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Abstract

Background: Acute kidney injury (AKI), characterized by rapid renal dysfunction (KDIGO 2022 criteria:
48-hour doubling of serum creatinine or < 0.5 mL/kg/h urine output for > 6 h), affects 13.3 million
people annually with > 20% mortality. Its progression involves metabolic imbalances, toxin accumulation,
and multiorgan failure, often culminating in chronic kidney disease. Current therapies (fluid resuscitation,
diuretics, renal replacement therapy) remain limited. Inflammation drives AKI pathogenesis: renal insults
(ischemia, toxins) trigger tubular cell release of pro-inflammatory mediators (TNF-a, IL-1f3, IL-6), activating
neutrophil gelatinase-associated lipocalin (NGAL) and dysregulating P38 MAPK/ERK pathways. This
cascade promotes leukocyte infiltration, oxidative stress, and apoptosis, exacerbating renal damage.
Ononin, a flavonoid from Astragali Radix, shows multi-target potential by suppressing pro-inflammatory
cytokines, modulating signaling, and mitigating oxidative stress. Its dual anti-inflammatory/antioxidant
properties position it as a promising candidate for AKI intervention. Exploring the ameliorative effect of
ononin on the inflammatory response Ameliorative effect of ononin on the inflammatory response in
doxorubicin-induced AKI mice. Methods: We used network pharmacology to explore ononin’s target
molecules and AKl-related disease molecules, identified their intersections, and predicted potential
mechanisms via enrichment analysis, followed by molecular docking verification. For in-vivo validation, 50
mice were randomly divided into five groups (n = 10/group): Control, Model, Ononin-L (15 mg/kg),
Ononin-H (60 mg/kg), and Dexamethasone (2.6 mg/kg). An AKI model was established by intravenous
tail-vein injection of Doxorubicin (15 mg/kg). Samples were collected 12 h post-induction. We calculated
the renal coefficient, examined renal histopathology using hematoxylin and eosin (HE), periodic acid-Schiff
(PAS), and Masson’s trichrome (MASSON) staining, and observed mitochondrial morphology by electron
microscopy (EM). ELISA was used to measure NGAL, serum creatinine (Scr), and blood urea nitrogen (BUN)
levels in serum. Immunofluorescence (IF) evaluated the expression of P-P38, P-ERK, NGAL, and KIM-1 in
renal tissues. RT-qPCR assessed the gene expression of pro-inflammatory cytokines, MAPK pathway
components, and renal injury markers in kidney tissues. Western Blot (WB) quantified P-P38, P38 MAPK,
P-ERK, ERK, NGAL, and KIM-1 in renal tissues. Results: Network pharmacology analysis suggested that
ononin could attenuate AKI through its anti-inflammatory properties and regulation of the MAPK signaling
pathway. The Model group exhibited a significantly elevated renal coefficient (P < 0.05), severe
histopathological damage, and mitochondrial dysfunction compared to controls. Serum levels of NGAL, Scr,
and BUN were markedly increased (P < 0.05), indicating impaired renal function. Enhanced fluorescence
signals of P-P38 MAPK, P-ERK, NGAL, and KIM-1 suggested activation of MAPK pathways and renal injury.
Upregulation of pro-inflammatory cytokines (IL-1f, IL-6, TNF-a) and MAPK-related genes (P38 MAPK, ERK)
alongside injury markers (NGAL, KIM-1) (P < 0.05). Increased ratios of phosphorylated-to-total proteins
(P-P38/P38, P-ERK/ERK) and elevated NGAL/KIM-1 protein levels confirmed pathway dysregulation.
Treatment significantly reduced the renal coefficient (P < 0.05), attenuated histological damage, and
restored mitochondrial integrity. NGAL, Scr, and BUN levels were lowered, reflecting functional recovery.
Diminished fluorescence intensities of P-P38, P-ERK, NGAL, and KIM-1 indicated suppression of injury
pathways. Downregulation of inflammatory cytokines (IL-1f, IL-6, TNF-a), MAPK components (P38 MAPK,
ERK), and injury markers (NGAL, KIM-1) (P < 0.05). Reduced phosphorylation ratios (P-P38/P38,
P-ERK/ERK) and decreased NGAL/KIM-1 protein expression demonstrated therapeutic -efficacy.
Conclusion: Ononin ameliorates inflammatory responses in AKI mice via the P38 MAPK/ERK pathway.
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Highlights
1. Ononin treats AKI through its anti-inflammatory mechanisms.
2. Integrated network pharmacology prediction, molecular docking,
and murine model validation with multi-omics assessments were
used.
3. Ononin is associated with the MAPK pathway.
4. Ononin achieves the goal of treating AKI by inhibiting P38
MAPK/ERK phosphorylation and reducing inflammatory response.

