X200 magnification with corresponding higher-magnification
views at x400. Yellow arrows indicate rubber-like tubular casts, blue arrows indicate shedding of renal tubular epithelial cells, green arrows indicate renal
tubular dilatation, and black arrows indicate glomerular atrophy and basement membrane thickening. (F) Tubular injury score in each group. (G) Representative
Masson-stained kidney sections from the Nor, Cis and MEAG groups, shown at x200 magnification with corresponding higher-magnification views at x400.
(H) Collagen volume fraction in each group. Data in panels (A-D), (F) and (H) are presented as mean = SD (n=6 mice per group). "#"P<0.0001 compared
with the Nor group; “P<0.01, "“P<0.001 and “*"P<0.0001 compared with the Cis group. Scale bars, 50 ym for x200 images and 20 ym for x400 images. Nor,
normal control group; Cis, cisplatiny MEAG, methanolic extract of BaiYanglie; AKI, acute kidney injury; Scr, serum creatinine; BUN, blood urea nitrogen.
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extract of BaiYanglie; IHC, immunohistochemistry; NGAL, neutrophil gelatinase-associated lipocalin; KIM-1, kidney injury molecule 1.

western blotting showed that Cis significantly induced the
expression of the inflammatory factors Il-1p (P<0.0001), IL-6
(P<0.0001) and TNF-a. (P<0.0001) and that this induction was
attenuated by MEAG treatment (Fig. 10F and H-J). These find-
ings indicated that MEAG reduced the inflammatory response
of mice following Cis treatment.

MEAG alleviates Cis-AKI in mice by regulating MIF/NF-xB
expression. MIF expression profiles were quantitatively
assessed by IHC and western blotting. Histopathological
examination demonstrated a significant elevation of MIF
immunoreactivity in Cis-challenged murine models compared
with the Nor group (P<0.0001), which was attenuated following
MEAG intervention (P<0.0001; Fig. 10D and E). Western blot-
ting quantification further demonstrated a significant reduction
in renal MIF protein content following MEAG interven-
tion compared with the Cis group (P<0.01; Fig. 10F and G),
corroborating the histopathological observations. In addi-
tion, a comparative analysis between experimental groups

revealed significantly enhanced p-NF-kB/NF-«xB levels in the
Cis-treated group in comparison with the Nor group (P<0.001),
whereas MEAG administration significantly suppressed
this phosphorylation event (P<0.01; Fig. 10K and L). These
collective findings demonstrate that MEAG treatment exerts
regulatory effects on the pathological activation of the
MIF/NF-«B signalling cascade in Cis-induced AKI models.

Discussion

Cis-induced nephrotoxicity manifests through a number of
pathological mechanisms, with acute tubular necrosis and
acute inflammatory responses being the most prevalent and
notable (29,30). As Cis is primarily excreted through the
kidneys, it is dependent on glomerular filtration and secretion
through the proximal renal tubules (31). Cis accumulates in the
proximal renal tubule fluid and spreads to high-permeability
renal tubular epithelial cells (19). After renal tubular epithelial
cells ingest Cis, a large number of cells are damaged, eventually
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Figure 10. MEAG alleviated Cis-AKI in mice by regulating the expression of MIF/NF-«kB. (A-C) Serum concentrations of pro-inflammatory cytokines
(A) IL-1p, (B) IL-6 and (C) TNF-a were quantified through ELISA across experimental cohorts (n=3/group). (D) Renal tissue MIF distribution patterns
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Magnification, x200 and scale bar, 50 ym. Nor, normal control group; Cis, cisplatin; MEAG, methanolic extract of BaiYangJie; AKI, acute kidney injury; IHC,
immunohistochemistry; MIF, migration inhibitory factor; p-, phosphorylated.
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leading to acute renal tubular necrosis. In the present study, the
histological examination revealed evidence of renal tubular
necrosis following MEAG treatment and the results showed
that MEAG significantly ameliorated Cis-induced renal
tubular epithelial cell injury and necrosis.

