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Abstract: Objectives: Celastrol has shown therapeutic effects in diabetic nephropathy (DN). This study aimed to
elucidate its underlying mechanisms through bioinformatics analysis and experimental validation. Methods: Dif-
ferentially expressed genes (DEGs) between DN and control groups were obtained from GSE30122 and GSE30528
datasets. Target genes of Celastrol were collected from relevant biological databases and intersected with the
DEGs. Functional enrichment analysis was conducted to explore the associated biological processes. Immune cell
infiltration in DN was analyzed, and a Lasso regression model was constructed to identify DN-associated gene
markers with diagnostic potential. The binding affinity of celastrol to target proteins was evaluated using molecular
docking. Additionally, high glucose (HG)-treated human kidney 2 (HK-2) cells were subjected to cell viability assays,
flow cytometry, ELISA, and immunoblotting. Results: A total of 69 key target genes of celastrol were identified,
primarily involved in oxidative stress, inflammation, and Phosphoinositide 3-Kinase (PI3K)/Protein Kinase B (Akt)
signaling pathways. Immune cell infiltration analysis revealed significant differences in CD4* and CD8* T cell infiltra-
tion between the DN and control groups. Six key target genes were identified as strong diagnostic markers for DN,
exhibiting high diagnostic accuracy. Molecular docking results revealed strong binding affinity between celastrol and
three target proteins: Thrombospondin 2 (THBS2), membrane-associated guanylate kinase inverted 2 (MAGI2), and
Fibroblast Growth Factor 9 (FGF9). In vitro, celastrol mitigated HG-induced damage in HK-2 cells, downregulating
THBS2 expression while upregulating MAGI2 and FGF9 expression. Conclusion: Celastrol exerts protective effects
on DN by modulating key molecular pathways, particularly those involved in inflammation and oxidative stress.

Keywords: Celastrol, diabetic nephropathy, network pharmacology, machine learning, molecular docking

Introduction incidence and mortality rates associated with
DN remain high. Epidemiological studies pre-

Diabetic nephropathy (DN) is one of the most dict that by 2045, there will be 700 million dia-

prevalent and severe chronic microvascular
complications of diabetes and a leading cause
of end-stage renal disease (ESRD) [1, 2].
Emerging evidence suggests that proximal
tubular injury plays a critical role in the patho-
genesis of DN. The uptake of albumin by
proximal tubules enhances the inflammatory
response through cytokine and chemokine
activation, ultimately promoting fibrosis [3].
Despite advances in medical management, the

betes patients worldwide, with approximately
40% expected to develop DN [4]. Currently, DN
treatment primarily focuses on the strict glyce-
mic and blood pressure control, along with the
use of renin-angiotensin-aldosterone system
(RAAS) inhibitors to slow disease progression
[5, 6]. Metformin, sodium-glucose cotransport-
er 2 (SGLT2) inhibitors, and certain natural
compounds such as polyphenols, flavonoids,
and saponins have possible nephroprotective
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effects; however, further research is needed to
fully elucidate their therapeutic potential [7, 8].

Celastrol, a bioactive compound derived from
Tripterygium wilfordii, exhibits anti-inflammato-
ry, anti-tumor, and neuroprotective properties
[9-11]. It has been shown to inhibit reactive oxy-
gen species (ROS) production, mitigate oxida-
tive stress, and preserve mitochondrial func-
tion, thereby reducing inflammation [12].
Notably, celastrol’s rapid absorption, extended
half-life, and high bioavailability make it a prom-
ising candidate for therapeutic application [13].
Recent studies have explored its protective
effects against the metabolic diseases, includ-
ing insulin resistance, obesity, type 2 diabetes
(T2D), and cardiovascular-related complica-
tions. Our previous research demonstrated
that celastrol modulates cellular functions both
in vitro and in vivo, particularly by attenuating
mitochondrial dysfunction, reducing inflamma-
tion, and improving insulin resistance [14-19].
These properties make celastrol a promising
candidate for the treatment of T2D [14].
Notably, celastrol has also demonstrated pro-
tective effects in DN. Study has shown that
celastrol exerts its protective influence by
upregulating sirtuin 1 (SIRT1), which inhibits
the enhancer of zeste homolog 2 (EZH2)-
mediated Wnt/B-catenin signaling pathway
[15]. This pathway is implicated in fibrosis and
inflammation, two major processes that con-
tribute to the progression of DN. These findings
highlight the therapeutic potential of celastrol
in metabolic diseases, though the exact mech-
anisms remain to be elucidated.