Medical history of objective
Ononin, a flavonoid from Astragali Radix (Huangqi), has been
historically documented in traditional Chinese medicine (TCM) for its
dual anti-inflammatory and antioxidant properties. First described in
the Shennong Bencao Jing (ca. 200-250 C.E.), Astragali Radix was
classified as a “superior herb” for its ability to “tonify Qi (In
traditional Chinese medicine, “Qi” refers to the fundamental energy
that constitutes the human body and sustains life activities, while
also embodying the concept of physiological functions.), resolve
edema, and promote tissue repair” — functions now linked to
ononin’s molecular mechanisms. In the Ming Dynasty, Li Shizhen’s
Bencao Gangmu (1596 C.E.) further emphasized its use in “clearing
heat-toxin and alleviating urinary disorders,” aligning with modern
observations of ononin’s nephroprotective effects. Recent
pharmacological studies reveal that ononin suppresses
pro-inflammatory cytokines, modulates signaling pathways (e.g.,
MAPK/ERK), and mitigates oxidative stress, positioning it as a
promising candidate for AKI intervention.

Introduction

Acute kidney injury (AKI) represents a sudden deterioration of renal
function, typically developing over hours to days and persisting for at
least 24 h. In 2022, the Kidney Disease: Improving Global Outcomes
(KDIGO) working group defined AKI as either a doubling of Scr within
48 h or a persistent reduction in urine output to less than 0.5 mL/kg/h
for more than 6 h [1]. The occurrence of AKI is often accompanied by
disturbances in water-electrolyte balance, acid-base imbalances,
impaired excretion of toxic substances, and ultimately multiorgan
failure, which can directly result in End-Stage Renal Disease (ESRD)
and increase the risk of developing or exacerbating Chronic Kidney
Disease [2]. Annually, over 13.3 million people worldwide are
affected by AKI, with a mortality rate exceeding 20% [3]. Effective
pharmaceutical strategies for AKI prevention and treatment remain an
unresolved challenge in nephrology. For early-stage patients,
interventions such as intravenous fluid administration, colloid therapy,
or diuretic treatment may be employed; however, these approaches
are associated with significant adverse effects and are unsuitable for
end-stage patients. For patients with ESRD or severe AKI, renal
replacement therapy (RRT) is often necessary, although the optimal
timing of RRT initiation remains under investigation [4]. Developing
effective AKI therapeutics remains an urgent biomedical priority
requiring  multidisciplinary =~ solutions. =~ Despite  significant
advancements in understanding AKI pathogenesis, effective
pharmacological treatments remain elusive. Emerging research has
demonstrated the therapeutic promise of bioactive phytochemicals
originating from traditional Chinese medicine, which exhibit
protective effects against acute kidney injury via dual modulation of
inflammatory cascades and oxidative stress pathways.

Inflammation is a fundamental pathological process wherein
biological tissues respond to various injury factors, including trauma
and infection [5]. Inflammatory responses constitute a central role in
the initiation and progression of AKI, representing one of the
pathogenic mechanisms [6]. When the kidney is subjected to a variety
of injury factors, including ischemia-reperfusion injury, toxic
substances exposure, immune-mediated damage or other pathological
conditions, the inflammatory response is activated, thereby
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exacerbating renal tissue damage. During the initial phase of AKI,
injured renal cells release multiple inflammatory mediators, including
TNF-a, IL-13 and IL-6, which recruit and activate NGAL (a
well-established biomarker of AKI), thereby amplifying the
inflammatory response [7-9]. Accumulating evidence has
demonstrated that NGAL expression is closely linked to the P38
MAPK/ERK signaling pathway [10, 11]. Dysregulated P38 MAPK/ERK
signaling has been established as a pivotal driver of inflammatory
cascades and functional decline in AKI, promoting tubular epithelial
cell apoptosis and leukocyte infiltration. Specifically, P38 MAPK/ERK
activation induces infiltration of neutrophils and macrophages,
resulting in renal tissue inflammation, oxidative stress, and cellular
apoptosis, which collectively contribute to renal dysfunction
exacerbation [12, 13]. Mitochondrial dysfunction leads to renal
tubular epithelial cell damage, thereby contributing to renal function
impairment and AKI development [14]. These findings collectively
indicate that inflammatory responses significantly contribute to AKI
progression, and that targeted modulation of inflammation represents
a promising therapeutic strategy for AKI management. Furthermore,
anti-inflammatory therapies show substantial potential for clinical
development in AKI treatment.

Ononin, a biologically active flavonoid compound derived from
traditional Chinese medicine herbs including Astragali Radix, exhibits
multiple pharmacological activities such as free radicals scavenging,
anti-oxidant, anti-tumor, anti-inflammatory effects as well as
protection against ischemia-reperfusion injury [15]. Experimental
studies have demonstrated that ononin effectively ameliorates
cognitive dysfunction via its anti-inflammatory and antioxidant
properties in Alzheimer’s disease mouse models [16]. Furthermore,
ononin significantly downregulates the expression of TNF-a, IL-1,
and IL-6, thereby attenuating inflammatory responses. Additionally, it
demonstrates anti-apoptotic effects [17]. Recent investigations have
confirmed that ononin effectively inhibits pro-inflammatory cytokine
production and modulates the MAPK signaling pathway [18].
Collectively, these findings indicate that ononin exerts therapeutic
effects on inflammatory diseases. Given that AKI pathogenesis is
largely mediated by inflammatory processes, ononin represents a
promising therapeutic agent for AKI-associated inflammation.

