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Objective: This study investigates the targets, pathways, and mechanisms of Schisandrin B (Sch B) in alleviating renal ischemia-
reperfusion injury (RIRI) using RNA sequencing and network pharmacology.

Methods: The effects of Sch B on RIRI were assessed using hematoxylin-eosin (HE) and periodic acid-Schiff (PAS) staining,
along with measurements of blood creatinine and urea nitrogen (BUN). Differential gene expression in mouse models treated
with RIRI and Sch B+RIRI was analyzed through RNA-Seq. Key processes, targets, and pathways were examined using network
pharmacology techniques. The antioxidant capacity of Sch B was evaluated using assays for reactive oxygen species (ROS),
mitochondrial superoxide, and JC-1 membrane potential. Molecular docking was employed to verify the interactions between key
targets and Sch B, and the expression of these targets and pathway was confirmed using qRT-PCR, Western blot, and
immunofluorescence.

Results: Sch B pre-treatment significantly reduced renal pathological damage, inflammatory response, and apoptosis in a mouse RIRI
model. Pathological damage scores dropped from 4.33 + 0.33 in the I/R group to 2.17 + 0.17 and 1.5 + 0.22 in Sch B-treated groups (p
< 0.01). Creatinine and BUN levels were also reduced (from 144.6 + 21.05 pmol/L and 53.51 + 2.34 mg/dL to 50.44 + 5.61 pmol/L
and 17.18 £ 0.96 mg/dL, p < 0.05). Transcriptomic analysis identified four key targets (AKT1, ALB, ACE, CCL5) and the PI3K/AKT
pathway. Experimental validation confirmed Sch B modulated these targets, reducing apoptosis and oxidative stress, and enhancing
renal recovery.

Conclusion: Sch B reduces oxidative stress, inflammation, and apoptosis by modulating key targets such as AKT1, ALB, ACE, and
CCLS, while activating the PI3K/AKT pathway, leading to improved renal recovery in RIRI.
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Introduction

Renal ischemia-reperfusion injury (RIRI) is widely prevalent in clinical practice, particularly in scenarios such as kidney
transplantation, acute kidney damage, and cardiovascular surgeries. The onset of this pathological state involves multiple
complex mechanisms, including oxidative stress, inflammatory responses, and cellular apoptosis,’ which are pivotal
factors. Oxidative stress is a central factor, arising from the overproduction of reactive oxygen species (ROS) during
reperfusion. These ROS damage cellular components, including lipids, proteins, and DNA, which leads to mitochondrial
dysfunction and amplifies cellular injury. In addition, ROS act as signaling molecules, triggering inflammatory responses
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and apoptosis.” Inflammation is another key driver of RIRI, characterized by the activation and infiltration of immune
cells, such as neutrophils and macrophages, into the renal tissue. The ischemic insult prompts the release of pro-
inflammatory cytokines, such as TNF-a, IL-6, and IL-1B, further promoting tissue damage and increasing oxidative
stress. This creates a vicious cycle, where inflammation and oxidative stress exacerbate each other, ultimately contribut-
ing to renal dysfunction.” Furthermore, apoptosis plays a critical role in RIRI, particularly through mitochondrial and
extrinsic pathways. The ischemic phase results in ATP depletion and cellular homeostasis disruption, while reperfusion
triggers apoptotic signaling. Key regulators, including caspases and Bcl-2 family proteins, orchestrate the programmed
cell death of renal tubular epithelial cells, leading to extensive cell loss and functional decline.* RIRI can lead to acute
and chronic graft dysfunction in renal transplant recipients postoperatively, significantly impacting their prognosis.>>
Despite widespread recognition of this issue’s importance, there is currently a lack of definitive and effective treatment
strategies. Therefore, the search for new pharmacological treatments, especially those derived from natural sources, is
particularly critical.

Schisandrin B (Sch B), a major active component derived from the traditional Chinese herbal medicine Schisandra
chinensis, has been demonstrated to possess significant anti-inflammatory and antioxidative effects.®’ It also aids in
enhancing the blood concentration of the immunosuppressant tacrolimus in liver and kidney transplant recipients, which
helps to reduce postoperative complications and improve patient outcomes.®’ Existing research indicates that Sch
B exerts protective effects in treating diseases such as diabetic cardiomyopathy® and acute lung injury'® by alleviating
inflammation, reducing oxidative stress, inhibiting apoptosis, and fibrosis. In studies of cardiac reperfusion injury, Sch
B has been found to regulate mitochondrial glutathione status and membrane permeability.'" Although its protective
effects in various pathological models have been proven, the specific mechanisms and potential targets of Sch B in renal
ischemia-reperfusion injury models require further investigation.

Transcriptomics, a technique that reveals variations in gene expression in specific physiological and pathological
states by analyzing all RNA molecules expressed, lays the foundation for a deeper understanding of disease mechanisms
and the identification of new biomarkers.'> Network pharmacology, a modern pharmacological approach that integrates
systems biology, computational biology, and pharmacoinformatics, reveals the multi-target mechanisms of drugs by
establishing networks between drugs and biomolecules.'® With the vast accumulation of biological data and advances in
analytical technologies, network pharmacology has become an essential tool in drug development, providing scientific
support for personalized medicine and precision treatment.

