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Objective: This study aimed to elucidate the molecular mechanisms of berberine (BBR) in ameliorating diabetic kidney disease
(DKD), focusing on its regulatory effects on the renal immune microenvironment and macrophage polarization.

Methods: We first employed a network pharmacology approach, integrating public transcriptomic data with drug target databases, to
predict the core pathways and immune regulatory mechanisms of BBR in DKD. To experimentally validate these in silico predictions,
we assessed the effects of BBR on apoptosis, fibrosis, and inflammation in a high-glucose-induced renal tubular epithelial cell (NRK-
52E) model. Finally, a DKD rat model was established to confirm the therapeutic efficacy in vivo and to mechanistically investigate
BBR’s impact on renal macrophage polarization and the key signaling proteins of the predicted pathway.

Results: Network pharmacology and transcriptomic analysis identified 55 core genes of BBR in DKD, enriched in apoptosis,
metabolism, oxidative stress, and inflammation, with immune infiltration implicating T cells, B cells, and macrophage subsets. In
vitro, BBR enhanced viability of high-glucose—injured NRK-52E cells, suppressed apoptosis and fibrosis markers, and reduced IL-6,
IL-17A, and TNF-a levels. In vivo, BBR reduced hyperglycemia, preserved renal function, attenuated fibrosis, and rebalanced
macrophage polarization by inhibiting M1 while promoting M2 phenotypes. Mechanistically, these effects were associated with
downregulation of the IL17A/TRAF6/MAPK14 pathway.

Conclusion: Berberine alleviates diabetic kidney disease by regulating macrophage polarization via inhibition of the IL17A/TRAF6/
MAPK14 signaling pathway, underscoring its therapeutic potential as an anti-inflammatory and anti-fibrotic agent.
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Introduction

Diabetic Kidney Disease (DKD), a major chronic complication of diabetes, is a leading cause of End-Stage Renal
Disease (ESRD) globally.' It features proteinuria, glomerulosclerosis, and progressive kidney dysfunction. With the
growing prevalence of type 2 diabetes and aging-related comorbidities such as vascular lesions, insulin resistance, and
obesity, DKD poses an increasing threat to public health and a substantial socioeconomic burden.” Despite the wide-
spread clinical application of first-line therapeutic regimens, including intensive management of blood glucose, lipids,
and blood pressure along with renin-angiotensin system inhibitors (RASI), the risk of Diabetic Kidney Disease (DKD)
progression remains uncontrolled.>* This is primarily attributable to the complexity of its pathogenic mechanisms.
Consequently, building upon existing treatments, in-depth exploration and targeting of these potential, non-canonical
pathogenic mechanisms are crucial for developing novel therapeutic strategies capable of providing additional renal

protection.
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Coptis chinensis Franch, known as Rhizoma Coptidis in traditional Chinese medicine, is traditionally used for
“Xiaoke” (diabetes) treatments, as documented in the Compendium of Materia Medica. Berberine (BBR), a primary
bioactive isoquinoline alkaloid, demonstrates a range of pharmacological properties, such as improving metabolic
disorders (eg, hypoglycemic and lipid-regulating effects), anti-inflammatory, anti-fibrotic, and immunomodulatory
activities.”'° Given its natural origin and favorable safety profile, BBR has emerged as a promising therapeutic candidate
for a spectrum of conditions, including metabolic syndrome, diabetes, cardiovascular and renal diseases, and even
cancer.” "' Both clinical and experimental researches suggest that BBR improves glucose and lipid metabolism, reduces
proteinuria, and alleviates renal inflammation and fibrosis in DKD.'® Given that chronic low-grade inflammation
triggered by immune cell infiltration is a central hallmark of DKD pathogenesis,'? the potent anti-inflammatory and
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immunoregulatory properties of BBR highlight its potential as an attractive therapeutic strategy targeting the immune
component'® of this disease.

Macrophages are abundant innate immune cells in renal tissue and and pivotal mediators of DKD-related inflamma-
tion and fibrosis.'* The balance between M1 macrophages that contribute to inflammation and kidney damage, and M2
macrophages that assist in tissue repair, plays a vital role in determining the disease outcome.'>'* Although previous
studies have established that BBR inhibits M1 polarization in othercontexts, its precise role in regulating macrophage
phenotype within the unique metabolic and inflammatory milieu of DKD remains largely undefined.?° Crucially, the key
upstream signaling pathways that mediate BBR’s potential effects on macrophage polarization in this disease are yet to
be identified.