Therefore, the study seeks to elucidate the nephroprotective effects
of ononin against AKI by systematically evaluating its capacity to:
Attenuate pro-inflammatory cytokine storms (IL-1(3/IL-6/TNF-a),
Restore P38 MAPK/ERK signaling homeostasis, Mitigate
histopathological renal damage in established murine AKI models.

Materials and methods

Materials

Veterinary drug. Ononin (purity > 98%, lot number DST231204-044)
was purchased from Chengdu Desite Biotechnology Co., Ltd. (Chengdu,
China). Dexamethasone (lot number D2305301) was purchased from
Xinxiang Changle Pharmaceutical Co., Ltd. (Xinxiang, China).
Doxorubicin (lot number B23031137) was purchased from Aladdin
Scientific Corporation (Shanghai, China).

Main chemical reagents. Commercial assay kits and antibodies were
sourced as follows: NGAL ELISA Kit (BBI Life Sciences Corporation
(Hong Kong, China), Lot D721123), Scr/BUN Detection Kits (Beckman
Coulter, Inc. (Brea, CA, USA), Lots AUZ3562/AUZ3611), Horseradish
peroxidase (HRP)-conjugated secondary antibodies (Abbkine
Biotechnology Co., Ltd. (Wuhan, China), Cat A21010/A21020), MAPK
pathway antibodies (P38/ERK total/phospho-forms, Proteintech
Group, Inc. (Wuhan, China)), Renal injury markers (KIM-1:
Proteintech Group, Inc. (Wuhan, China), 83221-2-RR; NGAL:
Immunoway Biotechnology Company (Nanjing, China) YT7910).
Instruments. The electronic balance was purchased from METTLER
TOLEDO International Inc. (Greifensee, Switzerland). The TGL-16R
refrigerated centrifuge was purchased from Shandong BaiO Medical
Technology Co., Ltd. (Jinan, China). The TGL-16R refrigerated grinder
was purchased from Shanghai Jingxin Industrial Development Co., Ltd.
(Shanghai, China). The Vortex-Genie 2 vortex oscillator was
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purchased from Scientific Industries, Inc. (Bohemia, NY, USA). The
SMB-H thermostatic Metal Dry Bath was purchased from Servicebio
Biotechnology Co., Ltd. (Wuhan, China). The 7500 real-time PCR
instrument was purchased from Thermo Fisher Scientific Inc.
(Waltham, MA, USA). The EP600 electrophoresis power supply, PRO4
mini vertical gel tank, and mini protein transfer system were
purchased from WIX Technology (Beijing) Co., Ltd. (Beijing, China).
The Ultra-micro ultraviolet-visible spectrophotometer was purchased
from Hangzhou Miu Instruments Co., Ltd. (Hangzhou, China).

Network pharmacology and molecular docking
Target screening of ononin. The molecular structure of ononin was
retrieved from PubChem (http://pubchem.ncbi.nlm.nih.gov/). Its

potential therapeutic targets were predicted using
SwissTargetPrediction (http://www.swisstargetprediction.ch;
organism: Homo sapiens) and GeneCards databases

(http://www.genecards.org), followed by data integration and
redundancy removal.

Acquisition of AKI-related targets. The keywords “acute kidney
injury” were used to search for potential targets in the OMIM
(http://www.omim.org/), DisGeNET (http://disgenet.com/) and
GeneCards (http://www.genecards.org; organism: Homo sapiens)
databases.

Screening for potential targets of ononin in the treatment of AKI
and construction of a protein interaction network. Potential
therapeutic targets of ononin were cross-referenced with known
AKl-associated  targets using the Venny 2.1 platform
(https://bioinfogp.cnb.csic.es/tools/venny/index.Html), generating
an intersection set visualized via Venn diagram.

The target list was analyzed using STRING (http://cn.string-db.org/)
to construct a protein-protein interaction (PPI) network, which was
then visualized and topologically analyzed in Cytoscape with the
degree centrality algorithm identifying hub targets.

Enrichment analysis of core targets. Functional enrichment analysis
of overlapping targets was conducted via Metascape
(http://metascape.org/gp/index.html#/main/stepl), with  Gene
Ontology (GO) biological processes and KEGG pathways analyzed
using default parameters. The results were visualized as bar charts and
bubble charts wusing the Micro Life Letter platform
(http://www.bioinformatics.com.cn/).