Numerous studies have highlighted the critical
role of genetic factors in the progression of DN.
For instance, Tang et al. identified NTNG1
(netrin G1) and HGF (hepatocyte growth factor)
as potential biomarkers for diabetic kidney dis-
ease through gene expression-based analysis
[16]. Similarly, Xu et al. utilized the Gene
Expression Omnibus (GEO) database, a publicly
available collection of gene expression data, to
identify 14 core genes associated with DN [17].
These genes are implicated in various biologic
processes, such as inflammation, fibrosis, and
oxidative stress, all of which are known contrib-
utors to the deterioration of kidney function in
DN. These findings underscore the importance
of genetic markers in the development and pro-
gression of DN, paving the way for further
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research into targeted therapies and diagnos-
tics using bioinformatic approaches. With the
advent of biological big data and advanced bio-
informatics, researchers are now equipped to
address the complexity of metabolic diseases
more effectively. By integrating diverse data
sources and leveraging computational tools,
bioinformatics provides a holistic view of bio-
logical systems, enabling the identification of
multiple molecular targets and pathways
involved in disease progression [17, 18]. This
broader, system-level approach is especially
valuable for understanding the intricate mecha-
nistic actions of celastrol, which are known to
interact with several molecular networks simul-
taneously [12, 14, 16, 17, 19].

This study aims to elucidate the mechanisms
by which celastrol exerts its therapeutic effects
in DN and mitigates high glucose (HG)-induced
damage in human kidney 2 (HK-2) cells. By ana-
lyzing multiple expression profile datasets from
the Gene Expression Omnibus (GEO) database
and comparing DN with control groups, we inte-
grated in silico analyses with in vitro experi-
ments to comprehensively investigate the pro-
tective mechanisms of celastrol. We utilized a
bioinformatic approach to map the key gene
interactions and pathways, followed by experi-
mental validation to assess celastrol’s effects
on critical cellular processes, including fibrosis,
inflammation, and oxidative stress. The com-
bined in silico and in vitro strategy offers valu-
able insights into the multi-target effects of
celastrol, enhancing our understanding of its
role in diabetes-related complications. The
brief flowchart of the study design is shown in
Figure 1.

Methods
Data collection and preprocessing

DN-related datasets were obtained from the
GEO database (https://www.ncbi.nim.nih.gov/
geo/). The datasets GSE30122 (containing
19 DN samples and 50 normal samples),
GSE30528 (including 9 DN samples and 13
normal samples), and GSE30529 (including 10
DN samples and 12 normal samples) were
downloaded for analysis. The idmap3 package
in R4.2.2 (https://github.com/jmzengl1314/
idmap3) was used to convert probe IDs of
genes to gene names in these GEO datasets.
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Figure 1. Graphical abstract. This study used GEO datasets (GSE30122, GSE30528, and GSE30529) to identify
differentially expressed genes (DEGs) in diabetic nephropathy (DN). The target genes of celastrol were sourced from
multiple databases and intersected with identified DEGs. The molecular docking was used to explore the binding af-
finity of celastrol to target proteins. Using cell-based assays, the human kidney 2 (HK-2) cells were treated with high
glucose (HG) and celastrol, followed by cell viability (CCK-8), apoptosis (flow cytometry), and inflammation assays
(ELISA). Immunoblotting was performed to assess the protein expression of fibrosis markers.

Collection of celastrol target genes

Target genes of celastrol were identified us-
ing the HIT2 (http://hit2.badd-cao.net/), CTD
(https://ctdbase.org/), ETCM (http://www.tc-
mip.cn/ETCM/index.php/), and STITCH (http://
stitch.embl.de/) databases with the keyword
“Celastrol”. Additionally, the SMILES structure
of celastrol was obtained from the PubChem
database. The potential target genes of celas-
trol were searched in Super-PRED (https://
prediction.charite.de/), SwissTargetPrediction
(http://swisstargetprediction.ch/), BATMAN-
TCM (http://bionet.ncpsb.org.cn/batman-tcm/
#/home), and PharmMapper (https://lilab-ecu-
st.cn/pharmmapper/index.html) databases. Af-
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ter merging results and removing duplicates, a
final list of celastrol target genes was establi-
shed.