To address this knowledge gap, our study integrates comprehensive bioinformatic analyses with experimental
validation. By leveraging public transcriptomic data and combining it with in vitro and in vivo models, we aimed to
systematically uncover the mechanisms of BBR in DKD. We hypothesize that BBR alleviates DKD by rebalancing
macrophage polarization, and we sought to identify and validate the core signaling cascade—specifically the IL17A/
TRAF6/MAPK 14 pathway—that governs this process.

Methods

Bioinformatics Analysis

Acquisition of Drug Target Gene Datasets

The molecular structure, standard SMILES notation, and CAS number of BBR were retrieved from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov/). Potential drug-related targets (DRTs) were obtained from TCMSP (http://

temspw.com/tcmsp.php), SwissTargetPrediction (http://www.swisstargetprediction.ch/), CTD (http://ctdbase.org/), and
STITCH (http://stitch.embl.de). All target genes were standardized using the UniProt database (http://www.uniprot.
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org). The “venn” package in R software (4.2.1) was employed to find common targets across multiple databases.
Functional enrichment analysis of the differentially regulated transcripts (DRTs) was performed for both Gene
Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways utilizing the

“clusterProfiler” and “org.Hs.egdb” packages in R.

Identification of Differentially Expressed Genes (DEGs) in DKD

Gene expression profiles from 27 renal biopsy samples of DKD patients and 9 normal renal biopsy samples were
obtained from the GSE142025 dataset in the GEO database.”’ The raw dataset underwent rigorous preprocessing and
normalization prior to conducting differential expression analysis via the limma package in R. Genes were classified as
significantly differentially expressed if they showed an absolute log2(Fold Change) greater than 1 and a p-value less than
0.05. Heatmaps and volcano plots were created with the pheatmap and ggplot2 packages, respectively, while ridge plots
of the top 20 DEGs were created using the RidgePlot function. To pinpoint the biological processes and pathways that
showed significant enrichment, we employed the clusterProfiler package for gene set enrichment analysis. In this
analysis, we considered findings statistically meaningful when they exhibited an absolute normalized enrichment score
exceeding 1 and achieved a nominal p-value below 0.05.

Weighted Gene Co-Expression Network Analysis (WGCNA)

From the GSE142025 dataset, the 5000 genes exhibiting the highest variance were selected to develop a gene co-
expression network using R’s WGCNA package. Samples were grouped by expression profiles, with Pearson correlation
coefficients computed for all gene pairs. A soft-thresholding power was determined by performing gradient testing across
power values (range: 1-30) to achieve a scale-free topology fit index of >0.90. Subsequently, a hierarchical clustering
algorithm was applied to identify co-expression modules. Genes exhibiting strong module membership (MM > 0.8) and
significant gene relevance (GS > 0.25) were classified as hub genes. Genes present in both the significant WGCNA
modules and the DEG list were considered key DKD-related target genes. DAVID (version 7.0) was utilized for GO and
KEGG analyses of these pivotal genes, applying a p-value cutoff of <0.05 for significance.
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Construction of Protein-Protein Interaction (PPl) Networks
A protein-protein interaction (PPI) network was mapped by leveraging the STRING database (https://cn.string-db.org/) to

analyze the overlapping genes between WGCNA modules and DEGs. This network was then imported into Cytoscape
software for visualization and cluster analysis using the MCODE plugin. The highest-scoring cluster was designated as
the key gene module, followed by GO and KEGG enrichment analyses targeting its constituent genes.

Identification of Differentially Expressed Key Cluster Genes in DKD versus Normal Tissues

The expression patterns of genes within the key cluster were analyzed in the GSE142025 dataset using the limma
package in R. We performed a receiver operating characteristic (ROC) curve analysis to assess the diagnostic value, and
the area under the curve (AUC) was computed as a quantitative measure of performance. Genes with an AUC > 0.80 and
p < 0.05%% were identified as core genes capable of effectively distinguishing DKD from controls, indicating strong
specificity and sensitivity.

Immune Cell Infiltration Analysis

The “CIBERSORT” package in R was employed to estimate the relative proportions of infiltrating immune cells.
Spearman correlation was calculated to determine the associations between immune cell types, with the findings depicted
through heatmap imagery. Immune cell infiltration differences between DKD and control groups were assessed via

Wilcoxon test, with significance determined at p < 0.05.

Molecular Docking

Protein structures were preprocessed using PyMol 2.5.2 by adding hydrogen atoms and removing water and ligand
molecules. Docking grids were defined to encapsulate the active site of the target proteins. The ADFRsuite 1.0 was used
to convert the PDB structures of small molecules and receptor proteins into PDBQT format. The conformation with the
highest predicted affinity was identified as the most accurate model and subsequently visualized using PyMol 2.5.2 for
structural analysis.