Enrichment analysis of core targets. The genes of core targets for
the effective ingredients in treating diabetic wounds were imported
into the DAVID database (http://david.ncifcrf.gov). The species was
set to “Homo sapiens,” and GO annotation and KEGG pathway
enrichment analyses were performed. The data were visualized using
a bioinformatics platform.

Molecular docking of core targets. The 3D structure of ononin was
obtained from the PubChem database
(http://pubchem.ncbi.nlm.nih.gov/) using the compound name as the
search keyword.

Key proteins were searched in the PDB database
(http://www.rcsb.org/) and filtered for those with a resolution below
2 A and containing ligands. Molecular docking predictions between
the screened proteins and ononin were performed using the HDOCK
server (http://hdock.phys.hust.edu.cn/). The results were visualized
using PyMOL software to analyze receptor-ligand interactions.

Animal experiment

Animals. Male C57BL/6 mice (18-22 g, 8 week, specific
pathogen-free) were procured from the accredited Laboratory Animal
Center of Hebei University of Chinese Medicine (SYXK 2023-012) and
maintained under SPF conditions. Animals were housed under
constant environmental conditions (22 = 2 °C) and were given ad
libitum access to water and food. All animal procedures strictly
adhered to China’s national guidelines for experimental animal
welfare and were approved by the Institutional Animal Care and Use
Committee (HBZY2023-YS-232-01).

Dose and group design. Fifty C57BL/6 mice were randomly allocated
into five experimental arms (n = 10/group): Untreated Control,
Disease Model (AKI-induced), Ononin treatment (15 mg/kg, low-dose),
Ononin treatment (60 mg/kg, high-dose), Positive Control
(Dexamethasone, DXMS, 2.6 mg/kg). The compound was solubilized
in sterile physiological saline (0.9% w/v NaCl) to achieve the desired
concentration for administration. Ononin groups received daily oral
ononin (15 or 60 mg/kg) for 14 consecutive days, while model
controls were given vehicle (0.9% NaCl). On day 14, dexamethasone
(2.6 mg/kg) was administered intraperitoneally. Adriamycin-induced
AKI (15 mg/kg, i.v.) was initiated 1h post-final treatment in all groups
except naive controls. After 12 h of fasting without water, sampling
was performed on the following day. The experimental time flow
diagram is displayed in Figure 1.

Sampling and kidney index. On day 15 of the experiment, animals
were anesthetized by intraperitoneal administration of 2% sodium
pentobarbital. Blood specimens were obtained via retro-orbital venous
plexus puncture and permitted to coagulate at room temperature for
30 min. Subsequent centrifugation at 3,000 rpm for 15 min (4 °C)
yielded serum, which was aliquoted and preserved at —80 °C until
analysis. After blood collection, quickly sever the cervical spine and
execute the patient. The abdominal cavity was surgically opened
along the midline, and both kidneys were promptly excised. After
gently removing residual blood from the surface with sterile filter
paper, the kidneys were weighed using an analytical balance, and the
weights were recorded. Renal tissues were systematically processed
for diverse analytical approaches: immersion in 4% paraformaldehyde
(PFA) at ambient temperature for histopathological examination,
preservation in 2.5% glutaraldehyde solution for ultrastructural
analysis via electron microscopy, and immediate cryopreservation in
liquid nitrogen followed by storage at —80 °C for molecular studies.
The renal somatic index (RSI) was computed as the percentage ratio of
combined kidney mass (milligrams) to total body weight (grams).
[(Bilateral Kidney Weight / Body Weight) x 100%)].
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Serum biochemical parameter measurement. Concentrations of
NGAL, Scr, and BUN in serum samples were determined through
enzyme-linked immunosorbent assay (ELISA) and conventional
biochemical techniques, in strict accordance with the manufacturer’s
recommended procedures.

Hematoxylin eosin, periodic acid-Schiff and MASSON staining.
Renal specimens were immersed in 4% paraformaldehyde (PFA) and
fixed for 48 h at 4 °C. Following fixation, tissues underwent sequential
dehydration in an ascending ethanol gradient (70%-100%), followed
by xylene clearing and paraffin impregnation. Embedded tissues were
sectioned at 4 pm thickness with a rotary microtome (Leica RM2235).
Sections were subjected to hematoxylin and eosin (HE), periodic
acid-Schiff (PAS), and Masson’s trichrome staining according to
conventional histochemical protocols. Microscopic evaluation was
performed using a Nikon Eclipse E100 brightfield microscope
equipped with a digital camera system for image acquisition and
pathological assessment.

Electron microscopy. The mouse kidney was embedded using an
electron microscopy fixative, and ultrathin sections of 80 nm were
prepared. Ultrathin sections were subjected to dual heavy metal
staining, first with uranyl acetate followed by lead citrate treatment,
to enhance contrast for ultrastructural analysis. Mitochondrial
architecture was then examined using transmission electron
microscopy at appropriate magnifications.