The ischemia-reperfusion model is a well-established and widely used approach for studying renal injury in
experimental animals. In our study, we induced ischemia for 45 minutes, followed by 24 hours of reperfusion, a protocol
that closely mirrors accepted clinical methodologies. This model is designed to replicate the conditions of renal ischemia-
reperfusion injury seen in clinical settings. Various techniques, such as renal artery clamping, can be employed to induce
ischemia; in our study, we chose the clamping method for its precision in controlling the ischemic duration. Uniquely,
this study is the first to integrate transcriptomic analysis and network pharmacology to systematically explore the
protective effects of Schisandrin B (Sch B) on renal ischemia-reperfusion injury and its underlying molecular mechan-
isms. The ultimate goal of this research is to provide new theoretical foundations and therapeutic strategies for renal
protection, while also advancing the application of natural compounds in the treatment of kidney diseases.

Materials and Methods

Reagents and Antibodies

Sch B (S3600) was purchased from Selleck (Shanghai, China). Antibodies against phospho-AKT (Ser473) (p-AKT,
66444-1-1g), AKT (60203-2-Ig), IL-6 (66,146-1-Ig), and goat anti-rabbit IgG-HRP secondary antibody (SA00001-2)
were provided by Wuhan Proteintech Group, Inc. The CCK-8 assay kit (BS350B) was obtained from Biosharp (Hefei,
China). DCFH-DA probe (MX4827) was purchased from Maokang (Shanghai, China). MitoSOX Red (S0061S), TUNEL
apoptosis assay kit (C1089), and TMRE (C2001S) were sourced from Beyotime Biotechnology (Shanghai, China).
Hematoxylin and eosin (H&E) staining kit (G1120) and PAS staining kit (G1281) were acquired from Solarbio (Beijing,
China).
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Ethical Compliance

All experimental protocols were approved by the Animal Ethics Committee of Lanzhou University Second Hospital
under approval number D2023-413. We strictly followed the Guidelines for the Welfare and Ethics of Laboratory
Animals (Ministry of Science and Technology of the People’s Republic of China) for the management and care of the
laboratory animals. Additionally, we adhered to the ARRIVE guidelines (https://arriveguidelines.org) for the reporting of

in vivo experiments to ensure transparency and reproducibility.

Animal Experiments

In this study, male BALB/c mice provided by the Lanzhou Veterinary Research Institute were housed under controlled
environmental conditions with sterile food and ad libitum access to water. The mice were randomly assigned to four
experimental groups (n=6): Sham operation group (Sham), ischemia-reperfusion group (IR), ischemia-reperfusion with
low-dose Sch B (20 mg*kg/day) group (IR+S20), and ischemia-reperfusion with high-dose Sch B (40 mg*kg/day) group
(IR+S40).° In addition, each repeat was performed as a separate, independent experiment or observation. Mice in the Sch
B treatment groups received the drug via oral gavage for 7 consecutive days, while the Sham and IR groups received an
equivalent volume of corn oil via gavage. Subsequently, all mice, except those in the sham-operated group, underwent
the procedure to establish the bilateral renal ischemia-reperfusion injury model. A 1.5-2 ¢m dorsal incision was made to
expose both kidneys, and bilateral renal ischemia was induced by clamping the renal pedicles for 45 minutes, as indicated
by a color change in the kidneys. After the ischemia period, the clamps were removed to allow reperfusion, and the
incision was sutured. Postoperatively, mice were kept on a heating pad with analgesia provided. After 24 hours of
reperfusion, the mice were euthanized, and the kidneys were harvested for analysis.'*

HE Staining

Tissue samples were first fixed in 4% formaldehyde for 24 hours, followed by dehydration, clearing, and embedding
(n=6). Sections were cut at a thickness of 4 microns. The sections underwent hematoxylin staining for 10 minutes and
eosin staining for 1 minute, followed by dehydration in alcohol, clearing, and mounting. Finally, the slides were analyzed
using an optical microscope.

PAS Staining

Periodic Acid-Schiff (PAS) staining is employed to detect polysaccharides and glycoproteins in tissue samples (n=6).
After fixation and paraffin embedding, the samples underwent oxidation with 1% periodic acid, followed by staining with
Schiff’s reagent to form bright red complexes. The stained samples were then dehydrated and cleared to prepare slides
for microscopic observation.

Blood Creatinine and Urea Nitrogen Measurement

Blood samples from all experimental mice were collected via retro-orbital puncture and immediately stored in sterile
tubes at 4°C. Serum levels of creatinine and urea nitrogen were measured using an automated biochemical analyzer
(Beckman Coulter, AU480, USA)(n=6). Prior to biochemical analysis, all blood samples were centrifuged to separate the
serum or supernatant. Creatinine levels were determined using the modified Jaffé method, which is based on the reaction
of creatinine with picric acid in an alkaline environment to form a red complex. The absorbance of this complex, which is
proportional to the creatinine concentration, was measured at a wavelength of 495 nanometers. Urea nitrogen levels were
determined using the urease method, in which urea is decomposed into carbon dioxide and ammonia by urease. The
ammonia subsequently reacts with a specific reagent to form a colored product measurable at a wavelength of 340
nanometers.