Identification of differentially expressed celas-
trol target genes

Differentially expressed genes (DEGs) between
normal and DN samples were identified in the
GSE30122 and GSE30528 datasets using the
limma package in R4.2.2 (https://www.biocon-
ductor.org/packages/release/bioc/html/lim-
ma.html). DEGs were defined using a p-value <
0.05 and |[log2FC| > 0.1. The ggplot2 and
pheatmap packages in R4.2.2 were used to
create volcano plots and heatmaps of the
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DEGs, respectively. Differentially expressed
celastrol target genes were identified by inter-
secting the celastrol target genes with the
DEGs. The VennDiagram package in R4.2.2
was used to visualize the intersection results.

Enrichment analysis of celastrol target genes

The clusterProfiler package in R4.2.2 was
employed to conduct GO and KEGG pathway
enrichment analyses on the differentially
expressed target genes, with a significance
threshold of p < 0.05. Results were visualized
using ggplot2. Additionally, hallmark gene sets
were downloaded from the MSigDB database
(https://www.gsea-msigdb.org/gsea/msigdb).
The Gene Set Variation Analysis (GSVA) pack-
age in R4.2.2 was used to compute enrichment
scores for each sample in the GSE30122
dataset.

Immune cell infiltration analysis

The IOBR package in R4.2.2 was used to pre-
dict the immune cell infiltration levels in each
sample from the GSE30122 dataset. The re-
sults were visualized using ggplot2. Differences
in immune cell infiltration between DN and nor-
mal groups were analyzed using t-tests based
on the CIBERSORT, TIMER, and xCell methods
to identify key immune cell types.

Construction and validation of the DN diagnos-
tic model

A classification model for DN diagnosis was
constructed using the Lasso regression algo-
rithm in the glmnet package in R4.2.2. The
GSE30122 dataset served as the training set,
while GSE30528 and GSE30529 were used as
external validation sets. A 5-fold cross-valida-
tion was performed on the training set, with the
lambda parameter set to lambda.lse.

Molecular docking analyses

Protein structures of the target molecules were
downloaded from the RCSB Protein Data Bank
(http://www.pdb.org/). The chemical structure
of celastrol in “sdf” format was obtained from
PubChem (https://pubchem.ncbi.nim.nih.gov/)
and converted to PDBQT format using the Open
Babel GUI software. Protein preparation includ-
ed ligand removal, dehydration, hydrogen addi-
tion, amino acid optimization, and charge cal-
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culation. Molecular docking was performed
using Autodock1.5.7, and docking results were
visualized with Pymol.

Cell culture and treatment

HK-2 cells, obtained from Shanghai Binsui
Biotechnology Co., Ltd. (Shanghai, China), were
cultured in Dulbecco’s modified Eagle’'s medi-
um (DMEM)/F12 (no. 11320033, Gibco, NY,
USA) supplemented with 10% fetal bovine
serum (FBS, no. 10270-106, Gibco, NY, USA) in
a 5% CO, incubator maintained at 37°C. Cells
in their logarithmic growth phase were seeded
into 6-well plates at a density of 3 x 10 cells
per well (100 pL). They were then allocated into
the following groups: negative control (NC,
exposed to normal glucose levels), high glucose
(HG), and HG + cel (treated with high glucose
and 20 nm, 50 nM, or 100 nM celastrol for 24
h). For the HG treatment, the growth medium
was supplemented with 50 mmol/L glucose.
Celastrol (Sigma) was dissolved in dimethyl
sulfoxide (DMSO, no. 102510041, Sigma-
Aldrich Corporation, Missouri, USA) and freshly
diluted to the target concentration before use.

Cell viability assessment using CCK-8 assay

To assess the viability of HK-2 cells, the CCK-8
assay was conducted. HK-2 cells in the logarith-
mic growth phase were seeded into 96-well
plates at a density of 4 x 102 cells per well, with
three replicates for each experimental group.
After 24 h incubation, 10 uL of CCK-8 reagent
(no. F25, SciBioCold, Beijing, China) was added
toeachwellandincubatedfor 1 h. Subsequently,
the absorbance at 450 nm for each well was
measured to determine cell viability.