Immunofluorescence. Kidney tissues from different experimental
groups were processed into 4-um thick paraffin sections.
Paraffin-embedded tissue sections underwent sequential processing
beginning with xylene-mediated deparaffination, followed by gradual
rehydration through descending ethanol concentrations (100% to
70%). Antigen epitopes were unmasked through microwave-assisted
heat-induced epitope retrieval (HIER) using sodium citrate buffer (PH
6.0). Non-specific binding sites were blocked with 5% bovine serum
albumin (BSA) prior to overnight incubation with primary antibodies
at 4 °C. Secondary antibody conjugation was performed for 60 min at
room temperature. Between each immunostaining step, sections were
thoroughly washed with PBS-T (0.1% Tween-20 in phosphate-buffered
saline, pH 7.4) in four 5-min cycles. Following nuclear counterstaining,
tissue sections were coverslipped using a fluorescence-preserving
mounting medium supplemented with a photobleaching inhibitor,
with all procedures conducted under light-protected conditions to
prevent fluorophore degradation. Fluorescence microscopy was then
used to observe and capture images of the tissue sections to examine
the fluorescent expression of P-P38 MAPK, P-ERK, NGAL and KIM-1
proteins.

Real-time quantitative PCR. Total RNA was isolated from renal
tissues utilizing a commercial RNA extraction kit. Subsequent cDNA
synthesis was performed via reverse transcription. Gene-specific
primer pairs were custom-designed and commercially synthesized for
quantitative real-time PCR amplification targeting inflammatory
cytokines (IL-1f, IL-6, TNF-a), MAPK pathway components (P38

MAPK, ERK), and renal injury markers (NGAL, KIM-1). Relative mRNA
expression levels were calculated using the comparative 2*“ method,
with primer sequences detailed in Table 1.

Western blot (WB). Tissue specimens were homogenized in RIPA
lysis buffer containing protease inhibitor cocktail. Total protein
content was determined via bicinchoninic acid (BCA) assay. Equal
protein  aliquots (20-50 pg) were resolved by 10%
SDS-polyacrylamide gel electrophoresis under reducing conditions,
followed by electrophoretic transfer to PVDF membranes pre-treated
with methanol. Membranes were blocked with 5% non-fat milk/TBST
for 1 h at room temperature, then probed with primary antibodies
(diluted in blocking buffer) at 4 °C overnight. Following four 6-min
TBST washes, membranes were incubated with HRP-conjugated
secondary antibodies (1:5,000) for 50 min at room temperature. After
repeated washing, protein bands were visualized using enhanced
chemiluminescence (ECL) substrate and quantified with ImageJ
software (NIH).

Statistical analysis

Statistical analyses were performed using GraphPad Prism version
8.0.2 (GraphPad Software, San Diego, CA, USA). Continuous variables
with normal distribution were expressed as mean = standard
deviation (SD) and analyzed by one-way ANOVA with post-hoc testing.
For non-normally distributed data, results were presented as median
with interquartile range (IQR) and evaluated using non-parametric
tests (Mann-Whitney U test for two-group comparisons or
Kruskal-Wallis H test for multiple groups). All experiments included a
minimum of three biological replicates. A two-tailed P-value < 0.05
was considered statistically significant.

Results

Network pharmacology analysis

Through comprehensive bioinformatics analysis employing both
SwissTargetPrediction and GeneCards platforms, we successfully
predicted 36 putative molecular targets associated with ononin.
Furthermore, 10,405 targets associated with AKI were retrieved from
OMIM, DisGeNET, and GeneCards databases.

Bioinformatic analysis employing Venny 2.1 revealed 33 common
targets at the intersection of ononin’s predicted molecular targets and
known AKl-associated genes, suggesting these shared targets may
mediate ononin’s nephroprotective effects (Figure 2A).

The PPI network was constructed using STRING database, resulting
in a network with 30 nodes and 105 edges (Figure 2B). The PPI
network was then analyzed for topological properties using Cytoscape,
ranking the target proteins in the PPI network based on their degree
centrality values (Figure 2C). Based on network topology parameters
(degree, closeness, and betweenness centrality), 13 core targets were
identified: ABL1, IL2, MAPK14 (P38 MAPK), STAT3, TP53, KIT,
VCAM1, TNF, SRC, BRCA1, CA9, PECAM1, and SELE.

