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injury by targeting TRIM28-mediated oxidative stress
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Abstract Cisplatin, a platinum-based chemotherapeutic
agent, is widely used in cancer treatment, but its limitation
lies in its nephrotoxicity, which compromises its clinical
use. This study investigated the therapeutic potential of
dihydrotanshinone I (DHT), a natural diterpene from Salvia
miltiorrhiza, in mitigating cisplatin-induced nephrotoxicity
via dual antioxidant and antiapoptotic mechanisms. Using
activity-based protein profiling, we identified tripartite
motif containing 28 (TRIM28) as a direct molecular target
of DHT in human proximal tubule epithelial cells. DHT
treatment significantly attenuated cisplatin-induced cyto-
toxicity through TRIM28-mediated reduction of reactive
oxygen species (ROS) accumulation and inhibition of
apoptotic signaling. Proteomic analysis revealed that DHT
restored cisplatin-altered protein expression linked to
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oxidative stress and apoptosis pathways. Pretreatment with
DHT (15 mg kg~' day ™', oral gavage) in cisplatin-treated
C57BL/6 mice preserved the renal function, reduced the
acute tubular injury, and reversed the cisplatin-induced
oxidative imbalance (enhanced superoxide dismutase
activity, reduced malondialdehyde and ROS) and apoptotic
signaling (BAX/Bcl-2, c-caspase 3) via in vivo experi-
ments. These findings suggest that DHT is a promising
renoprotective adjuvant for platinum-based chemotherapy.

Keywords Dihydrotanshinone I; Cisplatin
nephrotoxicity; Tripartite motif containing 28; Oxidative
stress; Apoptosis; Renal protection

1 Introduction

Cisplatin, a platinum-based chemotherapeutic agent, is
extensively used for treating solid tumors such as ovarian,
lung, and bladder cancers [1-3]. However, its clinical use is
restricted by dose-dependent nephrotoxicity, which mani-
fests in 30% of patients and often necessitates dose
reduction or treatment discontinuation [4-7]. The patho-
physiology of cisplatin-induced acute kidney injury (AKI)
is multifactorial and involves oxidative stress, DNA dam-
age, mitochondrial dysfunction, and inflammatory respon-
ses [8—11]. Recent studies have highlighted that cisplatin
disrupts the redox balance by generating excessive reactive
oxygen species (ROS) [12-15]. Despite advancements in
hydration protocols and antioxidant adjuvants (e.g.,
N-acetylcysteine (NAC)), effective strategies for alleviat-
ing cisplatin nephrotoxicity are lacking [16-20].

Natural compounds have garnered attention for their
multitargeted biological activities, particularly in reducing
oxidative stress and inflammation [21-27]. Salvia
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miltiorrhiza (Danshen), a key traditional Chinese medicinal
herb, has served as a therapeutic agent throughout Chinese
history as a treatment for cardiovascular and cerebrovas-
cular disorders. Dihydrotanshinone I (DHT), a bioactive
diterpene derived from S. miltiorrhiza, exhibits antioxida-
tive, anti-inflammatory, and anticancer properties [28-34].
Its lipophilic nature enables efficient cellular uptake, and
recent evidence suggests that it has the potential to atten-
uate organ damage (e.g., kidney, liver, and heart) induced
by chemotherapeutic agents [35, 36]. Nevertheless, the
molecular mechanisms underlying DHT’s renoprotective
effects have not been fully elucidated.

This study integrates activity-based protein profiling
(ABPP) and proteomic, biochemical, and pharmacological
approaches to establish how DHT ameliorates cisplatin
nephrotoxicity. We demonstrated that DHT protects renal
tubular epithelial cells by targeting TRIM28, an E3 ubig-
uitin ligase that restores proteomic equilibrium, alleviates
oxidative stress, and inhibits apoptosis. These insights
provide a foundation for establishing DHT as a safe and
effective adjuvant in platinum-based therapies.