Flow cytometry for cell apoptosis

Flow cytometry was employed to quantify cell
apoptosis. HK-2 cells were seeded at a density
of 1 x 10° cells/well in 6-well plates and cul-
tured for 48 h under standard conditions. After
treatment, the cells were digested using 0.25%
trypsin (without EDTA), collected, and centri-
fuged at 1000 rpm for 5 min. The supernatant
was discarded, and the cell pellet was washed
with 1 mL of pre-chilled (4°C) PBS. Cells were
then resuspended in 1 mL of Annexin V binding
buffer, adjusting the final cell concentration to
1 x 1068 cells/mL. Subsequently, 100 L of the
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cell suspension was incubated with 5 yL of
Annexin V-FITC (from the FXPO18 Cell Apoptosis
Detection Kit, Sichuan Baiao Biological
Technology Co., Ltd.) at room temperature in
the dark for 5 min. Then, 10 pL of propidium
iodide (PI, 20 pg/mL) was added, followed by
400 pL of PBS. Apoptotic cells were analyzed
immediately using a BeamCyte-1026 flow
cytometer (Biotime Technology Co., Ltd.). Data
were processed using FlowJo v10 software
(TreeStar, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)

To quantify the levels of the inflammatory mark-
ers, interleukin-6 (IL-6) and tumor necrosis fac-
tor-alpha (TNF-), in HK-2 cells, an ELISA was
conducted. HK-2 cells were cultured for 24 h,
and the culture medium was collected and cen-
trifuged at 1000xg for 5 min. The supernatant
was transferred to an Eppendorf tube for analy-
sis. Following the protocol provided with the
ELISA kit (no. SEAO79Hu, SEA133Hu, Wuhan
USCN Business Co., Ltd., Wuhan, China), blank
wells, standard wells, and sample wells were
prepared. The ELISA solution was added to
each well, and the optical density was mea-
sured at 450 nm using a microplate reader.

Western blotting

Protein was extracted from HK-2 cells on ice,
and concentrations were determined using the
BCA assay. Briefly, 30 pg of protein from each
sample was loaded onto an SDS-PAGE gel.
Following electrophoresis, the proteins were
transferred onto PVDF membranes [14, 16].
The membranes were then blocked for 2 h and
incubated overnight at 4°C with primary anti-
bodies specific to collagen IV (Col 1V, no.
AF0510, Affinity Biosciences, Shanghai, China),
fibronectin (FN, no. AF5335, Affinity Bio-
sciences, Shanghai, China), a-smooth muscle
actin (a-SMA, no. AF1032, Affinity Biosciences,
Shanghai, China), thrombospondin 2 (THBS2,
no. DF14754, Affinity Biosciences, Shanghai,
China), membrane-associated guanylate kin-
ase inverted 2 (MAGI2, no. AF0492, Affinity
Biosciences, Shanghai, China), and fibroblast
growth factor 9 (FGF9, no. DF9532, Affinity
Biosciences, Shanghai, China). Then, the mem-
branes were incubated with a secondary IgG
antibody (no. GB23303, Servicebio Technology
Co., Ltd., Wuhan, China) at room temperature
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for 2 h. Protein bands were visualized using an
enhanced chemiluminescence reagent (no.
M2301, HaiGene, Heilongjiang, China) and
captured with a gel imaging system. Band
intensity was analyzed using ImageJ software.

Statistical analysis

Statistical analyses were performed using
GraphPad Prism 10.1.2 software. Data were
expressed as mean z standard deviation.
Multi-group comparisons were performed using
one-way analysis of variance (ANOVA), followed
by Tukey's test for pairwise comparisons.
Statistical significance was set at P < 0.05.

Results

Identification of DEGs in DN and key targets of
celastrol

As shown in Figure 2A, 2B, a total of 3416 and
1710 DEGs were identified in the GSE30122
and GSE30528 datasets, respectively. The top
100 DEGs from each dataset were visualized
using heatmaps. Additionally, 750 celastrol tar-
get genes were retrieved. By intersecting the
DEGs with celastrol target genes, 69 overlap-
ping genes were identified and designated as
the key celastrol target genes (Figure 2C). The
interactions between celastrol and key target
genes are depicted in Figure 2D.

Functional analysis of celastrol’s key targets in
response to oxidative and inflammatory stimuli

Functional analyses were performed on the key
targets, identifying 1447 GO terms (including
1261 biological processes [BPs], 69 cellular
components [CCs], and 117 molecular func-
tions [MFs]) and 14 KEGG pathways. As depict-
ed in Figure 3A, 3B, the top five BPs were cel-
lular response to oxidative stress, regulation of
infammatory response, positive regulation of
cell activation, response to oxidative stress,
and cellular response to chemical stress. CCs
were mainly related to focal adhesion, external
side of plasma membrane, collagen-containing
extracellular matrix (ECM), membrane microdo-
main, and membrane raft. MFs were predomi-
nantly associated with glycosaminoglycan bind-
ing, phosphatase binding, protein tyrosine
kinase activity, growth factor binding, and
amide binding. Additionally, the top five KEGG
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GSVA pathway correlations. C. PI3K/AKT, NF-kB/TNF-a, and inflammatory pathways activity score.

ing pathway being the most significantly
enriched (Figure 3B).