Table 1 Primer sequences for target genes in PCR

Oligo name Sequence (5’ to 3’)

GAPDH-M-F ACTCCACTCACGGCAAATTCAAC
GAPDH-M-R ACACCAGTAGACTCCACGACATAC
IL1B3-M-F TCGCAGCAGCACATCAACAAGAG
IL1B-M-R AGGTCCACGGGAAAGACACAGG
IL-6-M-F CTTCTTGGGACTGATGCTGGTGAC
IL-6-M-R AGGTCTGTTGGGAGTGGTATCCTC
TNF-M-F GCCTCTTCTCATTCCTGCTTGTGG
TNF-M-R GTGGTTTGTGAGTGTGAGGGTCTG
P38 MAPK-M-F TGTGATTGGTCTGTTGGATGTGTTC
P38 MAPK-M-R TGGCACTTCACGATGTTGTTCAG
ERK-M-F TGTTCCCAAATGCTGACTCCAAAG
ERK-M-R AGCCTGTTCAACTTCAATCCTCTTG
NGAL-M-F AGGGCTGTCGCTACTGGATCAG
NGAL-M-R CGAACTGGTTGTAGTCCGTGGTG
KIM-1-M-F CCTGCTGCTACTGCTCCTTGTG
KIM-1-M-R CGGAAGGCAACCACGCTTAGAG
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Metascape was used to perform GO functional enrichment analysis
on the common target protein genes identified above, and key
functions ranked at the top were selected to create a histogram. GO
enrichment analysis encompassed three categories: cellular
components, biological processes, and molecular functions (Figure
2D). Biological process analysis revealed significant enrichment in
processes including one-carbon metabolic process (GO: 0006730),
response to xenobiotic stimulus (GO: 0009410), cellular response to
ionizing radiation (GO: 0071478), and inflammatory response (GO:
0006954). Cellular component analysis identified significant
associations with plasma membrane (GO: 0005886), membrane raft
(GO: 0045121), and neuronal cell body (GO: 0043025). Molecular
function analysis demonstrated enrichment in carbonate dehydratase
activity (GO: 0004089), zinc ion binding (GO: 0008270), and SH2
domain binding (GO: 0005070).

KEGG pathway enrichment analysis was conducted using Metascape,
with the most significantly enriched pathways visualized in a bubble
plot (Figure 2E). KEGG pathway analysis suggested that ononin’s
therapeutic effects on AKI might be mediated through multiple
signaling pathways and molecular targets. Bioinformatic pathway
analysis revealed several critical signaling cascades potentially
modulated by the intervention, most notably: the AGE-RAGE axis
implicated in diabetic pathogenesis (KEGG hsa04933), tumor necrosis
factor-mediated inflammatory signaling (hsa04668), T lymphocyte
activation pathways (hsa04660), and the mitogen-activated protein
kinase (MAPK) cascade (hsa04010).

Molecular docking

Molecular docking simulations between ononin and the screened
target proteins were conducted using the HDOCK server. The docking
scores, expressed as binding affinity values (kcal/mol), are
summarized in Table 2.

The docking results demonstrated that mitogen-activated protein
kinase 14 (MAPK14, P38 MAPK) exhibited the highest binding affinity
with ononin, suggesting the strongest molecular interaction. The
molecular interactions between ononin and MAPK14 were visualized
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using PyMOL Molecular Graphics System, illustrating key hydrogen
bonds, hydrophobic interactions, and binding pocket residues (Figure
3).

Among these pathways, the MAPK signaling pathway, known for its
critical role in regulating inflammatory responses, was identified as a
key player in AKI progression. This finding aligns with the
identification of MAPK14 (P38 MAPK) as a core target in our network
pharmacology analysis. Based on the integrated analysis of molecular
docking results, key target predictions, and KEGG pathway
enrichment, we prioritized the MAPK signaling pathway for
experimental validation.

Animal experiment verification
Effect of ononin on renal index and serum biomarkers in AKI
mice. Figure 4A demonstrates a statistically significant elevation in
RSI in AKI-induced animals relative to control cohorts (P < 0.05).
Pharmacological intervention with ononin produced a dose-responsive
suppression of this pathological increase, with both low- and
high-dose regimens showing significant amelioration (P < 0.05).
Biochemical analysis revealed marked elevations in serum NGAL,
Scr, and BUN concentrations in AKI-induced animals relative to
control cohorts (P < 0.05, Figure 4B-4D). Pharmacological
intervention with ononin produced a dose-dependent attenuation of
these renal dysfunction biomarkers, with both treatment regimens
demonstrating statistically significant reductions (P < 0.05).
The effect of ononin on the pathological changes in mouse
kidneys. The results of HE staining are shown in Figure 5A. In the
Control group, renal tissue architecture appeared normal, with intact
glomeruli and well-organized tubular structures. The AKI model group
exhibited significant pathological alterations, including tubular
epithelial cell swelling, marked tubular dilation, and extensive
inflammatory cell infiltration, resulting in disrupted renal architecture.
Compared to the AKI model group, ononin-pretreated mice
demonstrated attenuated renal pathology, characterized by reduced
tubular epithelial cell swelling and necrosis, decreased tubular
luminal space, and diminished inflammatory cell infiltration. PAS


https://orcid.org/0000-0001-8049-5397

ARTICLE

Traditional Medicine Research 2026;11(3):17. http://doi.org/10.53388/TMR20241224001

histochemical analysis (Figure 5B) demonstrated significantly
intensified staining intensity in renal tissues of the AKI model group
relative to controls, indicating enhanced glycoprotein deposition.
Therapeutic intervention with ononin markedly attenuated this
pathological PAS reactivity across all treatment groups. The results of
PAS staining (Figure 5B) showed that the positive PAS reaction was
enhanced in the model group compared with the control group; after
the administration of the intervention, the positive PAS reaction was
weakened in all groups.