2 Experimental
2.1 Cell experiments
2.1.1 Cell culture and treatments

Human renal proximal tubular epithelial cells (HK2,
ATCC® CRL-2190™) were maintained in Dulbecco’s
modified Eagle medium (Gibco, 12491015) supplemented
with 10% fetal bovine serum (Gibco, A5670201) and 1%
penicillin—streptomycin (Beyotime, C0224) at 37 °C under
5% CO, conditions. For drug treatments, cells were pre-
treated with DHT (MedChemExpress, HY-N0360) at
concentrations of 50, 100, 150, and 200 pM for 2 h, fol-
lowed by exposure to 10 pM cisplatin (Sigma, P4394) for
24 h. The control groups received equivalent volumes of
dimethyl sulfoxide (DMSO; Sigma, D2650; final concen-
tration < 0.1%). In the functional validation experiments,
2 mM NAC (Sigma, A9165) or 20 uM Z-VAD-FMK
(Selleck, S7023) was co-administered with cisplatin.

2.1.2 Competitive in-gel fluorescent labeling assay

HK2 cells (1 x 10° cells Wellfl) were seeded in 6-cm
culture dishes and incubated with DHT (0, 20, 40, or
80 uM). After 4 h, the cells were harvested and lysed.
Total protein concentrations were quantified using a BCA
assay. The lysates were labeled with a cysteine-specific
iodoacetamide probe (IAA-probe) at 37 °C with gentle
agitation for 1 h. Subsequent click chemistry reactions
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were performed by adding azide-TAMRA (100 uM),
CuSO, (500 pM), TBTA (50 pM), and TCEP (500 pM).
Proteins were separated by 12% SDS-PAGE (Bio-Rad,
P0919S), and in-gel fluorescence signals were visualized
using an Azure Sapphire RGB NIR scanner. Coomassie
Brilliant Blue staining confirmed equal protein loading
across the lanes.

2.1.3 ABPP

Competitive ABPP was performed as previously described
[37] with modifications. Briefly, HK2 cell lysates were pre-
incubated with DHT or DMSO for 1 h at 4 °C, followed by
labeling with an IAA-alkyne probe (Click Chemistry Tools,
1067) for 1 h at 37 °C. Click chemistry reactions were per-
formed using a TAMRA-azide conjugate (Click Chemistry
Tools, 1348) under Cu(I)-catalyzed conditions. Labeled pro-
teins were resolved by 12% SDS-PAGE and visualized using
an Azure Sapphire RGB NIR scanner. For target identifica-
tion, gel bands exhibiting reduced fluorescence were excised,
digested with trypsin, and analyzed by LC-MS/MS (Thermo
Fisher Scientific, Orbitrap Fusion Lumos, USA).

2.1.4 Fluorescence colocalization assay

Immunofluorescence imaging was performed to assess
colocalization between the IAA-probe and TRIM28. After
probe competition and click reactions, the cells were pro-
cessed as follows: (1) overnight incubation with rabbit anti-
TRIM28 (Proteintech 15202-1-AP, 1:300) in blocking
buffer at 4 °C; (2) three washes with TBST (5 min each),
followed by incubation with a fluorescence-labeled sec-
ondary antibody (goat anti-rabbit IgG, Bioss, 1:1000) at
room temperature in the dark for 2 h; (3) nuclear coun-
terstaining with Hoechst 33,342 (1:1000, 30 min), followed
by three washes with TBST; (4) mounting with 90%
glycerol and imaging via confocal microscopy (Leica TCS
SP8 SR). Colocalization was calculated using Pearson’s
coefficient (ZEN 3.4), and changes in fluorescence inten-
sity were quantified by competition (DHT vs. IAA-probe)
and target engagement (IAA-probe/TRIM28).

2.1.5 Pull-down assay

To confirm the direct interaction between DHT and
TRIM28, a pull-down assay was performed coupled with
western blotting. After click chemistry reactions, the
samples were denatured with 1 x loading buffer at 90 °C
for 10 min. The enriched proteins were resolved via 12%
SDS-PAGE and transferred to polyvinylidene fluoride
membranes. Immunoblotting utilized a rabbit anti-TRIM28
antibody (Proteintech 15202-1-AP, 1:1000) followed by
HRP-conjugated secondary antibodies (CST, 1:5000).
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Signals were detected using an ECL substrate (Bio-Rad)
and quantified via ImageLab™™ software.

2.1.6 ROS detection

Intracellular ROS levels were measured using the fluorescent
probe 2',7’-dichlorodihydrofluorescein diacetate (DCFH-
DA; Beyotime, S0033S). Briefly, cells were incubated with
10 uM DCFH-DA in serum-free medium for 30 min at
37 °C, followed by three washes with PBS. Fluorescence
images were captured using a confocal microscope.