Prediction of celastrol’s effect on PI3K/AKT,
NF-kB/TNF-a, and inflammatory pathways

To further investigate the mechanisms by which
celastrol influences the development of DN,
pathway activity scores of hallmark gene sets
were analyzed in the GSE30122 samples. A
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total of 27 pathways demonstrated significant
differences in scores between the DN and con-
trol groups (P < 0.05). Among these, the PI3K/
AKT, NF-kB/TNF-a, and inflammatory response
pathways exhibited the most significant differ-
ences (Figure 4A). The scores of these three
pathways were positively correlated with many
key celastrol-targeted genes (P < 0.05, Figure
4B). Importantly, the scores of these three
pathways were significantly higher in the DN
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Figure 5. Immune cell infiltration analysis. (A) Immune cell infiltration analyzed using CIBERSORT; *P < 0.05, **P <
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cells and CD8 T cells with key targets.

group compared to the control group (all P <
0.05, Figure 4C).

Immune infiltration analysis of differential CD4
and CD8 T cell abundance in DN

Given the enrichment of immune-related path-
ways identified in the preceding analyses,
immune cell infiltration patterns were further
examined. The CIBERSORT algorithm revealed
significant differences in the abundance of
most immune cells between DN and control
groups (P < 0.05, Figure 5A). Subsequent anal-
yses using the TIMER and xCell algorithms
revealed that CD4 and CD8 T cell counts were
consistently and significantly different between
the two groups (P < 0.05, Figure 5B-D). In addi-
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tion, T cell functional status scores, such as

quiescence, senescence, terminal exhaustion,

cytotoxicity, helper function, and regulatory

activity, were significantly higher in DN samples
compared to controls (Figure S1). These results
suggest that T cells may play an important role
in DN pathogenesis. Further correlation analy-
sis revealed that CD4 and CD8 T cell abundanc-
es were positively associated with most key
celastrol target genes (Figure 5E).

Development of a diagnostic model for DN
based on lasso regression of key marker

genes

Subsequently, a Lasso regression analysis was
conducted on the 69 key target genes to con-

Am J Transl Res 2025;17(4):2467-2483
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struct a diagnostic model for DN. At A=0.1318,
the optimal classification diagnostic model was
constructed, comprising 8 key target genes:
THBS2, MAGI2, FGF9, nucleotide-binding do-
main, leucine-rich - containing family, pyrin
domain - containing-3 (NLRP3), Interleukin-10
receptor subunit alpha (IL1ORA), bone morpho-
genetic protein 2 (BMP2), ribonucleoside-
diphosphate reductase subunit M2 (RRM2),
and chemokine ligand 5 (CCL5) (Figure 6A).
The model’s performance was evaluated in the
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GSE30122 dataset, yielding an area under the
receiver operating characteristic (ROC) curve
(AUC) value of 0.976, indicating excellent diag-
nostic value (Figure 6B). To mitigate overfitting,
external validation was performed using the
GSE30528 and GSE30529 datasets, which
demonstrated high AUC values of 0.974 and
0.992, respectively (Figure 6C).

Furthermore, the expression of the 8 key target
genes was validated in the GSE30529 dataset.

Am J Transl Res 2025;17(4):2467-2483
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Table 1. Molecular docking analysis between celastrol and the top
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Molecular docking was per-
formed to evaluate the bind-
ing affinity between celastrol
and the eight marker genes.
Based on docking criteria -
binding energy < -5.0 kcal/mol
and the presence of hydrogen
bonds between receptor and
ligand [18], the results met
the effective docking thresh-
old, as summarized in Table 1.
Among the targets, THBS2,
FGF9, and MAGI2 exhibited