Masson’s trichrome staining (Figure 5C) revealed distinct collagen
deposition patterns across experimental groups: Control group kidneys
exhibited negligible blue-stained collagen fibers, Model group

specimens demonstrated extensive interstitial collagen deposition
(blue staining), and therapeutic intervention groups showed
significantly attenuated fibrotic area coverage compared to AKI
models.

The transmission electron microscopy (TEM) results are shown in
Figure 5D. TEM analysis revealed that renal tubular epithelial cells in
the AKI model group exhibited mitochondrial swelling, localized
protrusions, matrix disorganization, cristae fragmentation, and
vacuolization. In contrast, the mitochondria in the Control group,
Ononin-L group, Ononin-H group, and DXMS group maintained
normal morphology without significant ultrastructural abnormalities.

Table 2 Docking score and confidence score

Target Docking score Confidence score
ABL1 —199.06 0.7273
L2 —162.61 0.5627
MAPK14 —204.15 0.7471
STAT3 —172.23 0.6094
TP53 —132.73 0.4145
KIT —164.83 0.5736
TNF —163.26 0.5659
BRCA1 —184.08 0.6641
CA9 —156.84 0.5341
PECAM1 —188.98 0.6856
SELE —200.67 0.7337

Figure 3 Molecular docking of ononin and MAPK14
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Figure 4 Ononin’s effects on renal index and serum levels of NGAL, Scr, and BUN in mice with AKI (n = 3,
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Figure 5 Effect of ononin on AKI induced renal pathological morphology alteration (n = 3). (A) Histopathological assessment of renal tissues
revealed distinct morphological alterations across experimental groups (representative images shown). Key observations included: green arrows
denote swollen renal tubular epithelial cells indicative of cellular edema, blue arrows highlight regions of tubular necrosis characterized by nuclear
pyknosis and loss of cellular architecture, yellow arrows mark significant tubular dilation with luminal expansion, and red arrows identify focal
areas of inflammatory cell infiltration (Scale bar = 50 um); (B) PAS (Scale bar = 100 pm); (C) MASSON (Scale bar = 100 um); (D) Transmission
Electron Microscopy: Red arrows denote pathological mitochondrial alterations characterized by: organelle swelling with disrupted outer
membranes, formation of clear intra-mitochondrial vacuoles, and fragmentation or complete loss of cristae structures (Scale bar = 5 um) (Scale bar
= 2 um). DXMS, Dexamethasone; HE, hematoxylin and eosin; PAS, periodic acid-Schiff; MASSON, Masson’s trichrome; TEM, transmission electron

microscopy; AKI, acute kidney injury.

Immunofluorescence results of P-P38, P-ERK, NGAL and KIM-1
expression in mouse kidney tissues of each group.
Immunofluorescence analysis demonstrated significantly elevated
expression of renal injury biomarkers NGAL and KIM-1 in model
group specimens compared to controls (P < 0.05), with pretreatment
groups exhibiting markedly attenuated fluorescence signals.

These findings confirm both successful AKI induction and
therapeutic efficacy of the intervention. Furthermore, phosphorylated
P38 (P-P38) and ERK (P-ERK) expression was substantially increased
in AKI models relative to baseline levels, while drug pretreatment
significantly suppressed this activation (P < 0.05, Figure 6).

The effect of ononin on the expression of pro-inflammatory
cytokines and P38 MAPK, ERK, NGAL, KIM-1 mRNA in the
kidneys of AKI mice. Quantitative PCR analysis revealed significant
upregulation of inflammatory mediators (IL-1f, IL-6, TNF-a), MAPK
signaling components (P38 MAPK, ERK), and renal injury markers
(NGAL, KIM-1) in AKI model kidneys compared to controls (P < 0.05,
Figure 7A-7G). Therapeutic intervention dose-dependently suppressed
these transcriptional changes, with high-dose treatment
demonstrating the most pronounced reductions in target gene
expression (P < 0.05).

Effect of ononin on renal P38 MAPK, P-P38 MAPK, ERK, P-ERK,
NGAK, KIM-1 protein expression in AKI mice. WB quantification
(Figure 8) demonstrated significant upregulation of
phosphorylated-to-total protein ratios (P-P38/P38 and P-ERK/ERK)
along with elevated NGAL and KIM-1 expression in AKI model kidneys
versus controls (P < 0.05). Therapeutic intervention significantly
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suppressed MAPK pathway activation, with all treatment groups
showing reduced P-P38/P38 and P-ERK/ERK ratios (P < 0.05).
Notably, both Ononin-H and DXMS treatments effectively attenuated
renal injury marker expression (NGAL and KIM-1, P < 0.05).