2.1.7 Apoptosis analysis

Apoptosis was quantified via Annexin V-FITC/PI double
staining using the Annexin V-FITC Apoptosis Detection
Kit (BD, 556547). Cells were analyzed by flow cytometry
(BD LSRFortessa™), and data were processed using
FlowJo v10.8.1.

2.1.8 Molecular docking

The 3D structure of DHT was retrieved from the SciFinder
database, while the crystal structure of TRIM28 (PDB ID:
8CRO0) was downloaded from the RCSB PDB database. Pro-
tein preparation, including dehydration and hydrogenation,
was performed using AutoDock Tools (v1.5.6). Furthermore,
molecular docking simulations were conducted with Auto-
Dock Vina (v1.2.3), and PyMOL (v2.5.2) was used for
structural visualization and binding interaction analysis.

2.1.9 Differential expression and functional
enrichment analysis

Differentially expressed genes were identified from RNA-
Seq data using the llog,(fold change)l> 1 and adjusted
p < 0.05 thresholds, with results visualized via volcano
plots (ggplot2, v3.4.2). The KEGG pathway and Gene
Ontology (GO, comprising the biological process, cellular
component, and molecular function categories) enrichment
analyses were performed using clusterProfiler (v4.8.1) with
significance thresholds of p < 0.05 and false discovery rate
(FDR) < 0.1. Functional interaction networks were
reconstructed using the STRING database (v12.0; interac-
tion score > 0.7), refined in Cytoscape (v3.9.1; topology
filtering, MCODE scoring > 4), and validated against
published literature.

2.2 Animal experiments
Male C57BL/6 mice (8 weeks old, 20-25 g) were procured

from Beijing Vital River Laboratory Animal Technology
Co., Ltd. and housed under standard conditions (12-h
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light/dark cycle, 22 °C) with ad libitum access to water and
a standard diet. All animal procedures were reviewed and
approved by the Ethics Committee of Capital Medical
University (approval number AEEI-2022-200).

Mice were randomly divided into control (CON), cis-
platin (CIS, 20 mg kg~' single dose), and DHT treatment
(15 mg kg~' day ™" via oral gavage for 7 days, followed
by cisplatin administration) groups. Blood and kidney
tissue samples were collected 72-h post-cisplatin admin-
istration. Serum creatinine (CREA) and blood urea
nitrogen (BUN) levels were measured using commercial
ELISA kits (Jiancheng Bioengineering, CO11-2-1 and
C013-2-1). Kidney tissues were stained with hematoxylin
and eosin (H&E) for tubular injury scoring (necrosis,
brush border loss, and casts), western blot analysis
(cleaved caspase 3, BAX, Bcl-2, and KIM-1), and
oxidative stress marker detection (superoxide dismutase
(SOD), malondialdehyde (MDA), and ROS) using com-
mercial kits.

2.3 Statistical analysis

Experimental data are presented as mean =+ standard devi-
ation/standard error of mean (mean &= SD/SEM), and sta-
tistical analyses were performed using SPSS 22 and
GraphPad Prism 9.0 software. Comparisons were evaluated
using the Student’s t-test and analysis of variance (ANOVA),
with statistical significance defined as *p < 0.05,
**p < 0.01, #**p < 0.001, and ****p < 0.0001.

3 Results and discussion

3.1 DHT protects HK2 cells against cisplatin-
induced cytotoxicity and suppresses apoptosis
in vitro

Figure 1A shows the chemical structure of DHT. To inves-
tigate the protective effects of DHT against cisplatin-in-
duced cytotoxicity, we evaluated the viability of HK?2 cells
treated with increasing concentrations of DHT (50-200 pM)
in the presence or absence of cisplatin (10 pM). HK2 cell
viability was significantly reduced in the CIS group com-
pared with the control group (38.4% =+ 3.2% vs. 100% +
1.4%, ****p < 0.0001) (Fig. 1B). However, DHT treatment
improved cell viability in a dose-dependent manner, with a
maximum effect observed at 200 uM (83.4% =+ 2.8%,
*#*kx%p < 0.0001 vs. CIS alone).