Tissue Immunofluorescence

Immunofluorescence staining techniques were employed to localize and quantify p-AKT and IL-6 proteins in tissue
sections (n=6). Initially, antigen retrieval was performed in citrate buffer, followed by blocking with BSA to reduce
background interference. Subsequently, the sections were incubated overnight with primary antibodies targeting p-AKT
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and IL-6. Afterward, fluorescently labeled secondary antibodies and DAPI staining were applied to mark the cell nuclei.
A fluorescence microscope was used to capture and analyze the images of the samples, allowing for precise detection and
analysis of the expression and localization of these proteins.

Transcriptomic Sequencing

RNA was extracted from renal tissue samples (n=5 per group), stored at —80°C, using Trizol reagent (Invitrogen). RNA
quality and quantity were assessed using a NanoDrop spectrophotometer and Bioanalyzer to ensure RNA integrity (RIN
> 7.0). The sequencing library was constructed with the Illumina TruSeq RNA Sample Preparation Kit (Illumina, San
Diego, CA, USA) following the manufacturer’s instructions, and samples were sequenced on the Illumina HiSeq 4000
platform to generate 150 bp paired-end reads. Quality control of raw sequencing data was performed using FastQC and
Trimmomatic to remove low-quality reads and adapter sequences. Reads were aligned to the human reference genome
(GRCh38) using the HISAT?2 tool, allowing for mismatches and splice junctions. Transcript abundance was quantified,
and differential expression analysis was conducted using DESeq2, with an adjusted P-value < 0.05 (Benjamini-Hochberg
correction) and an absolute log2FoldChange > 1. Functional enrichment analysis of differentially expressed genes was
performed using DAVID and Gene Ontology (GO) annotations to explore the biological processes involved in renal
ischemia-reperfusion injury.

RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from kidney samples using Trizol reagent (n=6). The first-strand cDNA synthesis was carried out
using 2 pg of RNA as the template and the Evo M-MLV RT Kit. For quantitative real-time PCR (qRT-PCR), the CFX96
Real-Time PCR Detection System and SYBR Green Premix were utilized, with B-actin employed as the internal control
to standardize gene expression levels. The specific PCR primers and genes examined are listed in Table 1. The PCR
conditions included an initial denaturation at 95°C for 30 seconds, followed by 50 cycles consisting of a 10-second
denaturation at 95°C and a 30-second annealing phase at 60°C.

|dentification of Sch B and RIRI Targets
To identify potential targets of Sch B, we utilized four online databases: TCMSP (https://tcmspw.com/), CTD, HERB,
and Swiss Target Prediction for preliminary target identification, followed by deduplication of results. For RIRI targets,

we employed the DisGeNET (https://www.disgenet.org/) and GeneCards (https://www.genecards.org/) databases, filter-

ing for entries with scores higher than 2.5. We integrated these targets and converted the data to specific protein IDs and
corresponding gene names using the UniProt database (https://www.uniprot.org/).

GO and KEGG Enrichment Analysis
Using R 4.3.2 software, we performed GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes)

enrichment analysis on transcriptomic differentially expressed genes (TDEGs), intersecting genes related to Sch B and
renal IRI. We prioritized the top 30 KEGG pathways and top 10 GO terms related to Sch B’s role in combating RIRI
based on adjusted P-values (P<0.05). The results were visualized in the form of bar graphs using appropriate R 4.3.2
packages.

Table | Design of Primers for the Genes Involved in the Experiment

Gene | Species Forward Reverse

AKTI | Mus musculus | CCGCCTGATCAAGTTCTCCT | GATGATCCATGCGGGGCTT
ALB Mus musculus | CAGCGGAGCAACTGAAGACT | GGTTTGGACCCTCAGTCGAG
ACE Mus musculus | CCACTGACAGAATGGCTCGT | TGGGTGTAGTACCGGTGTTTG
CCL5 | Mus musculus | ATATGGCTCGGACACCACTC | ACTTGGCGGTTCCTTCGAG
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Network Construction for Sch B Regulation of RIRI
The intersecting genes were uploaded to the STRING database (https://string-db.org) with parameters set to “Homo

sapiens” and a confidence threshold of 0.96 to generate a protein-protein interaction (PPI) network. This network was
then refined using Cytoscape 3.9.1, employing the cytoNCA plugin to pinpoint key hub genes. The results were
subsequently incorporated into a comprehensive “Sch B-Gene-Pathway-RIRI” PPI network, which was informed by
GO and KEGG enrichment analyses. This integrative approach facilitates a deeper understanding of the molecular
interactions and pathways modulated by Sch B in renal ischemia-reperfusion injury, potentially identifying novel
therapeutic targets or mechanisms.