Renal tubular epithelial cells secrete a number of inflam-
matory cytokines and chemokines that induce inflammation
following damage (32). Among these inflammatory factors,
TNF-a is an important regulatory component (33). Following
Cis-induced nephrotoxicity in mice, large quantities of TNF-a
may be produced. By inducing the expression of endothelial
adhesion molecules and chemokines, inflammatory leuko-
cytes migrate to the site of renal injury and stimulate the
production of additional inflammatory cytokines and chemo-
kines, including IL-6 and IL-1f, thereby promoting the local
accumulation of immune effector cells and further amplifying
TNF-a-mediated inflammation (34). Consistent with previous
studies, the present study showed that Cis injection induced a
severe inflammatory reaction and significantly increased the
expression of pro-inflammatory cytokines (35,36).

To more comprehensively investigate the physiological
changes associated with AKI, metabolomics was used to
characterise metabolic network changes during AKI and to
analyse differential metabolites in the treatment of Cis-AKI.
The results showed that the phenylalanine metabolic pathway
was the most notable. Phenylalanine is a key amino acid,
with previous studies having shown that phenylalanine levels
increase in patients with AKI (37-39). When phenylalanine
levels are high, it acts as a metabolic toxin, resulting in adverse
health effects, which are common in chronic inflammation
and septic shock (40,41). Phenylalanine hydroxylase converts
L-phenylalanine into L-tyrosine (42) and L-tyrosine accumula-
tion may lead to changes in energy metabolism, inflammation
and systemic immunity (43). The results of the present study
showed that Cis disrupted amino acid metabolism in normal
kidney tissue, leading to increased levels of phenylalanine
and tyrosine and resulting in inflammatory reactions in the
kidney. The metabolic levels of phenylalanine and tyrosine
were reduced following MEAG treatment, demonstrating that
MEAG effectively ameliorated the inflammatory response.

A total of 13 endogenous metabolites were identified as
differentially expressed in the present study. In addition to
phenylalanine, the other metabolites were primarily involved
in amino acids, lipid and energy metabolisms and the anti-
oxidant system, all of which are closely associated with the
pathophysiological processes and inflammatory responses
associated with Cis-AKI. Among amino acid metabolites,
L-tryptophan is a precursor in tryptophan metabolism and its
metabolic disorder leads to an imbalance in the kynurenine
pathway, thereby exacerbating oxidative stress and inflamma-
tory responses in renal tissue (44). L-pyroglutamic acid is a
key intermediate of glutamine metabolism, and Cis-induced
deviations in its level from that of the Nor group are associ-
ated with energy metabolism disorders and renal tubular
epithelial apoptosis in renal injury (45). MEAG reversed
these Cis-induced abnormal changes in L-tryptophan and
L-pyroglutamic acid levels, alleviating the overall imbalance
in the amino acid metabolic network. Among lipid metabo-
lism-related substances, L-carnitine and stearoyl-L-carnitine
were involved in the f-oxidation of fatty acids, their
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Cis-induced deviations from the Nor group levels reflected
mitochondrial lipid metabolism disorders in the kidney during
Cis-AKI. Impaired mitochondrial function can further trigger
oxidative stress and the release of inflammatory factors (46).

LysoPE (16:0/0:0) and docosahexaenoic acid (DHA) are
important components of phospholipid metabolism. Compared
with the Nor group, LysoPE (16:0/0:0) was increased in the
Cis group, which may impair the integrity of renal tubular cell
membranes, whereas DHA was decreased in the Cis group,
weakens its anti-inflammatory and antioxidant effects (47).
The regulation of the aforementioned lipid metabolites by
MEAG restored the physiological state of renal lipid metabo-
lism and alleviated cell membrane damage and inflammatory
responses. Among energy metabolism-associated substances,
citric acid is a core intermediate of the tricarboxylic acid cycle
and creatine and phosphocholine are involved in cellular energy
storage and transport; Cis-induced deviations in the levels of
citric acid, creatine and phosphocholine from those of the Nor
group indicated disruption of tricarboxylic acid cycle activity
and cellular energy storage and transport, and renal tubular
epithelial cells undergo injury and necrosis due to energy
deficiency (48). However, MEAG restored these metabolites to
normal levels, improved energy metabolism in renal tissue and
provided energy support for cell repair. The levels of the anti-
oxidant ascorbic acid (vitamin C) were decreased in Cis-AKI,
reflecting high consumption by the renal antioxidant system
and thus, a cycle between oxidative stress and inflammatory
responses was formed (49,50). Furthermore, MEAG upregu-
lated vitamin C levels, enhanced the antioxidant capacity of
the kidney, reduced reactive oxygen species production and
thereby inhibited the release of inflammatory factors. The
aforementioned differential metabolites jointly constitute a
network of renal metabolic disorders in Cis-AKI. MEAG can
regulate key nodes of this network through numerous targets,
thereby synergistically restoring metabolic homeostasis and
alleviating renal injury and inflammatory responses. This
regulatory effect synergises with the regulation of phenylala-
nine metabolism and together mediates the protective effect of
MEAG on Cis-AKI.