We further examined the ability of DHT to mitigate cis-
platin-induced oxidative stress by measuring the intracellular
ROS levels via flow cytometry. Cisplatin-treated cells
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Fig. 1 Evaluation of DHT efficacy. A Chemical structure of dihydrotanshinone | (DHT). B Detection of cell viability of HK2 cells treated
with cisplatin and different concentrations of DHT for 24 h. C Flow cytometry histograms showing the intracellular reactive oxygen
species (ROS) levels in HK2 cells under different conditions. D Quantification of ROS fluorescence intensity based on flow cytometric
data. E DHT competed with the iodoacetamide (IAA)-alkynyl probe for binding to the protein cysteine residues in HK2 cells. Left, in-gel
fluorescence. Right, Coomassie Brilliant Blue (CBB) staining. F TUNEL staining demonstrated that DHT treatment significantly
mitigated cisplatin-induced apoptosis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

exhibited markedly increased ROS generation ((1.86
0.06) x 10%. (0.99 £ 0.01) x 10°, ***%p < 0.0001) com-
pared to the control group, while 100 uM DHT significantly
reduced ROS fluorescence intensity ((1.25 £ 0.06) x 10°,
**p < 0.01 vs. CIS alone) (Fig. 1C, D).

Moreover, the in-gel fluorescence assay based on ABPP
showed that DHT competes with the IAA-alkyne probe for
labeling protein fluorescence, thus demonstrating that DHT
binds covalently to the target protein cysteine residues in
HK2 cells (Fig. 1E). The TUNEL assay revealed severe
apoptosis in the CIS group, as evidenced by the increased
green fluorescence intensity in the nuclei, whereas DHT-
pretreated cells exhibited markedly reduced apoptosis
(Fig. 1F).

These findings suggested that DHT mitigates cisplatin-
induced cytotoxicity by reducing oxidative stress and
inhibiting apoptosis in renal tubular epithelial cells.
Mechanistic evidence through competitive binding further
indicates the potential protective effects of DHT targeting
specific protein pathways.

Q

3.2 TRIM28 was identified as the direct molecular
target of DHT via chemical proteomics
and structural analysis

Next, following the competitive ABPP workflow illustrated
in Fig. 2A, the protein samples obtained from the labeling
of DHT-treated cells were processed and subsequently
analyzed by LC-MS/MS. A relatively high proportion of
cysteine-containing peptides was observed in the control
and DHT-treated groups, indicating that DHT effectively
competes for binding to cysteine residues with the desul-
furized biotin IAA-probe at the proteomic level. This
finding was consistent with the fluorescent gel results. The
LC-MS/MS results highlighted that TRIM28 (Cys232)
exhibited the strongest competitive binding effect upon
DHT treatment (Fig. 2B, C).

To confirm TRIM28 as the covalent target of DHT, we
performed multiple validation experiments. Firstly,
immunofluorescence staining demonstrated that DHT
effectively competed with the IAA-probe and exhibited
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Fig. 2 Identification and validation of DHT targets using ABPP. A Activity-based protein profiling (ABPP) workflow for identifying the
molecular target of dihydrotanshinone | (DHT) in the cisplatin-induced HK2 cell injury model. B Identification of TRIM28 as a potential
protein target of DHT in HK2 via ABPP. C Competitive effect of DHT on TRIM28 binding to the iodoacetamide (IAA)-probe. D DHT
markedly diminishes the colocalization of TRIM28 (green) with the IAA-probe (red) via immunofluorescence in HK2 cells. Control cells
were treated with DMSO for 4 h, and the experimental groups were treated with 10 uM cisplatin and 40 uM DHT for 4 h. E Interaction
of DHT with TRIM28 in HK2 cells via pull-down assays. F Competitive binding of DHT and IAA-alkyne probe to the purified
recombinant TRIM28 protein in in-gel fluorescence assays. G Molecular docking analysis of DHT with TRIM28 reveals its potential

binding sites, including the key residue CYS-232. ****p < 0.0001

subcellular colocalization with TRIM28 (Fig. 2D). There-
after, pull-down assays revealed that DHT significantly
reduced TRIM28 protein abundance in the competition
group compared with the control (Fig. 2E). Similar results
were observed when the purified recombinant TRIM28
protein was used (Fig. 2F), thereby eliminating potential
confounding effects from cellular complexity.