Molecular Docking

Ligand structures were obtained in two-dimensional format from the PubChem database, converted to three-dimensional
models using ChemBio3D Ultra 14.0.0, and subjected to energy minimization using the MMFF94 force field. Core target
proteins associated with identified genes (eg, AKT1, ALB, ACE, CCL5) were retrieved from the UniProt database, and
their 3D structures were downloaded from the RCSB Protein Data Bank (PDB). Receptor proteins were prepared using
PyMol 2.6, with water molecules and co-crystallized ligands removed, and hydrogen atoms were added using
AutoDockTools 1.5.6 to optimize the receptor conformation. The active sites were defined based on known binding
pockets or predicted using CASTp. Molecular docking was performed using AutoDock Vina 1.2.2, with a grid box
centered on the binding pocket. Docking results were evaluated based on binding affinity, with the lowest energy
conformation selected for further analysis. Key interactions, including hydrogen bonds, hydrophobic interactions, and
electrostatic forces, were visualized and analyzed using PyMol to confirm the stability of ligand-receptor interactions.

Cell Culture

The HK-2 cell line, which was purchased from Servicebio (Cat number: STCC10303P), is a human renal epithelial cell
line that resembles the proximal tubular cells of the kidney. The DMEM/F-12 medium (Gibco, C11330500BT, USA) for
culturing the HK-2 Cell Line was enriched with 10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin. The cells were incubated at 37°C under conditions of 5% CO, and 21% O, maintaining a pH of 7.4.

Establishment and Pre-Treatment of Hypoxia/Reoxygenation (HR) Model

To replicate in vivo RIRI, HK-2 cells were subjected to hypoxia-reoxygenation (HR) treatment in vitro. This process
began with exposing the cells to a hypoxic atmosphere of 94% N3, 5% CO,, and 1% O; in a tri-gas incubator, using
a serum-free and glucose-free medium for 12 hours. Reoxygenation was then performed under standard conditions (5%
CO; and 21% O3) for 2 hours, switching to DMEM/F-12 medium containing 10% serum. In the Sch B pre-treatment
group, HK-2 cells were pre-treated with 20 pmol/L Sch B 12 hours before hypoxia, followed by the HR procedure.

Measurement of Intracellular ROS Levels

Intracellular reactive oxygen species (ROS) levels were assessed using the DCFH-DA probe (MKBIO, MX4802-50MG,
China). The cells were incubated with a 5 pmol/L. DCFH-DA solution at 37°C for 30 minutes. Following incubation,
fluorescence was observed and captured using a fluorescence microscope, with an excitation wavelength of 488 nm and
an emission wavelength of 525 nm. The average fluorescence intensity of DCFH-DA was measured and quantified using
ImagelJ software (n=6).

Detection of Mitochondrial Superoxides

To detect the production of reactive oxygen species (ROS) in mitochondria, the MitoSOX Red reagent kit (Beyotime,
S0061S, China) was used. Cells grown in 6-well plates had their culture medium removed and were rinsed once with
phosphate-buffered saline (PBS) to eliminate any residual media and metabolic by-products that might interfere with the
staining process. Subsequently, 1 mL of MitoSOX Red staining solution was added to each well, followed by a 30-
minute incubation at 37°C. After incubation, the cells were washed twice with PBS. Then, 2 mL of PBS was added to
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each well, and mitochondrial superoxides were visualized using a Zeiss LSM880 confocal microscope with the CY3
channel. The fluorescence intensity of mitochondrial superoxides was analyzed and quantified using Imagel soft-
ware (n=6).

Measurement of Mitochondrial Membrane Potential

The JC-1 Mitochondrial Membrane Potential Assay Kit was employed to measure alterations in the mitochondrial
membrane potential of HK-2 cells following hypoxia/reoxygenation treatment. After removing the culture medium, the
cells were washed once with PBS. Subsequently, 1 mL of JC-1 working solution was added to each dish, and the cells
were incubated for 30 minutes to allow the dye to accumulate in the mitochondria. The variations in mitochondrial
membrane potential were visualized using a Zeiss LSM880 confocal microscope equipped with a 60x1.3 NA oil
immersion lens. Fluorescence signals were detected through the A546 and A488 channels. The acquired images were
analyzed and quantified with ImageJ software to assess the mitochondrial membrane potential changes (n=6).

Measurement of Cell Apoptosis

The apoptosis in HK-2 cells was evaluated using a TUNEL Apoptosis Assay Kit (Beyotime, C1090, China). Cells
(3x10"6) were plated on 25mm coverslips coated with poly-L-lysine and allowed to culture for 24 hours prior to HR
treatment. Both control and HR-exposed cells were fixed in 4% paraformaldehyde and permeabilized with 0.3% Triton
X-100 for 10 minutes. The cells were then incubated with the TUNEL reaction mixture at 37°C in the dark for
60 minutes. Following incubation, the cells were rinsed twice with PBS, stained with DAPI in the dark for 10 minutes,
washed again twice with PBS, and subsequently observed under a fluorescence microscope using the Cy3 channel (n=6).

Western Blotting

Proteins were isolated from HK-2 cells using RIPA (Solarbio, R0010, China) buffer supplemented with protease and
phosphatase inhibitors. The protein concentrations were determined with a BCA assay kit. Samples containing 30 pg of
protein were separated by SDS-PAGE on 10% or 15% gels, depending on protein size, and subsequently transferred to
PVDF membranes (Beyotime, FFP20, China). The membranes were blocked with 5% non-fat milk in TBST for 1 hour,
followed by overnight incubation with primary antibodies. After washing with TBST, the membranes were incubated
with secondary antibodies at room temperature for 1 hour. Detection was performed using an ECL system, and the
protein band intensities were quantified with Imagel software.