In vitro Experiments

Cell Culture and Viability Analysis

NRK-52E cells (Guangzhou Cellcook Biotech Co., Ltd.), a rat renal tubular epithelial cell line, were maintained in
DMEM medium supplemented with 10% fetal bovine serum at 37°C under 5% CO, conditions. Cell viability was
assessed using the Cell Counting Kit-8 (CCK-8) assay (Dojindo, Japan, Lot. PF724). To develop the hyperglycemic
injury model, cells cultured in 96-well plates (5x10*cells/well) were exposed to increasing glucose levels (10, 20, 30, 40,
50 mmol/L) over 24 hours. The control group received normal glucose (5.5 mmol/L). Following the treatment, cell
viability was determined using a Cell Counting Kit-8 (CCK-8) in accordance with the manufacturer’s instructions.
Briefly, 10uL of CCK-8 solution was added to each well, and the plates were incubated at 37°C for 1.5 hours before the
optical density at 450 nm was measured. To evaluate the effect of BBR, high-glucose-injured cells were treated with
BBR (0.1, 0.5, 1, 3, 6, 12, or 20 umol/L) or valsartan (10 umol/L) for 24 h, with the high-glucose group serving as the
model control.

Cell Apoptosis Detection

We assigned cells to six groups: control, model, low-, medium-, and high-dose BBR groups, and a valsartan (10 pmol/L)
group. The extent of apoptosis was quantified utilizing an Annexin V-FITC/PI apoptosis detection kit (KGA1102-50,
KeyGen Biotech). Following the experimental procedure, cells were harvested and subjected to three sequential washes
with PBS prior to being resuspended in binding buffer. Next, a solution containing 5 uL of Annexin V-FITC combined
with 10 pL of propidium iodide (PI) was introduced to 200 pL of the cell suspension. This preparation was then left to
incubate away from light for 10 minutes before undergoing analysis by flow cytometry (Beckman Coulter,
California, USA).
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Immunofluorescence Analysis

The cells were first introduced into 6-well culture plates, and following the experimental treatment, they were harvested
and rinsed thoroughly with PBS solution. Subsequently, the samples underwent fixation using 4% paraformaldehyde,
followed by permeabilization with Triton X-100, and finally blocked with 2% BSA, all procedures being carried out at
ambient temperature. Subsequently, cells were incubated with primary antibodies against Collagen I (Proteintech, 14695-
1-AP, 1:500), a-SMA (Proteintech, 14395-1-AP, 1:2000), and E-cadherin (Proteintech, 20874-1-AP, 1:500) for 2 hours at
room temperature. After the initial incubation with primary antibodies, the cells were exposed to Cy3-labeled secondary
antibodies at a dilution of 1:500 alongside DAPI for one hour under ambient conditions and shielded from light.
Following a PBS rinse, the specimens were preserved with anti-fade mounting medium and visualized via fluorescence
microscopy. Quantitative analysis of relative fluorescence intensity was subsequently performed utilizing Image
J software.

Animal Experiments

Animals and DKD Model Establishment

Seventy Sprague Dawley rats, aged 8 weeks and weighing 200 + 20 g, underwent a one-week acclimation period and
were then randomly allocated to a control group (n = 8) and a model-induction group (n = 62) using a random number
tableThroughout the four-week experimental period, the control rats were maintained on a standard diet, whereas those in
the model-induction group were maintained on a high-fat, high-sugar diet procured from Jinan Pengyue Experimental
Animal Breeding Co., Ltd. After a 12h fast with free access to water, model-induction rats received an intraperitoneal
injection of 1% streptozotocin (STZ, 35 mg/kg; Solarbio, Lot No. 1018K0212). Seventy-two hours afterward, blood
samples were drawn from the tail vein to assess glucose concentrations. Rodents that registered blood sugar levels of
16.7 mmol/L or higher on two separate occasions were classified as diabetic and maintained on the high-fat, high-sugar
diet for another six weeks. The animals were housed in the Animal Experiment Center of Jining Medical University
under controlled conditions of 50%+10% relative humidity and a temperature of 23+2 with a 12/12-hour light/dark cycle.
They had free access to food and water.