To further delineate the binding mode, molecular
docking predicted that DHT (yellow) occupies a cavity
within TRIM28 (blue), forming stable interactions with the
key residues (Fig. 2G). The magnified view highlights
Cys232 as the central binding site, where DHT engages in
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covalent interactions. Additional residues, including
Cys209, Leu217, Thr228, and Val211, likely stabilize this
binding through hydrogen bonding and hydrophobic forces.
Together, these results unequivocally establish TRIM28 as
the direct covalent target of DHT.

3.3 Quantitative proteomic analysis of DHT effects
on cisplatin-induced proteome changes in HK2
cells

Proteomic profiling was performed to elucidate the

molecular mechanisms underlying the protective effects of
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DHT against cisplatin-induced cytotoxicity in HK2 cells.
The workflow for the proteomics experiment is summa-
rized in Fig. 3A, and volcano-plot analysis revealed a
substantial number of differentially expressed proteins
(DEPs) induced by cisplatin (240 downregulated, 85
upregulated proteins; Fig. 3B, left). However, DHT treat-
ment restored the protein expression levels (195 upregu-
lated, 58 downregulated proteins) compared with cisplatin
alone (Fig. 3B, right). Among the identified DEPs, proteins
such as HBD, PTGES, ENPEP, IL18, and FAMS&3D
exhibited significant alterations. DHT treatment reversed
the cisplatin-induced dysregulation of these proteins
(Fig. 3C), demonstrating a restorative effect on the pro-
teomic profile.

To further reveal the protein expression trends, DEPs were
categorized into four distinct clusters based on hierarchical
clustering (Fig. 3D). Cluster 2 shows proteins upregulated by
cisplatin and downregulated following DHT treatment,
whereas Cluster 3 demonstrates the opposite pattern. These
clusters provide insights into the protein groups that are
responsive to cellular injury and DHT intervention. KEGG
pathway enrichment analysis identified critical pathways
affected by cisplatin, including “reactive oxygen species,”
“apoptosis,” and “autophagy,” all of which were signifi-
cantly resolved by DHT treatment (Fig. 3E, left). Similarly,

GO-enrichment analysis highlighted biological processes,
including “apoptosis,” “DNA repair,” “cell cycle regula-
tion,” and “protein folding,” as the key pathways modulated
by DHT treatment (Fig. 3E, right).

These results demonstrated that DHT effectively mod-
ulated the expression of cisplatin-altered proteins associ-
ated with oxidative stress and apoptosis. Proteomics
profiling and functional enrichment analysis suggested that
DHT rescued cellular damage by regulating pathways, such
as ROS balance, autophagy, and apoptosis, thereby estab-
lishing its protective roles in cisplatin-induced injury,
which align with previous results.

3.4 DHT reduces cisplatin-induced ROS
accumulation and apoptosis via antioxidant
and antiapoptotic mechanisms

To elucidate the mechanisms by which DHT mitigates
cisplatin-induced cytotoxicity, we assessed its effects on
intracellular ROS accumulation levels and apoptosis in
HK2 cells. Fluorescence microscopy with DCFH-DA
staining revealed a marked increase in ROS accumulation
upon cisplatin treatment compared with the control group.
DHT (100 uM) and the positive antioxidant control NAC
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Fig. 3 Effects on protein expression in potentially relevant pathways. A Schematic workflow of the proteomics experiment. HK2 cells
were treated with DMSO (control), cisplatin (CIS, 10 uM), or cisplatin and dihydrotanshinone | (DHT, 100 uM) together for 24 h. After
cell lysis, protein digestion, and LC-MS/MS analysis, the proteomic profiles were quantified and compared. B Volcano plots illustrate
the differentially expressed proteins (DEPs) in two pairwise comparisons: CIS versus CON (left panel) and DHT + CIS versus CIS
(right panel). Upregulated proteins are denoted by red dots; downregulated proteins are marked by green dots (threshold lines:
logs(FC) > 1.5, p < 0.05). C Protein abundance of HBD, PTGES, ENPEP, IL18, and FAM83D across the different treatment conditions
(CON, CIS, and DHT), as measured by proteomics analysis. D Cluster analysis of DEPs identified four main response patterns
(Cluster 1-4). E KEGG and GO pathway enrichment analysis of the DEPs. Bubble size represents the number of enriched DEPs, and
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(2 mM) significantly reduced ROS generation, as evi-
denced by diminished green fluorescence intensity
(Fig. 4A). CCK-8 assays confirmed the protective effects
of DHT on cell viability in cisplatin-treated HK2 cells,
which revealed that cisplatin significantly reduced the cell
viability compared with the control group, whereas DHT
restored cell viability in a dose-dependent manner
(Fig. 4B). NAC also improved cell viability, suggesting
that DHT may exert its protective effects through its
antioxidant properties.