6 hub genes
_ Free binding ener strong affinity with celastrol,
Target Uniprot PDB Pubchem_ID Compound (kcal/n%ol) & with  binding energies of
THBS2 P35442 1yo8 122724  Celastrol -7.684 igsﬁolj}iigéct‘?‘”j ';'20402
, ively. -
FGF9 — P31371  1g82 1581 rding to the 3D docking imag-
MAGI2 Q86UL8  1uep -1.042 es (Figure 8A-F), celastrol
CCL5  P13501  Scoy -6.957 forms hydrogen bonds with
BMP2 P12643 6omn -6.751 GLN-757, LEU-758, and ARG-
RRM2 P31350 3olj -6.667 982 of THBS2, ASN-146 of

Except for BMP2 and NLRP3, the remaining 6
target genes showed significant differences
between DN and control groups (all P < 0.05,
Figure 6D). Compared to the control group,
expression levels of CCL5, IL10RA, RRM2,
and THBS2 were upregulated in the DN group,
while FGF9 and MAGI2 expressions were
downregulated.

Association of six key target genes with T cell
function

Given the critical role of T cells in DN, we fur-
ther explored the association between six key
target genes and T cell functional states. As
shown in Figure 7, THBS2, IL10RA, and CCL5
exhibited significant positive correlations with
most T cell states, especially quiescence and
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FGF9, and ARG-84 of MAGI2.

Celastrol improved cell viability and attenuated
apoptosis, inflammation, and fibrosis in HG-
treated HK-2 cells

To validate the protective effects of celastrol
against cytotoxicity, apoptosis, inflammation,
and fibrosis, an MTT assay, flow cytometry,
ELISA, and immunoblotting were conducted in
high glucose (HG)-treated HK-2 cells. Exposure
to 50 mM glucose significantly reduced the
viability of HK-2 cells (P < 0.001, Figure S2A),
confirming its suitability for DN model induc-
tion. To determine the optimal concentration of
celastrol, HG-induced cells were exposed to
20, 50 and 100 nM of celastrol. As shown in
Figure S2B, 100 nM celastrol significantly
reduced HK-2 cell viability compared to 50 nM
and 20 nM. Therefore, 50 nM was selected for

Am J Transl Res 2025;17(4):2467-2483
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Figure 8. Molecular docking images between celastrol and protein targets. (A-F) Binding form of celastrol with (A)
GLN-757, LEU-758, and ARG-982 of THBS2, (B) ASN-146 of FGF9, (C) ARG-84 of MAGI2, (D) ALA-38 and CYS-34 of
CCL5, (E) SER-88 of BMP2, and (F) APG-78, THR-156 and ASN-76 of RRM2.

subsequent experiments to minimize potential
cytotoxicity. Compared to control cells, HG
treatment significantly reduced the HK-2 cell
viability and increased apoptosis (P < 0.001).
Celastrol treatment markedly enhanced cell
viability and suppressed apoptosis in HG-
induced HK-2 cells (P < 0.001, Figure 9A, 9B).
Furthermore, celastrol significantly inhibited
inflammation and fibrosis in HG-induced HK-2
cells, as evidenced by the reduction in pro-
inflammatory cytokines IL-6 and TNF-«, along
with decreased expression of fibrosis-related
proteins COL-IV, FN, and a«-SMA (P < 0.05,
Figure 9C, 9D). To further validate these find-
ings, western blotting analysis was conducted
to assess the expression of the key target
proteins identified in the molecular docking
(THBS2, MAGI2, and FGF9). In HG-induced
cells, THBS2 protein expression was upregu-
lated, while MAFI2 and FGF9 expressions were
downregulated. However, celastrol treatment
significantly reversed these changes (P < 0.05,
Figure 9E).

2477

Discussion

Diabetic nephropathy (DN) is a leading cause of
end-stage renal disease and renal dysfunction,
often characterized by tubulointerstitial fibro-
sis. Celastrol, a bioactive compound known for
its anti-inflammatory properties, has been
found to prevent the progression of DN [19].
The present study combined bioinformatics
analysis and experimental validation to explore
the molecular mechanisms through which
celastrol exerts its therapeutic effects in DN,
particularly by mitigating high glucose-induced
damage in HK-2 cells.