Experimental Groups and Treatment

Out of 62 rats in the model-induction group, 42 rats successfully developed DKD (defined as blood glucose > 16.7 mmol/
L and 24 h urinary protein excretion > 30 mg), from which 40 were randomly divided into five groups (n = 8 per group):
model group, low-dose BBR (50 mg/kg, Solarbio, Lot No. SB8130) group, medium-dose BBR (100 mg/kg) group, high-
dose BBR (200 mg/kg) group, and valsartan (10 umol/L) positive control group (7.18 mg/kg, Novartis, Batch No.
X3250). Cage placement was randomized and rotated weekly to control for any environmental gradients on the racks.
Over the course of an eight-week trial, both the control and the model groups were administered an identical daily dose
of regular saline. Their body weights and fasting blood glucose readings were meticulously recorded at the onset
(week 0), at the half-way mark (week 4), and at the end (week 8) to track any physiological shifts.

Sample Collection and Biochemical Analysis

Once the experimental intervention ended, the rats were rendered unconscious through intraperitoneal administration of
sodium pentobarbital. Blood samples were then drawn from the abdominal aorta, spun in a centrifuge to separate the
serum, and subsequently examined for urea nitrogen and creatinine concentrations with commercially available testing
kits, following the protocols provided by the manufacturers. Urine specimens were gathered over a 24-hour period from
animals housed in metabolic cages, and the total daily protein output in urine was assessed. Furthermore, serum
concentrations of IL-6, TNF-a, and IL-10 were determined by employing enzyme-linked immunosorbent assay
(ELISA) kits (Jiangsu Meimian Industrial Co., Ltd. MM-0190R1, MM-0180R1, MM-0195R1), strictly adhering to the
protocols provided by the manufacturers. All outcome assessments were performed by research personnel who were
blinded to the group allocation. Data analysts also remained blinded to the group assignments until all statistical analyses
were completed. At the end of the experiment, the animals were euthanized via an intraperitoneal overdose injection of
pentobarbital sodium.
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Histopathological and Immunofluorescence

For histopathological analysis, kidney were harvested, fixed in a 4% paraformaldehyde, dehydrated, embedded in
paraffin, and sectioned. Tissue sections were stained with hematoxylin and eosin (HE), Masson’s trichrome, and periodic
acid—Schiff (PAS) for evaluation of renal injury and fibrosis.

To assess macrophage polarization, kidney tissues were further subjected to immunofluorescence staining. In short,
tissue samples underwent permeabilization using a 0.1% Triton X-100 solution for ten minutes, followed by a two-hour
blocking step with 10% goat serum at ambient temperature. Subsequently, the specimens were subjected to an overnight
incubation at 4 degrees Celsius with primary antibodies, including iNOS antibody (abcam, ab178945, 1:400), CD86
antibody (abcam, ab239075, 1:400), Arg-1 antibody (abcam, ab239731, 1:400), and CD163 antibody (abcam, ab316218,
1:500). Following a PBS rinse, the tissue samples were treated with either Alexa Fluor 488-conjugated goat anti-rabbit
IgG (Invitrogen, A-11034, diluted 1:200) or Alexa Fluor 594-tagged goat anti-mouse IgG (Invitrogen, A-11005, diluted
1:100) for one hour under ambient conditions. Subsequently, the nuclei were counterstained with DAPI. Following the
staining process, the nuclei were treated with DAPI as a counterstain. Once fully prepared, the tissue sections were
affixed to slides using an anti-fade mounting solution before being examined under a fluorescence microscope to quantify

the fluorescence intensity.

Molecular Biology Experiments

Real-Time Quantitative PCR (RT-qPCR)

Total cellular RNA was isolated using the Total RNA Extraction Kit (TIANGEN, DP451, China). The concentra-
tion and purity of the RNA were measured with a NanoDrop 2000 spectrophotometer (Thermo Scientific, USA).
Subsequently, the relative mRNA expression levels of a panel of genes (FOXOI, MAPK3, JUN, PTGS2, AKTI,
VEGFA, SIRTI, CDK4, TP53, FOS, MMP2, MAPKI4, EGF, EGRI, RPS6KBI1) were assessed. cDNA was
synthesized from total RNA using primers and the HiScript III qRT SuperMix (Vazyme, Nanjing, China, Cat#
R323). Quantitative PCR (qPCR) amplification was performed using a SYBR Green (Vazyme, Nanjing, China,
Cat# Q711) reaction system under the following cycling conditions: initial denaturation at 95°C for 30s; 40 cycles
of denaturation at 95°C for 10s, annealing at 60°C for 30s, and extension at 72 °C for 20s. A melting curve
analysis was carried out following the amplification cycles to verify amplification specificity. The relative
expression levels were calculated using the 274" method, with B-actin (ACTB) serving as the internal reference
gene. All primers were synthesized by Sangon Biotech (Shanghai) Co., Ltd., and their sequences are provided in
Table 1.