To investigate DHT s antiapoptotic potential, the pan-
caspase inhibitor Z-VAD-FMK was employed. Similar to
DHT, Z-VAD-FMK significantly enhanced cell viability in
the cisplatin-treated HK2 cells (Fig. 4C), indicating the
involvement of apoptosis suppression in DHT-mediated
protection. Flow cytometry with Annexin V-FITC/PI
staining further demonstrated the reduction of cisplatin-
induced apoptosis by DHT pretreatment (Fig. 4D). Cis-
platin-induced high cell death rates were significantly
reduced by DHT pretreatment.

3.5 DHT reduces cisplatin-induced ROS
accumulation and apoptosis via antioxidant
and antiapoptotic mechanisms

These experiments revealed that DHT can alleviate renal
tubular epithelial cell damage induced by cisplatin in vitro.
The following experiments demonstrated DHT’s protective
effect on cisplatin-induced nephrotoxicity in vitro. Male
C57BL/6 mice were pretreated with DHT (15 mg kg™ -
day™!, oral gavage) for 7 days before cisplatin adminis-
tration (Fig. 5SA). Body weight and renal function markers
were measured 72 h after cisplatin administration. Cis-
platin treatment caused significant weight loss (CON:
229 +£03¢g vs. CIS: 183 £0.2 g; ****p < 0.0001),
elevated serum CREA levels (CON: 18.2 + 1.1 pmol L™'
vs. CIS: 141.2 & 17.9 pmol L L *#k*%kp < 0.0001), and
increased BUN levels (CON: 7.4 £+ 0.3 mmol L~ !vs. CIS:
65.9 + 14.6 mmol L_l; *#*k%%p < 0.0001). However, DHT
pretreatment significantly attenuated these adverse effects
(Fig. 5B), demonstrating its renoprotective potential.
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Fig. 4 In vitro validation, DHT reduced ROS and cell apoptosis. A Immunofluorescence images show ROS accumulation in HK2 cells
stained with DCFH-DA (green) under different treatments: control (CON), cisplatin (CIS, 10 uM), cisplatin + dihydrotanshinone | (DHT,
100 pM), or cisplatin + NAC (2 mM). Nuclei were counterstained with Hoechst (blue). B CCK-8 assay revealed that the ROS
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****p < 0.0001
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Histopathological analysis of kidney sections stained
with H&E revealed severe tubular damage in the CIS
group, characterized by tubular necrosis, cast formation,
and brush border loss (Fig. 5C). Tubular injury scores were
significantly elevated in the CIS group (4.4 &+ 0.2 vs. 0 in
CON; **#**p < 0.0001), which were ameliorated by DHT
pretreatment (1.8 £ 0.4, ***p < 0.001 vs. CIS).

To verify whether this mechanism was related to
oxidative stress and apoptosis, western blot and ELISA
assays using mouse kidney tissue were performed. Western
blot analysis demonstrated that apoptosis and kidney injury
markers were upregulated, including cleaved caspase 3,
BAX, KIM-1, and NGAL, in cisplatin-treated mice,
whereas the antiapoptotic Bcl-2 levels were downregulated
(Fig. 5D). DHT intervention significantly reversed these
changes, indicating that its renoprotection properties
function via antiapoptotic mechanisms. Furthermore, DHT
reduced the oxidative stress in the renal tissues. Cisplatin
administration markedly decreased the SOD activity
(CON: 308.5 + 8.8 Umg ' vs. CIS: 178.8 + 24 Umg™";