A total of 210 potential MEAG targets against Cis-AKI
were identified across all disease databases and potential
drug targets. By analysing the DC, BC and CC values of
the PPI network, 11 core targets were identified, including
AKTI, EGFR, ALB, BCL2, HIF1A, HSP9OAAL, SRC, ESR1,
PTGS2, MAPK3 and GSK3B, which may serve key roles in
the MEAG interaction network targeting Cis-AKI. Inhibiting
AKT]1 expression reduces oxidative stress in cells and the
levels of inflammatory factors such as IL-1$ and IL-6 (51).
MAPKS3 is the final component of the MAPK phosphorylation
cascade and an important member of the MAPK signalling
pathway (52), where it serves central roles in responses to
numerous forms of stress and injury, such as oxidative stress,
inflammatory stimulation and metabolic stress, as well as in
the pathophysiology of a number of diseases, including renal
tubular inflammation and diabetic nephropathy (53). SRC
family kinases are non-receptor tyrosine kinases and their
abnormalities can lead to inflammation, autoimmune diseases
and cancer, including colorectal, breast and lung cancer (54).

Macrophage MIF is a pro-inflammatory cytokine and an
important upstream mediator of innate immunity, adaptive
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immunity and survival pathways, including MAPK/ERK
and PI3K/AKT signalling pathways (55), which can activate
macrophages and T lymphocytes, regulating pathological
processes, including leukocyte recruitment, inflammation,
immune responses, cell proliferation, tumourigenesis and
the reverse regulation of glucocorticoids (56). Under physi-
ological circumstances, the expression of MIF in renal tissue is
low (57). However, following AKI, severe renal inflammation
occurs, including macrophage and T cell infiltration. Thus, the
expression of MIF is markedly increased (58). In the present
study, it was determined that MIF expression in the renal
tissue of mice in the Cis group was significantly increased
and associated with the severity of renal tubular necrosis. MIF
is associated with the NF-kB pathway. Once released, MIF
binds CD74 to initiate the membrane recruitment of CD44,
resulting in the activation of the NF-kB signalling pathway,
the expression of TNF-a, IL-1{ and IL-6 increases and macro-
phages, neutrophils and T cells are recruited and activated,
exacerbating AKI (59).

The results of the present study showed that MEAG signifi-
cantly reduced the expression levels of MIF and the NF-kB
signalling pathway and reduced MIF-mediated TNF-a,
IL-6 and IL-1p levels, effectively inhibiting the inflamma-
tory reaction and improving Cis-AKI. In particular, NF-xB
does not exist as an independent signal pathway and it may
directly or indirectly regulate other molecules in addition to
MIF, including previously reported (60). A previous study
showed that NF-«xB inhibited TNF-induced apoptosis of rat
hepatocytes by downregulating JNK and c-Jun/activator
protein-1 (61). There appears to be an association between
STAT3 and NF-«B. IL-6 is a gene product regulated by the
NF-kB signal and an important STAT3 activator (62). In
renal diseases, NF-kB not only participates in the transcrip-
tion of pro-inflammatory genes in T helper (Th)-1 and Th17
cells, but also promotes their differentiation into CD4 T cells
through interaction with innate immune cells (63). In addition,
mesangial epithelial cells and renal tubular epithelial cells can
also promote inflammation through toll-like receptor/NF-kB
axes (64). The discovery of these synergistic regulatory effects
may highlight a novel direction for further exploring the
mechanism of MEAG in treating Cis-AKI.