Statistical Analysis

Data were expressed as mean + standard deviation. Comparisons between groups were conducted using one-way
ANOVA followed by Dunnett’s multiple comparison test. Statistical analysis was performed using GraphPad Prism
10.1 software, with a p-value of less than 0.05 considered statistically significant.

Results
Sch B Pre-treatment Reduces Pathological Damage, Inflammatory Response, and

Apoptosis in Mouse Kidneys Post-Ischemia Reperfusion

To explore the effects of Sch B on RIRI, we employed a series of techniques including HE, PAS staining, creatinine and
urea nitrogen measurements, immunofluorescence, and TUNEL staining to validate the action of Sch B. As shown in
Figure 1A, kidneys from mice subjected to IR modeling exhibited significant pathological damage, including thinning
and necrosis of renal tubular epithelial cells, loss of the brush border, and formation of tubular casts, accompanied by
inflammatory cell infiltration. The extent of these damages was reduced in a concentration-dependent manner with Sch
B pre-treatment. Figure 1B illustrates the pathological damage scores across the Sham, IR, IR+S10, and IR+S20 groups
(Sham: 0.5 = 0.22, IR: 4.33 £ 0.33, IR+S10: 2.17 £ 0.17, IR+S20: 1.5 £ 0.22, p < 0.01 for both comparisons with the IR
group), confirming a reduction in damage severity with Sch B treatment. In terms of renal function, plasma creatinine and
urea nitrogen (BUN) levels were significantly elevated in the IR group (Creatinine: 144.6 + 21.05 pmol/L, BUN: 53.51 +
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Figure | Schisandrin B pretreatment reduces pathological damage, inflammatory response, and apoptosis levels in mouse kidneys after ischemia-reperfusion (IR). (A) H&E
and PAS staining of kidney tissues. (B) Pathological damage scores across Sham, IR, IR+S10, and IR+S20 groups (n = 6). (C) Plasma creatinine levels (n = 6). (D) Plasma urea
nitrogen levels (n = 6). (E) IL-6 expression and TUNEL-positive cell analysis (n = 6). Data are presented as mean * SEM; significance is denoted as *p < 0.05, **p < 0.01, ***p
< 0.001, ¥*kp < 0.0001. The analysis was performed using Image] (n = 6).
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2.34 mg/dL) compared to the Sham group (Creatinine: 28.26 + 4.53 umol/L, BUN: 8.67 £ 0.51 mg/dL, p < 0.001 for
both). In the IR+S10 and IR+S20 groups, these levels significantly decreased, indicating a recovery of renal function
(Creatinine in IR+S10: 66.29 = 11.86 umol/L, IR+S20: 50.44 + 5.61 pmol/L; BUN in IR+S10: 20.55 + 1.42 mg/dL, IR
+S20: 17.18 £ 0.96 mg/dL, p < 0.05 for both groups compared to the IR group). Post-IR, the expression levels of IL-6 in
the kidneys were significantly elevated, indicating enhanced inflammatory response. Concurrently, the number of
TUNEL-positive cells increased significantly, indicating heightened apoptosis. In the IR+S10 and IR+S20 groups, both
IL-6 expression levels and the number of TUNEL-positive cells showed a dose-dependent reduction (See Figure 1E),
indicating that Sch B pre-treatment reduced renal inflammation and apoptosis levels.

Transcriptomic and Network Pharmacological Analysis of Sch B Treatment on RIRI
Transcriptomic sequencing was performed on the kidneys of mice from the IR+S20 and IR groups, and analysis of the
transcriptomic data matrix identified 1842 differentially expressed genes (DEGs). Heatmaps and volcano plots in
Figure 2A and B display the distribution of these DEGs. A total of 442 potential targets of Sch B were identified
from TCMSP, CTD, HERB, and Swiss Target Prediction after deduplication. Additionally, 2416 potential targets for
RIRI were identified and deduplicated from DisGeNET and GeneCards. As shown in Figure 2C, a Venn diagram
constructed using online platforms revealed 22 intersecting targets among DEGs, Sch B, and RIRI. Figure 2D illustrates
a protein-protein interaction (PPI) map between the 22 intersecting targets.

GO enrichment of the 22 intersecting targets resulted in 832 biological processes (BPs), with the top ten including
positive regulation of kinase activity, response to oxygen levels, and protein autophosphorylation (Figure 2E). A total of
21 cellular components (CCs) were enriched, with the top ten including blood microparticles, collagen-containing
extracellular matrix, and peroxisomes. Additionally, 64 molecular functions were enriched, with the top ten including
oxidoreductase activity acting on CH-NH2 group donors with oxygen as the acceptor. KEGG pathway enrichment results
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Figure 2 Transcriptomic and Network Pharmacology Analysis of Schisandrin B Treatment for Renal Ischemia-Reperfusion Injury (RIRI). (A) Volcano plot illustrating DEGs.
(B) Heatmap showing differential gene expression. (C) Venn diagram depicting intersecting targets. (D) Protein-Protein Interaction (PPl) Maps. (E) GO enrichment for
cellular components (CC). (F) KEGG pathway enrichment analysis.
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depicted in Figure 2F highlighted 30 potential pathways, with the most significantly enriched including the PI3K-Akt
signaling pathway and the Rap1 signaling pathway.