b}

1.72 + 0.19 nmol mg ™" vs. CIS: 2.98 + 0.32 nmol mg™";
***p < 0.001) and ROS accumulation  (CON:
150.8 £ 13.9 TU mL™"' vs. CIS: 277.4 £ 22.6 TU mL™};
*#*%p < (0.001). DHT pretreatment restored the SOD
activity (252.2 &+ 12.2 U mg™"', **p < 0.01 vs. CIS) and
reduced the MDA (2.11 £ 0.18 nmol mg_l, **p < 0.01
vs. CIS) and ROS levels (180.6 + 10.2 IU mL™ !,
**¥p < 0.001 vs. CIS) (Fig. SE). These findings indicate
that DHT mitigates cisplatin-induced renal injury in mice
by reducing oxidative stress and suppressing apoptosis.
The nephrotoxicity of cisplatin represents a substantial
clinical challenge that limits the therapeutic potential of
this chemotherapeutic agent [6-8]. Our study provides
compelling evidence that DHT, a bioactive compound
derived from S. miltiorrhiza, effectively mitigates cis-
platin-induced AKI through a novel mechanism involving
the direct targeting of TRIM28, an E3 ubiquitin ligase. This
work significantly advances our understanding of natural
compound-based nephroprotection by employing cutting-
edge chemical proteomics approaches combined with

#*%p < (0.001) and increased MDA levels (CON: comprehensive in vitro and in vivo validation. While
g -
A : P
v : 24 o ™ —
< \ : 3 . o =
DHT cis : £ 2 ™= g g
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*|  Sacrifice . § " :‘;‘ :.% 4 4
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Fig. 5 DHT protecting the kidney in vivo by reducing ROS accumulation and apoptosis. A Experimental design for the animal model.
Male mice were pretreated with 15 mg kg™~ dihydrotanshinone | (DHT) once daily for 7 days. On the eighth day, the mice were given a
single dose of cisplatin (20 mg kg™') intraperitoneally to induce acute kidney injury. The mice were killed 72 h later for sample
collection and analysis. B Body weight and renal function markers (CREA and BUN) measured in the control (CON), cisplatin (CIS),
and DHT-pretreated groups (DHT). C H&E-stained images showing renal tubular injury in the three groups; quantification of the tubular
injury scores is shown in the lower panel. D Western blot analysis of apoptosis and kidney injury markers (cleaved caspase 3, BAX,
Bcl-2, KIM-1 and NGAL), with B-actin as the internal control. Quantification of the relative protein levels is shown in the right panel.
E Key oxidative stress markers in renal tissues were tested by ELISA: SOD activity (U mg~" protein), MDA levels (nmol mg™~" protein),
and ROS (IU mL™"). Data are expressed as the mean =+ standard error of the mean (SEM). **p < 0.01, ***p < 0.001, ****p < 0.0001;
n==6
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previous studies have explored the protective effects of S.
miltiorrhiza and its components against cisplatin nephro-
toxicity, our work provides unprecedented mechanistic
insights. Yuan et al. demonstrated the anti-inflammatory
activity of DHT using in vivo and in vitro models, eluci-
dating its molecular mechanism, and highlighting the
involvement of the TLR4-MyD88-NF-kB/MAPK signaling
pathways [38]. However, their study did not explore DHT’s
antioxidant and antiapoptotic properties. Furthermore,
in vitro experiments lacked a specific focus on renal tubular
epithelial cells, which were essential for understanding
their potential nephroprotective effects. Cao et al. showed
that S. miltiorrhiza protects against cisplatin-induced kid-
ney injury via nuclear factor erythroid 2-related factor 2
(NRF2) pathway upregulation, but did not identify the
specific active compounds or their direct molecular targets
[39]. The research relied solely on basic phenotypic anal-
ysis without employing advanced techniques, such as
omics, to validate the mechanisms. Moreover, the specific
protein targets through which S. miltiorrhiza exerts its
protective effects remained unidentified. Our work
addressed these limitations by using ABPP to identify
TRIM28 as a key covalent binding target of DHT in renal
tubular epithelial cells. Through omics analyses combined
with in vitro and in vivo validation, we confirmed DHT’s
dual protective mechanisms via antioxidant and antiapop-
totic pathways.