Table | Primer Sequences Used for RT-qPCR

Gene Sequence (5’-3’)

FOXOl1 F: ACATCTGCCATGAACCGCTTGAC

R: CACCCATCCTACCATAGCCATTGC
MAPK3 F: GGACCTCATGGAGACGGACCTG

R: CGGAGGATCTGGTAGAGGAAGTAGC
JUN F: CAGCCGCCGCACCACTTG

R: TGATCCGCTCCTGAGACTCCATG
PTGS2 F: CACATTTGATTGACAGCCCACCAAC
R: AGTCATCAGCCACAGGAGGAAGG
AKTI F: CACAGGTCGCTACTATGCCATGAAG
R: GCAGGACACGGTTCTCAGTAAGC
VEGFA F: GGAGAGGAGCCCGCCAAGG

R: GCAGTAAAGCCAGGGTCCAGTG

(Continued)
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Table 1 (Continued).

Gene Sequence (5’-3’)

SIRTI F: AGTAACAGTGACAGTGGCACATGC
R: CCTCCGTCAGCTCCAGATCCTC
CDK4 F: GCCTGTGGTTGTTACGCTCTGG
R: CTGCGAAGATACAGCCAACACTCC

TP53 F: GCAGCACAGGAACCTGGAACTG
R: AGAAGGGACGGAAGATGACAGAGG
FOS F: AGACCATGTCAGGCGGCAGAG

R: GTCAGCTCCCTCCTCCGATTCC
MMP2 F: GTGACGGCTTCCTCTGGTGTTC
R: CAGGGCTGTCCATCTCCATTGC
MAPKI4 | F: GCTGGCTCGGCACACTGATG

R: GCCCACGGACCAAATATCCACTG

EGF F: TGACTATGACGGTGGCTCCATCC
R: CCCAGTGTGTTTGTCGGCTATCC
EGRI F: GCCAGGAGTGATGAACGCAAGAG

R: GGGATGGGTAGGAAGAGAGGGAAG
RPS6KBI | F: TTCAGCCAGCACAGCAAATCCTC
R: CCGCTCGTTGTCACATCCATCTG
p-actin F: CTGTGCTATGTTGCCCTAGACTTCG
R: AACCGCTCATTGCCGATAGTGATG

Western Blot (WB) Detection

Following extraction with RIPA lysis buffer from the kidney tissues and NRK-52E cells of each group, total protein
concentrations were quantified by the BCA method. Following denaturation, the samples underwent separation via SDS-
PAGE before being transferred onto PVDF membranes, which were then blocked to prepare for analysis. These
membranes were subsequently incubated overnight at 4°C with primary antibodies specifically targeting IL17A
(Proteintech, 26163-1-AP, 1:3000), MCP-1 (Proteintech, 26161-1-AP, 1:2000), MMP9 (Proteintech, 10375-2-AP,
1:3000), TRAF6 (ABclonal, A23385, 1:10,000), MAPK14 (Proteintech, 14064-1-AP, 1:10,000), p-MAPK14
(Proteintech, 28796-1-AP, 1:3000), Caspase-3 (Proteintech, 19677-1-AP, 1:3000), Bcl-2 (Proteintech, 26593-1-AP,
1:3000), and Bax (Proteintech, 50599-2-lg, 1:10,000). Post-TBST washing, the membranes were exposed to a room-
temperature incubation with an HRP-linked secondary antibody specific to rabbit IgG (Affinity, G-21234, 1:5000) for
an hour. Subsequently, protein patterns were illuminated via chemiluminescence, and their brightness was measured
using Image] software.

Enzyme-Linked Immunosorbent Assay (ELISA)

After the cells were plated in 24-well plates and subjected to experimental treatments, the culture supernatants were
collected by centrifugation at 3000rpm for 10 minutes. The concentrations of inflammatory cytokines IL-6, IL-17A, and
TNF-a in the supernatants were measured using commercial ELISA kits (Jiangsu Meimian Industrial Co., Ltd. MM-
0190R1, MM-70049R 1, MM-0180R1) in strict accordance with the manufacturer’s protocols. The absorbance at 450 nm
was read with a microplate reader (Bio-Rad, USA), and the cytokine concentrations were calculated based on the
standard curve.

Statistical Analysis

All statistical computations were carried out using SPSS version 23.0, while data visualization was accomplished with
GraphPad Prism 10.0. The results have been expressed as mean values accompanied by standard deviation (SD). The
researchers evaluated whether the data followed a normal distribution and whether variances were homogeneous through
application of the Shapiro-Wilk and Levene tests, respectively. Upon confirmation of these assumptions, one-way
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ANOVA was conducted, succeeded by the least significant difference (LSD) post hoc analysis. In cases where assump-
tions were violated, non-parametric rank-sum tests were utilized as alternatives. Statistical significance was defined as
p < 0.05.