Selection of Key Targets and Construction of a Drug-Target-Pathway-Function

Enrichment-Disease Network

The PPI network identified 22 nodes and 110 edges, ultimately pinpointing four key targets: AKT1, ALB, ACE, and
CCL5, as shown in Figure 3A. Nodes filled in red indicate strong interactions within the network, highlighting the
significant roles of these targets among the intersecting targets. Additionally, the targets, pathways, and function
enrichments of Sch B and RIRI were visualized in the form of a drug-target-pathway-function enrichment-disease
network, as seen in Figure 3B.

Molecular Docking of Sch B with Key Targets

As shown in Figure 4, molecular docking of Sch B with four key targets (AKT1, ALB, ACE, and CCL5) revealed strong
binding affinities. Sch B exhibited the highest affinity for AKT1 with a binding energy of —8.79 kcal/mol, followed by
ALB at —7.962 kcal/mol and ACE at —7.564 kcal/mol. The interaction with CCL5 showed a lower binding affinity of
—5.39 kcal/mol. In all cases, Sch B formed two or more hydrogen bonds, with RMSD values of 0.00 A in the best
docking modes, indicating stable interactions.

Sch B Reduces Oxidative Stress and Apoptosis in HK-2 Cells Post-HR

Based on the results from transcriptomic and network pharmacological analysis, we validated the antioxidative capability
of Sch B in HK-2 cells post-HR. Figure 5A shows that DCFH-DA fluorescence indicated elevated ROS levels in HK-2
cells post-HR, suggesting increased intracellular oxidative stress, while Sch B pre-treatment reduced this manifestation.
The detection of mitochondrial superoxides suggested that levels were elevated in the HR group, while Sch B treatment
reduced these levels, indicating decreased oxidative stress (Figure 5B). Additionally, Figure 5C shows an increase in
TUNEL-positive cells in the HR group, indicating higher levels of DNA fragmentation and increased apoptosis. The
number of TUNEL-positive cells was reduced in the HR+S20 group compared to the HR group, suggesting decreased
apoptosis levels. Figure 5D shows that post-HR model establishment, the HR group had reduced levels of JC-1
aggregates and increased levels of JC-1 monomers, indicating loss of mitochondrial membrane potential. Pre-treatment
with Sch B ameliorated this trend.
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Figure 3 Selection of Key Targets and Establishment of Drug-Target-Pathway-Functional Enrichment-Disease Networks. (A) Protein-protein interaction (PPI) network
highlighting key targets. (B) Integrated network of drug-target-pathway-function-disease associations.
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Figure 4 Molecular Docking of Schisandrin B with Key Targets. (A) Molecular docking of Sch B with AKT . (B) Molecular docking of Sch B with ALB. (C) Molecular docking
of Sch B with ACE. (D) Molecular docking of Sch B with CCL5.
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Figure 5 Schisandrin B reduces oxidative stress and apoptosis levels in HK-2 cells after hypoxia-reoxygenation (HR). (A) Detection of ROS using DCFH-DA fluorescence (n = 6). (B)
MitoSOX staining for mitochondrial superoxide levels (n = 6). (C) TUNEL assay for apoptotic cell detection (n = 6). (D) JC- assay for mitochondrial membrane potential analysis (n = 6).

Sch B Regulates RIRI Through Control of AKT I, ALB, ACE, CCL5, and the PI3K/AKT

Pathway
To verify the consistency of the predicted potential targets and key pathways of Sch B in treating RIRI, we conducted
validations using renal tissues from mice with the IRI model and HK-2 cell lines subjected to the hypoxia-reoxygenation
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(HR) model. As shown in Figures 6A-D, the mRNA expression levels of AKT1, ALB, and CCL5 were significantly
decreased in the kidneys of the I/R group compared to the sham group. Specifically, AKT1 expression was reduced by 54.7%
(from 1.000 to 0.4533 £ 0.09757, p<0.001), ALB by 48.4% (from 1.000 to 0.5163 + 0.06788, p<0.001), and CCL5 by 67.3%
(from 1.000 to 0.3270 + 0.03372, p<0.001). However, in the Sch B pre-treatment groups, these markers showed varying
degrees of recovery. In the IR + S10 group, AKT1 increased to 0.6773 £ 0.09510 (p<0.05), ALB to 0.6483 + 0.05378
(p<0.05), and CCLS5 to 0.6657 + 0.05750 (p<0.05). In the IR + S20 group, AKT1 increased to 0.8433 + 0.07396 (p<0.01),
ALB to 0.7753 £ 0.1128 (p<0.01), and CCLS5 to 0.9217 + 0.06982 (p<0.01). In contrast, the expression pattern of ACE was
opposite to that of the other three molecules. In the I/R group, ACE mRNA levels were elevated by 106.7% (from 1.000 to
2.067 £ 0.08556, p<0.001), but were reduced in the Sch B pre-treatment groups to 1.685 & 0.07826 (p<0.05) in the IR + S10
group and 1.536 + 0.04140 (p<0.05) in the IR + S20 group. Phosphorylation of AKT protein largely represents the activation
of the PI3K/AKT pathway. Figure 6E, displaying results from immunofluorescence slices of animal tissues, indicates that the
phosphorylation level of AKT protein was significantly reduced in the IR group. With graded application of Sch B, the
phosphorylation levels gradually increased. This phenomenon was also observed in the HK-2 cell line post-HR through
Western blot analysis: Sch B was able to restore the decrease in intracellular AKT phosphorylation levels brought about by
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Figure 6 Schisandrin B can regulate renal ischemia-reperfusion injury (RIRI) through modulation of AKTI, ALB, ACE, CCLS5, and the PI3K/AKT pathway. (A) mRNA
expression of AKT1 (n = 6). (B) mRNA expression of ALB (n = 6). (C) mRNA expression of CCL5 (n = 6). (D) mRNA expression of ACE (n = 6). (E) Immunofluorescence
analysis of p-AKT in kidney tissues (n = 6). (F) Western blot analysis of p-AKT in HK-2 cells. Data are presented as mean + SEM; significance is denoted as *p < 0.05, **p <
0.01, ¥**p < 0.001, **¥p < 0.0001. The analysis was performed using Image] (n = 6).
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Figure 7 A flowchart illustrating the exploration of key targets and mechanisms of Schisandrin B in protecting against renal ischemia-reperfusion injury through
transcriptomics and network pharmacology.