The roles of oxidative stress and inflammation
in DN are well-established [20]. DN is associ-
ated with hypoxia and ROS production, leading
to actin cytoskeleton reorganization, cell injury
and the development of proteinuria, a sensitive
marker for evaluating renal tubule damage [21].
Several pathophysiologic events contribute to
the development of DN, including hyperglyce-

Am J Transl Res 2025;17(4):2467-2483
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Figure 9. The in vitro experiments to validate the protective effects of celastrol against cytotoxicity, apoptosis, inflam-
mation and fibrosis in HG-treated HK-2 cells. A. Cell viability was detected by CCK-8. B. Cell apoptosis was assessed
by flow cytometry analysis. C. ELISA was used to determine the levels of IL.-6 and TNF-a. D, E. The expression levels
of fibrosis-related proteins (COL:IV, FN, and a-SMA) and three key targets (THBS2, MAFI2, and FGF9) were detected
using western blotting. Each experiment was performed at least three times; *P < 0.05, **P < 0.01, ***P < 0.001.

mia, hypoxia-induced oxidative stress, and and the formation of inflammatory cytokines,
inflammatory responses. The release of ROS which are crucial in the pathogenesis of DN
triggers the aggregation of inflammatory cells [22, 23].
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Celastrol is widely known for its anti-inflamma-
tory properties. We identified 69 overlapping
genes as key targets of celastrol in DN. KEGG
enrichment analysis revealed that these tar-
gets were involved in multiple signaling path-
ways, including PI3K-Akt, Rapl, TNF, and MAPK
signaling, which are crucial for regulating cellu-
lar responses to stress, inflammation, and sur-
vival [24-27]. These findings suggest that celas-
trol exerts multifaceted protective effects
against DN. The PI3K/AKT pathway is a key
intracellular signaling cascade that regulates
various cellular processes, including growth,
survival, metabolism, and proliferation [28].
Pathway activity scores analysis through GSVA
showed that the PI3K/Akt pathway was signifi-
cantly upregulated in DN samples compared to
controls, consistent with a previous report [29].
In diabetes, hemodynamic changes abnormally
activate the PISBK/Akt pathway, inducing cell
autophagy and inhibiting their adhesion capac-
ity [30, 31]. Targeting the PI3K/Akt pathway is a
promising therapeutic strategy for DN. Previous
studies have shown that celastrol can induce
autophagy through the PI3K/Akt signaling path-
way [32] and ameliorates early-stage DN pro-
gression in rats by the PI3K/Akt modulation
[33]. Additionally, GSVA also revealed signifi-
cant activation of the NF-kB signaling pathway
and inflammatory pathways in DN. NF-kB path-
way is a classic inflammation-related pathway
that is often hyperactivated under glucotoxic
conditions, ultimately leading to renal injury
[34]. Several studies have indicated that some
traditional Chinese herbs mitigate DN-related
inflammation by regulating PI3K-Akt-mediated
NF-kB signaling pathway [35, 36]. In this study,
PI3K/Akt pathway scores were significantly cor-
related with the key celastrol targets, leading
us to hypothesize that celastrol may inhibit
inflammatory response in DN by regulating the
PI3K-Akt/NF-kB pathway.

To further investigate the association between
celastrol and inflammation in DN, immune infil-
tration analysis was performed, given the piv-
otal role of immune cells in the inflammatory
response. Our analysis highlighted significant
differences in CD4 and CD8 T cell infiltration
between DN and control groups. Elevated T
cells in the kidney contribute to chronic inflam-
mation, a given the pivotal role of DN progres-
sion [37, 38]. Furthermore, T cell state scores,
including terminal exhaustion, senescence,
quiescence, cytotoxicity, helper function, and
regulatory activity, were higher in DN samples
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compared to controls. These findings suggest
that chronic inflammatory microenvironment in
DN may induce persistent T cell activation,
enhancing their cytotoxic and helper functions.
However, this prolonged stimulation may also
lead to T cell depletion and senescence, result-
ing in an imbalanced immune response. CD8 T
cells are primarily associated with cytotoxic
activity. A previous study demonstrated that
inhibiting CD8 T cell responses alleviates DN in
rats [39]. In the present study, celastrol signifi-
cantly reduced IL-6 and TNF-a levels in
HG-induced HK-2 cells. Consistent with previ-
ous studies, DN patients have elevated pro-
inflammatory cytokines, including IL-13, IL-6,
and TNF-q, reinforcing the importance of anti-
inflammatory therapy in DN management [40].
These results suggest that celastrol may modu-
late the immune response in DN by modulating
T cell activity and suppressing infammatory
cytokines, thereby altering the inflammatory
microenvironment in DN.