Results

Bioinformatic Analysis Reveals Immune Regulation as a Core Mechanism of BBR in
DKD

BBR Targets and DKD Pathogenesis Converge on Immune and Inflammatory Pathways

To systematically uncover the mechanisms of BBR in DKD, we initiated a network pharmacology analysis. A total of
381 potential targets of BBR were identified from four public databases (Figure 1A). Functional enrichment analysis
revealed that these targets were significantly associated with metabolic processes, oxidative stress responses, and
inflammatory signaling pathways, including the PI3K-Akt, AGE-RAGE, and FoxO pathways (Figures 1B-F). Our
functional enrichment analysis demonstrated that these target genes showed strong connections to metabolic activities,
oxidative stress management, and inflammatory signaling cascades, particularly the PI3K-Akt, AGE-RAGE, and FoxO
pathways (Figures 1B—F). Concurrently, we delved into the renal transcriptome of DKD patients, as represented in the
dataset GSE142025, and pinpointed 1164 genes exhibiting altered expression levels—the so-called differentially
expressed genes (DEGs). Of these, 659 were upregulated and 505 were downregulated, when juxtaposed with healthy
subjects (refer to Figures 2A-E). A closer look through Gene Set Enrichment Analysis (GSEA) revealed that the
upregulated DEGs primarily clustered in immune-related pathways, such as allograft rejection and autoimmune thyroid
disease. Conversely, the downregulated genes tended to be involved in metabolic processes (see Figure 2F). This
convergence suggested that BBR’s therapeutic potential in DKD likely involves the modulation of a dysregulated
immune-metabolic axis.

WGCNA Identifies Key Gene Modules and Narrows Focus to IL-17 Signaling

To pinpoint the most critical genes within the complex network, we applied Weighted Gene Co-expression Network
Analysis (WGCNA) on the top 5000 most variable genes from the dataset. Six co-expression modules were identified
(Figures 3A—E). Among these, the “black” (r = 0.74, p < 0.01) and “purple” (r = 0.73, p < 0.01) modules showed the
strongest positive correlation with DKD status (Figure 3F). By cross-referencing genes from both primary modules with
earlier DEGs, we obtained a refined list of 55 core DKD-related genes (Figure 4A). Strikingly, KEGG pathway analysis
of these 55 core genes revealed a significant enrichment in critical inflammatory signaling pathways, including the IL-17,
TNF, and MAPK signaling pathways (Figures 4B and C), strongly implicating them as central targets for BBR’s
therapeutic action.

Immune Infiltration Analysis Highlights Macrophage Polarization Imbalance

To explore the cellular basis for this immune activation, we performed CIBERSORT analysis to deconvolve the immune
cell landscape in renal tissues. The analysis revealed a profound immune imbalance in DKD kidneys, characterized by
significantly increased infiltration of M1 macrophages (p < 0.05) and M2 macrophages (p < 0.01), alongside altered
T and B cell subsets (Figures 4D-F). This finding pointed towards dysregulated macrophage polarization as a key
pathological feature of DKD. A subsequent PPI network analysis identified a highly interconnected module of 75 hub
genes, which were also enriched in the IL-17 signaling pathway (Figures SA—C). Further ROC curve analysis identified
15 core genes (eg, FOXOI, VEGFA, MAPK14) with outstanding diagnostic accuracy (AUC > 0.9) for DKD (Figures 5D
and E). Molecular docking simulations confirmed that BBR could form stable interactions with key proteins in these
pathways, such as JUN and FOS, providing a structural basis for its regulatory potential (Figures SF-I).

BBR Protects Renal Tubular Epithelial Cells from High-Glucose-Induced Injury in vitro
Based on our bioinformatic predictions, we proceeded to validate the protective effects of BBR using an in vitro model of
high-glucose-induced injury in NRK-52E renal tubular epithelial cells. A concentration of 40 mmol/L glucose for
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Figure | Identification and functional enrichment of BBR target genes. (A) Venn diagram showing the overlap of predicted BBR targets obtained from the