HR (Figure 6F). These results confirm that Sch B indeed regulates AKT1, ALB, ACE, and CCL5 in RIRI, and participates in
the activation of the PI3K/AKT pathway during the IRI process. Figure 7 presents a schematic diagram illustrating the
workflow of investigating the key targets and mechanisms by which Sch B protects the kidneys from ischemia-reperfusion
injury through transcriptomics and network pharmacology studies.

Discussion

Previous studies have demonstrated the protective role of Sch B in various organ ischemia-reperfusion injuries.'""'*> This
study is the first to explore the potential targets and pathways of Sch B against RIRI using transcriptomics combined with
network pharmacology, and to further verify the analytical results through in vivo and in vitro experiments. This research
presents the following findings: (i) In vivo experiments showed that Sch B pre-treatment alleviated pathological damage
and inflammatory responses in RIRI, partially restoring renal function; (ii) Transcriptomic sequencing and network
pharmacological enrichment analysis revealed that Sch B primarily interacts with protein phosphorylation and redox
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reactions; (iii) Transcriptomic and network pharmacological screening identified four key targets of Sch B action: AKTI,
ALB, ACE, CCLS5, and a key pathway: the PI3K/AKT pathway; (iv) Sch B reduced oxidative stress damage in HK-2
cells post-HR; (v) Further in vivo and in vitro experiments confirmed the expression of key targets and pathways. These
results highlight Sch B’s renal protective and therapeutic effects and its molecular mechanisms in RIRI.

The RIRI model is one of the most extensively used experimental approaches for studying AKI. Regarding the
duration of ischemia and reperfusion in mouse models of RIRI, there is considerable variation across studies. However,
elevated levels of injury markers such as serum creatinine and BUN have consistently been observed. In a study on
exosomal miR-125b-5p’s role in alleviating RIRI, it was noted that clamping the renal pedicles for 30 minutes in mice
induced bilateral I/R injury.'® In contrast, Carlstrom et al'” set the clamping time for bilateral renal pedicles at 20 minutes
in their study. A more common and widely used model involves clamping the bilateral renal pedicles for 45 minutes,
followed by 24 hours of reperfusion, as mentioned in the methodologies of Chu et al'* and Hu et al.'® Additionally, Kar

et al,!%20

in their study on the effects and mechanisms of curcumin and boric acid on RIRI, also demonstrated that
45 minutes of ischemia followed by 24 hours of reperfusion is an optimal application time for this model. Consistent with
the model’s importance, we adopted a well-established ischemia duration of 45 minutes followed by reperfusion for
24 hours. This protocol allowed us to simulate clinically relevant scenarios of ischemic damage and post-reperfusion
inflammation.

Sch B’s protective effects on various organ ischemia-reperfusion injuries include anti-apoptosis, anti-oxidative stress,
anti-mitochondrial dysfunction, and anti-inflammatory responses. Zhang et al?' found that Sch B pre-treatment could
attenuate the expression levels of ER stress-related proteins such as CHOP, ATF6, and PERK, thereby reducing ER
stress-associated apoptotic responses and providing protection against cardiac IRI. Our study indicates that Sch B reduces
renal pathological damage, lowers plasma creatinine and urea nitrogen levels, and decreases levels of the inflammatory

cytokine IL-6 and apoptosis. Zhu et al*?

showed that Sch B treatment in rats alleviated pathological damage in the lower
limbs, with reduced expression of TNF-a and IL-1p, thereby lessening the severity of the inflammatory response.