We developed a diagnostic model, comprising
eight marker genes (THBS2, MAGI2, FGF9,
NLRP3, IL10RA, BMP2, RRM2, and CCL5) that
showed excellent diagnostic performance in
distinguishing DN from control samples. The
high values of AUC in both the training and
external validation datasets underscore the
robustness and potential clinical utility of this
model. Additionally, the eight targets were sig-
nificantly associated with the T cell states.
Molecular docking analysis showed that THBS2,
MAGI2, and FGF9 exhibited strong binding
affinities with celastrol, suggesting that these
genes play key roles in the therapeutic proper-
ties of celastrol against DN. THBS2 is involved
in apoptosis, cell adhesion, and tissue fibrosis
[41, 42], and its expression is significantly ele-
vated in type 2 diabetes patients with nephrop-
athy [43]. FGF9 is also associated with fibrosis,
and a bioinformatics study identified it as a
gene associated with DN [17]. In HG-treated
podocytes, FGF9 expression was significantly
reduced [44]. MAGI2 is closely related to the
development of nephropathy, interacting with
nephrin and regulating the cell cytoskeleton
[45, 46]. MAGI2 knockout induced cell dysfunc-
tion in DN mice [47]. Consistent with previous
studies, we observed that THBS2 expression
was upregulated, while MAGI2 and FGF9 were
downregulated in HG-induced HK-2 cells. Mole-
cular docking results suggested that celastrol
might directly interact with these proteins,
forming hydrogen bonds with key residues. In
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subsequent validation experiments, celastrol
effectively reversed the HG-induced changes in
the expression of these proteins, supporting its
role in modulating these targets to exert thera-
peutic effects on DN.

In addition, research has indicated that these
three target genes are also associated with the
PI3K/Akt signaling pathway. The regulation of
PI3K/Akt signaling by THBS2 has been validat-
ed in various diseases [48]. For instance, Mo et
al. discovered that miR-1228 suppressed PI3K/
Akt signaling pathway activation in HG-induced
HK-2 cells by targeting THBS2 [49]. FGF9 acti-
vates the receptor tyrosine kinase FGFR2
through the PI3K/Akt signaling pathway to
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inhibit cardiomyocyte apoptosis [50]. MAGI2
downregulates PD-L1 by inhibiting the PI3K/Akt
signaling pathway, thereby modulating immune
evasion in breast cancer [51]. Notably, in this
study, MAGI2 proved to be inversely related to T
cell cytotoxicity and helper function, highlight-
ing its likely role in CD4 and CD8 T cells.
Conversely, THBS2 showed a positive correla-
tion with T cell regulation and senescence,
while FGF9 showed a negative association with
T cell regulation and senescence. These results
suggest that celastrol may regulate the PI3K/
Akt pathway through these key targets, influ-
encing the immune microenvironment and
thereby inhibiting the progression of DN (Figure
10).
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Despite these findings, our study has certain
limitations. The conclusions were primarily
based on bioinformatics analyses and in vitro
validations. Further experimental studies are
essential to fully elucidate the precise mecha-
nisms by which celastrol mitigates inflamma-
tion, apoptosis, and fibrosis in kidney cells
under a glucotoxicity environment. These stud-
ies are vital to understanding how celastrol
alleviates the progression of DN. Importantly,
integrated multi-omics analyses are needed to
validate the regulatory interactions between
celastrol and its key protein targets, including
THBS2, MAGI2, and FGF9. These analyses will
help uncover the underlying mechanisms of
celastrol’'s therapeutic effects and clarify its
potential as a multi-targeted treatment for
DN-related disorders.

Conclusion

The study demonstrates that celastrol plays a
multifaceted role in mitigating DN by targeting
key genes and proteins involved in oxidative
stress, inflammation, and immune responses,
with a particular emphasis on the PI3K/Akt sig-
naling pathway. The modulation of key genes
such as THBS2, FGF9, and MAGI2 highlights
their critical involvement in the pathogenesis of
DN and their use as therapeutic targets for
celastrol. Overall, these findings suggest that
celastrol holds significant promise as a thera-
peutic agent for DN, by targeting multiple path-
ways to attenuate inflammation, fibrosis, and
metabolic dysfunction.
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Figure S1. Eight state scores of T cells in DN and normal samples. DN, diabetic nephropathy.
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Figure S2. Cell viability of HK-2 cells treated with glucose and celastrol. A. The cells were exposed to three different
concentrations (20, 30 and 50 mM) of glucose. B. The high glucose-treated cells were subsequently incubated with
celastrol at three different concentrations (20, 50 and 100 nM). NS: not significant, **P < 0.01, ***P < 0.001.