SwissTargetPrediction, TCMSP, CTD, and STITCH databases. (B) GO enrichment analysis of BBR targets. (C) Bar plot and (D) dot plot presenting the top enriched DO

terms. (E) Bar plot and (F) dot plot illustrating the top enriched KEGG pathways.
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24 h was found to significantly reduce cell viability and was selected as the optimal modeling condition (Figure 6A).
BBR treatment (1, 3, and 6 umol/L) dose-dependently restored the viability of these injured cells (Figure 6A).
Furthermore, BBR demonstrated potent anti-apoptotic, anti-inflammatory, and anti-fibrotic properties. Flow cytome-
try and Western blotting confirmed that BBR significantly reduced high-glucose-induced apoptosis by decreasing the
expression of Caspase-3 and Bax while increasing Bcl-2 levels (p < 0.01) (Figures 6B-D). In line with our pathway
predictions, BBR significantly attenuated the high-glucose-induced secretion of pro-inflammatory cytokines IL-6, IL-
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Figure 6 Effects of BBR on high-glucose-induced NRK-52E cells. (A) Cell viability of NRK-52E cells treated with different concentrations of glucose (left) or BBR under
high-glucose (40 mM) conditions (right). (B) Representative flow cytometry plots showing apoptosis. (C) Western blot analysis of apoptosis-related proteins (Bax, Bcl-2,
Caspase-3). (D) Quantification of the protein levels from (C). (E) ELISA results for IL-6, IL-17A, and TNF-a in the cell supernatant. (F) RT-gPCR analysis of hub gene
expression. *P < 0.05, P > 0.05 vs the model group.

17A, and TNF-a (p < 0.05) (Figure 6E). RT-qPCR analysis also showed that BBR reversed the aberrant expression of
several core genes identified by bioinformatics, including downregulating MAPK14 and FOS (p < 0.05) (Figure 6F).
Finally, immunofluorescence staining revealed that BBR mitigated fibrotic changes by suppressing the expression of
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Collagen I and a-SMA and restoring the epithelial marker E-cadherin (Figures 7A and B). Collectively, these in vitro
results validate the multifaceted protective effects of BBR on renal cells under diabetic conditions.

BBR Ameliorates Renal Dysfunction and Rebalances Macrophage Polarization in
a DKD Rat Model

To confirm the therapeutic relevance of BBR in vivo, we established a DKD rat model. Unlike their control group
counterparts, DKD model rats demonstrated marked weight reduction, heightened blood sugar levels, and compromised
kidney performance, with significantly increased blood urea nitrogen (BUN), serum creatinine (Scr), and 24-hour urinary
protein measurements (p < 0.01). Eight weeks of treatment with BBR significantly reversed these metabolic and renal
abnormalities in a dose-dependent manner, with the high-dose group showing efficacy comparable to the positive control
drug, valsartan (p < 0.01) (Figures 8A and B). Histopathological analysis confirmed these findings, showing that BBR
treatment substantially attenuated glomerular hypertrophy, extracellular matrix deposition, and interstitial fibrosis
(Figure 8C).
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Crucially, we investigated whether BBR’s therapeutic effects were associated with the modulation of macrophage
polarization, as predicted by our bioinformatic analysis. Immunofluorescence staining of kidney tissues revealed that
DKD rats had a marked increase in M1 macrophage markers (iNOS, CD86) and a decrease in M2 markers (Arg-1,
CD163). BBR treatment effectively reversed this imbalance, significantly suppressing M1 polarization while promoting
the M2 phenotype (p < 0.01) (Figure 9A and B). The transformation of macrophage phenotype coincided with a body-
wide decrease in pro-inflammatory cytokines (IL-6, TNF-a) and a corresponding elevation of the anti-inflammatory
cytokine IL-10 in the bloodstream (p < 0.01) (Figure 9C).

BBR Suppresses the ILI7A/TRAF6/MAPK 14 Signaling Pathway in vivo

Finally, to elucidate the underlying molecular mechanism, we examined the expression of key proteins in the IL-17
signaling pathway. Western blot analysis of renal tissues demonstrated that the expression of IL-17A, its downstream
adaptor protein TRAF6, and the key signaling kinase MAPK 14 (along with its phosphorylated form, p-MAPK14) were
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all significantly upregulated in the DKD model group. Consistent with its therapeutic effects, BBR treatment markedly
downregulated the expression of these proteins (p < 0.01) (Figures 10A and B). This direct evidence links BBR’s ability
to rebalance macrophage polarization and ameliorate DKD with its inhibitory effect on the IL-17A/TRAF6/MAPK 14
signaling axis, thus validating our initial bioinformatic hypothesis.
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Discussion

Through an integration of bioinformatic prediction and experimental validation, this study was designed to systematically
elucidate the molecular mechanisms by which berberine (BBR) confers renal protection in diabetic kidney disease
(DKD). Our multi-layered approach first identified a dysregulated immune-inflammatory network as a central patholo-
gical hub in DKD and then pinpointed the IL-17A signaling pathway and macrophage polarization as BBR’s primary
targets. Subsequent in vitro and in vivo experiments validated this hypothesis, providing a cohesive mechanistic narrative
for BBR’s therapeutic efficacy.