Our study uniquely identifies TRIM28 as the first
reported covalent binding target of DHT using ABPP, a
powerful chemical proteomics approach that enables
unbiased target identification. This methodology represents
a significant advancement over traditional pharmacological
screening methods, as it directly captures drug—protein
interactions in living cells. The identification of TRIM28 as
DHT’s target is significant given the limited understanding
of TRIM28’s role in renal diseases, particularly AKI, with
most previous research focusing on its involvement in
malignant tumors [40].

Excessive ROS accumulation represents a critical
pathophysiological mechanism in the initiation and pro-
gression of AKI [12, 13]. Differential expression and
functional enrichment analyses revealed multiple proteins
and pathways reversed by DHT pretreatment, including
those associated with ROS generation, apoptosis regula-
tion, autophagy, and DNA repair. Critically, proteins such
as HBD, PTGES, ENPEP, and IL18 were identified as key
mediators that were dysregulated by cisplatin and subse-
quently restored following DHT treatment. These results
support recent findings that emphasized the therapeutic
potential of natural products targeting multipathway dys-
regulation in cisplatin toxicity [23, 26]. The in vivo effi-
cacy of DHT is particularly noteworthy, as it significantly
preserved the renal function and structure in cisplatin-

Rare Met.

treated mice. The reduced tubular injury scores, decreased
expression of kidney injury markers (KIM-1), and serum
CREA and BUN levels collectively demonstrate the
translational potential of this natural compound. Numerous
studies have explored improvements to enhance cisplatin’s
antitumor effects from various perspectives [41]. Our
research provides a new therapeutic approach by focusing
on reducing cisplatin-induced nephrotoxicity through the
active components of traditional Chinese medicine.

This study has a few limitations that require further
consideration. First, as a key target in the mechanism of
DHT’s effects, the role of TRIM28 has not been fully
clarified and needs to be validated further using conditional
gene knockout models, and it is an important way to clarify
the regulatory relationship of its upstream and downstream
signaling pathways and key node molecules. Second, the
in vivo efficacy of DHT is particularly noteworthy, as oral
administration at 15 mg kg~ ' day™' significantly pre-
served the renal function, reduced the tubular injury scores,
and restored the oxidative balance in cisplatin-treated mice.
These results, combined with DHT’s established safety
profile in traditional medicine applications, suggest strong
translational potential. However, the pharmacokinetic
characteristics of DHT combined with cisplatin have not
been fully explored. Future studies in this area will include
a detailed pharmacokinetic analysis of the combined use of
DHT and cisplatin, covering absorption, distribution,
metabolism, and excretion. Additionally, we will evaluate
the impact of DHT on the antitumor efficacy of cisplatin to
ensure that renal protection does not compromise thera-
peutic outcomes in tumor models. Based on pharmacoki-
netic parameters, we will also work to optimize dosing
regimens to maximize renal protection while minimizing
potential adverse effects. In the future, combining DHT
with other renoprotective agents, such as NAC, may yield
synergistic effects to further reduce cisplatin-induced kid-
ney damage. Moreover, modifying DHT’s structure or
creating nano-delivery systems could improve its absorp-
tion efficiency and increase its targeting of specific tissues,
particularly enhancing its distribution in the kidney.

4 Conclusion

In summary, this study identifies DHT, a natural product
derived from S. miltiorrhiza, as a promising candidate to
mitigate cisplatin-induced AKI, a major side effect that
limits the clinical application of platinum-based
chemotherapeutics. By covalently targeting TRIM28, DHT
effectively reduces ROS levels and inhibits apoptosis in the
renal tubular cells, as demonstrated by in vitro studies and
proteomic analyses. In the in vivo experiments using cis-
platin-treated mice, DHT pretreatment significantly
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preserved renal function, attenuated tubular injury, and
restored the oxidative balance, thereby highlighting DHT’s
strong renoprotective effects. These findings establish
TRIM28 as a novel drug target for oxidative damage and
emphasize DHT’s potential as an adjunctive therapeutic
agent to improve the safety of platinum-based chemother-
apy. This work bridges traditional medicinal applications
with modern molecular approaches to provide new insights
into the use of natural compounds as adjunctive therapies
in platinum-based chemotherapy. Moreover, it establishes
a foundation for further research on pharmacokinetics,
formulation optimization, and combination therapy strate-
gies, thus advancing the field of precision medicine.
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