Notably, integrated analysis suggested that MIF served as a
pivotal molecular bridge associating phenylalanine metabolic
dysfunction with NF-kB-mediated inflammatory responses.
In the context of Cis-AKI, renal dysfunction leads to the
marked accumulation of phenylalanine and its downstream
metabolite, tyrosine (65). These metabolites act as ‘metabolic
toxins’ that can directly trigger or exacerbate chemical stress
and inflammatory reactions within the renal microenviron-
ment (66). Database intersection analysis identified MIF as a
key target within the phenylalanine metabolic pathway. Thus,
it was hypothesised that stress signals arising from metabolic
imbalances (specifically, accumulation of phenylalanine) may
upregulate MIF expression. Once upregulated, MIF binds
to its receptor complex, activating NF-kB-mediated signal-
ling cascade and leading to the release of pro-inflammatory
cytokines such as TNF-a, IL-6 and IL-1§, thereby forming
a cycle between metabolic disorder and inflammatory injury.
The therapeutic efficacy of MEAG is characterised by a
‘dual-regulatory’ strategy; it not only restores phenylalanine

metabolic homeostasis, thereby reducing the production of
metabolic toxins, but also directly suppresses the pathological
activation of the MIF/NF-«xB axis. This synergistic modula-
tion of metabolic and immune pathways provides a systematic
pharmacological basis for the renoprotective effects of MEAG
against chemotherapy-induced nephrotoxicity.

Collectively, the results of the present study showed that
MEAG may serve a role in the treatment of Cis-AKI by regu-
lating numerous targets and signalling pathways. However,
there were also a number of limitations, such as the lack of a
positive drug control group, incomplete data searches, insuf-
ficient coverage of Traditional Chinese Medicine components
and dependence on calculation and prediction. A positive
control group was not established in the present study, as to the
best of our knowledge, there are currently no specific drugs for
Cis-AKI in clinical practice. Furthermore, network pharma-
cology analysis in the present study failed to clearly illustrate
the direct binding association between specific chemical
components in MEAG and the targets associated with the
MIF/NF-«B signalling pathway or phenylalanine metabolism.
The potential bioactive components and core targets were only
screened through component-target-pathway analysis, without
conducting molecular docking simulation or in vitro binding
verification, meaning it was not possible to clarify the direct
interaction mode and binding affinity between single compo-
nents or component combinations and core targets and also
hindered the accurate interpretation of the structure-activity
association between the material basis of the renoprotective
effect of MEAG and target binding.

To address these shortcomings, the present study combined
analysis of serum metabolomics data with verification by
western blotting and IHC analysis to improve the accuracy of
the results. Based on the aforementioned limitations, future
research should aim to conduct molecular docking experiments
using the identified active components in MEAG (such as
resveratrol and pterostilbene), screen out active monomers that
can directly bind to core targets such as MIF and NF-«xB and
further verify the binding affinity and binding sites between
components and targets through in vitro technologies, such as
surface plasmon resonance and microscale thermophoresis. In
addition, in vitro cell experiments should be used to clarify
the dose-effect association and mechanism of action of single
active components or component combinations in regulating
the MIF/NF-«B signalling pathway and phenylalanine metab-
olism, so as to provide further direct experimental evidence
for understanding the material basis and structure-activity
association of the therapeutic effects of MEAG. Follow-up
studies should also aim to construct a positive drug control
group with clinically commonly used renoprotective drugs to
further determine the therapeutic effect of MEAG on Cis-AKI.
In addition, the aforementioned hub targets and key signalling
pathways may also serve important roles in Cis-AKI and other
kidney diseases, warranting further exploration.

In summary, the present study combined network phar-
macology with metabolomics to demonstrate that MEAG
improves Cis-AKI by reducing inflammatory reactions and
regulating MIF/NF-«B signalling pathway. In addition, serum
phenylalanine levels were a key differential metabolite that
may be used to evaluate preventative treatment and thera-
peutic effects. This comprehensive strategy offers a potential
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method for identifying the multi-target, multi-pathway phar-
macodynamic mechanism of botanical drugs and provided a
theoretical basis for the future development of BaiYangJie in
clinical practice.
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