A pivotal finding of our study is the profound ability of BBR to remodel the renal immune microenvironment by
modulating macrophage polarization. Macrophages are critical arbiters of renal inflammation and fibrosis, and their
functional phenotype dictates the balance between tissue injury and repair.>** Our in vivo results revealed BBR
administration diminished pro-inflammatory M1 polarization while enhancing anti-inflammatory M2 differentiation.
This shift correlated directly with improved renal function, reduced inflammatory infiltration, and attenuated fibrosis.
Taken together, these findings provide strong evidence that targeting macrophage polarization represents a viable
therapeutic strategy for DKD, and identify BBR as a potent modulator of this process, thereby advancing our mechanistic
understanding of its renoprotective effects.

Mechanistically, we identified the IL-17A/TRAF6/MAPK14 signaling axis as the critical upstream pathway mediat-
ing BBR’s effects on macrophage polarization. The pro-inflammatory and pro-fibrotic roles of IL-17A in DKD are
increasingly recognized, as it drives key pathological processes such as podocyte injury and mesangial proliferation.>> 2®
Our findings show that BBR markedly suppressed the expression of IL-17A, its key downstream adaptor TRAF6, and the
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phosphorylation of MAPK 14 (p38a MAPK) in the kidneys of DKD rats.?® As a central node in inflammatory signaling,
activated MAPK14 orchestrates the production of cytokines (IL-6, TNF-a) and chemokines (MCP-1) that are essential
for M1 macrophage activation.’*>' Thus, by inhibiting this entire cascade, BBR effectively dismantles a key signaling
network that sustains chronic inflammation in the diabetic kidney.

The therapeutic benefit of BBR is further amplified by its pleiotropic actions, which create a synergistic network of
renoprotection. Our in vitro experiments provide direct evidence that BBR protects resident renal cells, such as tubular
epithelial cells (NRK-52E), from high-glucose-induced injury. By preserving the health of these parenchymal cells and
reducing their secretion of inflammatory signals, BBR helps to create a less hostile local microenvironment, which is
inherently less conducive to M1 macrophage activation. This “environmental conditioning” complements its direct
immunomodulatory effects. Furthermore, our bioinformatic analysis identified other hub genes, such as FOXO! and
VEGFA, which are integral to metabolic homeostasis and angiogenesis. FOXO! is a crucial regulator of cellular stress
responses and insulin signaling.®> Consistent with our findings, previous work has demonstrated that BBR can alleviate
podocyte injury by modulating the FOXO1 axis, suggesting BBR enhances cellular resilience against metabolic insults.*?
Similarly, by influencing targets like VEGFA, BBR may help normalize the dysregulated angiogenesis that contributes to
renal microvascular damage and fibrosis.>**> BBR’s inhibitory effect on the MAPK pathway is also not confined to
macrophages;*® ! it has been reported to attenuate fibrosis in glomerular mesangial cells by suppressing this pathway.*?
When combined with its well-established systemic hypoglycemic and lipid-lowering effects, this network of synergistic
actions—improving the local microenvironment, enhancing cellular metabolic resilience, and directly inhibiting inflam-
mation—Ilikely explains the comprehensive renoprotection observed.

Despite the compelling findings, this study has several limitations. Our investigation focused on the IL-17A/TRAF6/
MAPKI14 pathway, but other signaling cascades may also be involved in BBR’s immunomodulatory effects.
Additionally, while we demonstrated a strong correlation, future studies using macrophage-specific knockout models
would be necessary to definitively establish a causal link between this pathway and macrophage polarization in the
context of BBR treatment. Nevertheless, our work provides a robust foundation for future investigations. Exploring the
potential of BBR as an adjunct therapy alongside existing DKD treatments, such as SGLT2 inhibitors, represents
a promising avenue for clinical translation.

Conclusion

In summary, this study provides compelling evidence that berberine alleviates DKD by rebalancing macrophage
polarization toward an anti-inflammatory M2 phenotype. We demonstrate, for the first time, that this immunomodulatory
effect is mediated through the inhibition of the IL-17A/TRAF6/MAPK 14 signaling axis. These findings not only uncover
a novel mechanism underlying the renoprotective actions of berberine but also highlight the IL-17A—macrophage axis as
a promising therapeutic target for combating inflammation and fibrosis in DKD.
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