Discussion

AKl is a clinical syndrome characterized by the accumulation of NGAL,
BUN, and Scr, as well as disturbances in water, electrolyte, and
acid-base balance [19]. Current therapeutic strategies for AKI mainly
include intravenous fluid therapy, colloid therapy, improvement of
renal perfusion, and RRT [20-23]. Ononin, an isoflavonoid compound
isolated from the medicinal herb Astragalus membranaceus, exhibits
potent biological activities including reactive oxygen species
scavenging capacity, suppression of inflammatory mediators, and
inhibition of programmed cell death pathways [24]. Studies have
demonstrated that ononin improves inflammatory responses through
the MAPK signaling pathways, suggesting its potential protective role
in AKI [18, 25]. In this study, doxorubicin-induced AKI was
successfully established via tail vein administration. Biochemical
analyses revealed significant elevations in renal dysfunction markers
(NGAL, BUN, Scr) in model animals compared to controls.
Histopathological examination demonstrated severe tubular injury,
while immunofluorescence and electron microscopy confirmed
structural alterations. Molecular analyses showed: RT-qPCR detected
upregulated pro-inflammatory cytokine expression, Immunoblotting
revealed altered phosphorylation states of P38 MAPK/ERK signaling
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proteins, and Both transcriptional and translational levels of injury renal function in doxorubicin-induced AKI mice and reduce

biomarkers (NGAL, KIM-1) were significantly modulated. After inflammatory responses.

intervention with ononin and DXMS drugs, the aforementioned results Studies have demonstrated that AKI induces a rapid decline in renal

were significantly alleviated, suggesting that ononin can improve function, characterized by tubular and glomerular damage, as well as
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IF staining of P-P38 (red) and DAPI (blue) in kidney tissues (Scale bar = 100 pm) and Representative IF staining of P-ERK (red) and DAPI (blue) in
kidney tissues (Scale bar = 100 um); (B) P-P38, P-ERK; (C) Representative IF staining of NGAL (green), KIM-1 (red) and DAPI (blue) in kidney
tissues (Scale bar = 100 um); (D) NGAL; (E) KIM-1. 'P < 0.05, “P < 0.01 vs. control group; “P < 0.05, **P < 0.01 vs. model group. DXMS,
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mitrial dysfunction [14, 26]. In this experiment, it was found that the
Model group mice exhibited severe tubular injury, characterized by
damage to tubular epithelial cells, tubular dilation, and vacuolar
degeneration. Histopathological evaluation revealed concurrent
necrotic and apoptotic changes in tubular epithelium, accompanied by
pronounced inflammatory cell accumulation within the renal
interstitium. Ultrastructural analysis demonstrated significant
mitochondrial impairment, correlating with upregulated expression of
renal injury biomarkers. These findings indicate that the pathological
changes in the kidneys of the AKI mouse model are consistent with the
results of renal function indicators. After treatment with ononin, both
tubular injury and inflammatory infiltration were significantly
improved.

AKI is primarily driven by inflammatory mechanisms. Previous
investigations have demonstrated that injured renal epithelial cells
initiate a cascade of inflammatory signaling through the secretion of
pro-inflammatory mediators, subsequently recruiting and activating
immune cells [27, 28]. This process culminates in a cytokine storm
marked by elevated IL-1f, IL-6, and TNF-a expression. Our qPCR data
corroborate these findings, showing substantial upregulation of these
inflammatory markers in AKI models. Notably, pharmacological
intervention with ononin effectively attenuated this cytokine
overexpression, confirming its robust anti-inflammatory capacity.

Prior research has established the MAPK cascade as a pivotal
intracellular transduction system that orchestrates inflammatory
signaling pathways [29]. P38 MAPK is a key stress-responsive kinase
that significantly influences inflammatory processes in various cell
types [30, 31]. Upon phosphorylation, P38 MAPK can activate a series
of downstream effector molecules, leading to increased secretion of
pro-inflammatory cytokines , including TNF-a and IL-6. Therefore, the
activation of P38 MAPK is considered an important aspect of acute
inflammatory responses [32, 33]. Additional research has
demonstrated that the MAPK/ERK signaling pathway also modulates
the secretion of inflammatory mediators [34]. Although ERK is
traditionally associated with growth factor-induced cell proliferation
and differentiation, recent studies have revealed its involvement in
inflammatory responses under specific conditions [35]. This study
shows that in AKI, the phosphorylation expression of the P38
MAPK/ERK pathway is elevated, while ononin can effectively inhibit
these changes. These results suggest that ononin can exert
anti-inflammatory and protective effects.

Conclusion

Submit a manuscript: http: //www.tmrjournals.com/tmr

In conclusion, ononin improved renal function and reduced
inflammatory damage in AKI mice, suggesting that ononin may exert
its protective effects against AKI by alleviating inflammatory
responses and modulating the P38 MAPK/ERK signaling pathway.
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