Transcriptomic sequencing and network pharmacology comprehensively collect and analyze relevant targets, with
combined application enhancing the accuracy and practicality of predictions. Based on transcriptomic and network
pharmacological enrichment analysis, we predicted that Sch B mainly participates in redox reactions and protein
autophosphorylation. During the IR process, mitochondria are the primary site for ROS production.”® Studies have
shown that excessive production of reactive oxygen species can increase renal tubular epithelial cell IR injury.
Mitochondrial ROS can decrease mitochondrial membrane potential, inducing pro-apoptotic factors such as
Cytochrome C to leak from the mitochondria into the cytosol, activating caspase-3 and promoting mitochondrial
apoptosis. The damage to mitochondrial function, in turn, promotes ROS production, further exacerbating mitochondrial
damage. Therefore, in our in vitro experiments, we measured the levels of intracellular reactive oxygen and mitochon-
drial superoxides to assess the cellular oxidative stress level. Results showed that Sch B reduced oxidative stress damage
in HK-2 cells during HR. Consistent with our findings, Sch B, as a traditional antioxidant, effectively reduced liver
damage caused by carbon tetrachloride®® and oxidative stress imbalance induced by cisplatin.**

In addition, based on transcriptomics and network pharmacology, we identified four key targets for Sch B against
RIRI: AKTI1, ALB, ACE, and CCL5. AKT1 is a molecular subtype of the AKT protein, which regulates various cellular
functions, including proliferation, survival, metabolism, and angiogenesis, in both normal and malignant cells. Previous
studies have demonstrated that enhanced expression of mitochondrial AKT1 in renal tubular epithelial cells can protect
the kidney from IRI and reduce the progression from AKI to renal fibrosis.>> Our study suggests that the protective
effects of Sch B against RIRI are related to the expression of AKT1. We observed upregulated AKT1 expression in the
Sch B treatment group, indicating a potentially important mechanism of action. ALB encodes albumin, the most
abundant protein in human blood, which serves as an effective antioxidant and has been shown to provide organ
protection in cerebral ischemia-reperfusion injury.”® ALB reduces neuronal apoptosis following cerebral hemorrhage
through the ERK/Nrf2/HO-1 signaling pathway.?’ In this study, the transcriptional level of albumin was upregulated,
indicating enhanced antioxidant and anti-apoptotic effects. In a rat model of renal ischemia-reperfusion, activation of
renin-angiotensin system (RAS) components, such as ACE, AT1R, AT2R, and Ang II, was significantly elevated in
plasma. Treatment with ACE inhibitors alleviated renal pathological damage and partially restored renal function.”® Our
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study confirmed that ACE transcription levels increased during RIRI, whereas pretreatment with Sch B reduced ACE
expression levels. CCL5 is a small chemokine involved in immune regulation and inflammatory responses. The role and
expression of CCLS5 during organ ischemia-reperfusion injury are controversial. In cardiac IRI, Vincent Braunersreuther

et al?®

identified CCLS5 as a detrimental factor that enhances cardiac inflammatory responses. Notably, the use of CCL5/
RANTES antagonists reduced infarct size and serum troponin I levels. However, the study also noted that mice lacking
the CCL5/RANTES receptor CCRS5 did not exhibit myocardial salvage functions. A study exploring the effects of natural
sphingolipid N,N-dimethylsphingosine (DMS) on alleviating renal injury suggested that DMS exerts its protective effects
by increasing the expression of chemokines CXCL9, CCLS5, and CXCL10, thereby recruiting Treg cells to inflammatory
sites for anti-inflammatory action.’® Our study indicated that CCL5 expression significantly decreased in the IR group,
while its expression was restored in the Sch B treatment group. This suggests that Sch B may directly or indirectly
modulate immune cells to mitigate inflammatory responses. However, the specific mechanisms involved require further
investigation.

Sch B has been demonstrated to mitigate cisplatin-induced apoptosis in renal cells via the PI3K/AKT signalling
pathway and the downstream cysteine asparaginase signalling pathway.>* However, there have been no studies on the
signaling pathways through which Sch B exerts its effects in RIRI. Based on transcriptomic and network pharmacolo-
gical analyses, along with in vitro validation, we preliminarily identified the PI3K/AKT signaling pathway as a key
mechanism through which Sch B exerts its protective effects. Furthermore, recent research has shown that many drugs
can activate the PI3K/AKT pathway to protect against RIRI, such as gastrin,®’ curcumin,®” and fibroblast growth factor
2.3 Our study, for the first time, suggests that Sch B may exert organ-protective effects by activating the PI3K/AKT
pathway, with potential key targets including AKT1, ALB, ACE, and CCL5.

The limitations of this study include: (i) only a simple experimental validation of the transcriptomic and network
pharmacological analysis results was performed, without an in-depth exploration of the mechanisms involved; (ii) our
research lacks support from clinical data. These limitations will guide our future work.

Conclusion

This study is the first to reveal the protective mechanisms of Sch B against RIRI from the perspectives of transcriptomics
and network pharmacology. The results demonstrate that Sch B effectively reduces oxidative stress, inflammatory
responses, and apoptosis, thereby significantly improving renal function. This effect is achieved by regulating key targets
such as AKT1, ALB, ACE, and CCLS5, and activating the PI3K/AKT signaling pathway. These findings provide crucial
molecular evidence for the therapeutic potential of Sch B as a renal protective agent. They open the door for future
research into its clinical applications, particularly in the development of targeted therapies for renal injury. Further
studies, including preclinical and clinical trials, will be essential to confirm its efficacy and safety in humans, thus
facilitating its progression toward clinical use.
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