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Background Hederagenin is a naturally occurring pentacyclic triterpenoid found in several
medicinal plants traditionally used for treating renal and metabolic disorders. Its ability to
mitigate renal senescence in diabetic kidney disease (DKD) and the associated epigenetic
mechanisms have not yet been fully elucidated. Methods db/db mice were used in vivo to
model DKD-associated renal senescence, while palmitic acid-treated human renal proximal
tubular epithelial cells (HK-2 cells) were used in vitro as a senescence model. Renal injury,
senescence, DNA damage, and Klotho expression were evaluated using histological, biochem-
ical, and molecular analyses. GEO datasets derived from human DKD samples and corres-
ponding controls were analyzed to assess Klotho expression. Integrated target-binding and
methylation analyses were performed to examine the interaction between hederagenin and
DNA methyltransferase 1 (DNMT1), as well as the effects of hederagenin on Klotho promoter
methylation and DNMT1 occupancy. Results Hederagenin reduced renal senescence, fibrosis,
and DNA damage in vivo and in vitro, while restoring Klotho expression, which was decreased
in patient datasets and experimental models. Mechanistically, hederagenin directly bound
DNMT1, diminished DNMT1 recruitment to the Klotho promoter, and attenuated aberrant
promoter hypermethylation, thereby reactivating Klotho. Conclusion Hederagenin mitigates
renal senescence in DKD through a DNMT1-Klotho DNA methylation axis, supporting its eth-
nopharmacological potential for DKD management.

1. Introduction

Diabetic kidney disease (DKD), arising from diabetes-related
kidney injury, constitutes the primary contributor to chronic kid-
ney disease (CKD). An imbalance in glucose metabolism is the
root cause of DKD, which in turn accelerates the disease’s pro-
gression through metabolic, hemodynamic, inflammatory, and
fibrotic mechanisms. ' In recent years, several new therapies for
DKD have emerged, such as sodium-glucose cotransporter 2 in-
hibitors and drugs targeting the renin-angiotensin-aldosterone
system > °. Unfortunately, for the majority of people with DKD,
these treatments do not entirely reverse the disease’s effects on
renal function. Therefore, new therapeutic approaches are ur-
gently required. Renal fibrosis is increasingly recognized as a fi-
nal common pathway driving chronic progression of DKD, and
emerging nanotechnology-enabled strategies are providing new
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opportunities for antifibrotic intervention *.

Hederagenin (Hed), a pentacyclic triterpenoid found in
nature, is obtained from various medicinal plants such as Hedera
nepalensis var. sinensis (Tobl.) Rehd, Astragalus membranaceus
(Fisch.) Bunge and Paeoniae Radix Alba. Hed and its derivatives, a
triterpenoid constituent occurring in these medicinal materials,
exhibit multiple pharmacological activities, including anti-inflam-
matory, metabolic, antifibrotic, renoprotective effects °. There is
some evidence that Hed could be used medicinally to treat kid-
ney problems, both chronic and acute *®. In particular, Hed re-
duces ferroptosis-induced renal fibrosis in DKD via inhibiting
Smad3 phosphorylation, which in turn decreases NOX4 expres-
sion and increases GPX4 expression °. High glucose-induced ren-
al cell fibrosis is reduced by Hed via the downregulation of CTSB
expression, which subsequently blocks NLRP3 inflammasome ac-
tivation "’. Collectively, these findings support Hed as an ethno-
pharmacology-informed candidate for targeting DKD. In line with
this, recent bibliometric analyses have highlighted the growing
research interest in natural products as multi-target therapeutic
agents for DKD "'. However, despite this increasing attention, the
therapeutic effects of Hed and its underlying mechanisms in

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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DKD—particularly those related to cellular senescence and epi-
genetic regulation—remain to be fully elucidated.

DNA methylation primarily suppresses transcription by in-
terfering with transcription factors’ ability to attach to their spe-
cific DNA elements. This modification serves as a durable and
transmissible epigenetic mark within eukaryotic cells '“. Among
the many epigenetic abnormalities seen in DKD communities
around the world, aberrant DNA methylation stands out. In addi-
tion to other risk factors, these DNA methylation abnormalities
advance DKD, especially in genes implicated in important meta-
bolic pathways. DNA methylation alterations in genes that func-
tion within pathogenic pathways, particularly those linked to
fibrosis and inflammation, are considered important molecular
markers in DKD progression . However, the mechanisms by
which DNA methyltransferase 1 (DNMT1), a key DNA methyla-
tion enzyme, regulates aging in DKD remain incompletely under-
stood. Moreover, as shown by multiple clinical trials, its diagnost-
ic or prognostic efficacy is still inadequate. Therefore, there is an
urgent need for deeper exploration of how DNA methylation con-
tributes to renal senescence. Current research indicates that in-
hibiting the increase in DNA methyltransferase can restore anti-
oxidant anti-aging inhibitors and improve renal aging **.

Klotho is an important gene in the ageing process of mam-
mals that has been discovered over the years. Research on DKD
has demonstrated that Klotho can delay the aging process and
preserve cells from harm " '°. Furthermore, Klotho expression
varies with both the duration and severity of diabetes, implying
that it could function as an early biomarker for DKD "> ". Con-
sequently, adjusting Klotho activity emerges as a potential thera-
peutic avenue for aging-related diseases, with particular relev-
ance to DKD marked by Klotho dysregulation.

Thus, we investigated how Hed regulates Klotho DNA
methylation in DKD. It was found that DNMT1 interacts with Hed,
resulting in a reduction of DNA methylation at the Klotho gene. As
a consequence, Klotho is upregulated, resulting in diminished
DNA damage and a retardation of renal aging in DKD.

2. Materials and methods

2.1. Reagents

HPLC analysis confirmed that Hed, supplied by Sichuan
Weikeqi Biological Technology Co., Ltd., has a purity of over 98%.

2.2. Cells culture and treatment

HK-2 cells (Procell Life Science & Technology, Wuhan, China)
were cultured in MEM medium (Biolnd, Israel) supplemented
with 10% fetal bovine serum (Biolnd) and 1% penicillin-strepto-
myecin. The cells were maintained at 37 °C with 5% CO, under hu-
midified conditions. Cells were sub-cultured every 2 days, and
passages 3-10 were applied for experimental procedures. HK-2
cells were exposed to palmitic acid (PA; 400 umol-L™, Sigma-Ald-
rich, USA) for 48 h to induce senescence. For intervention experi-
ments, cells were co-treated with PA and hederagenin (Hed; 12.5,
25, or 50 pumol-L™") for 48 h. Where indicated, 5-azacitidine (5-
AZA; 50 pmol-L™, InvivoChem, Guangzhou, China) was used as a
positive control and co-incubated with PA for 48 h. The normal
control consisted of untreated HK-2 cells, while HK-2 cells
treated with 400 pmol-L™" PA were designated as the senescence
model.

2.3. Animals and treatment

Male C57BLKs/] db/m and db/db mice, aged six weeks, were
purchased from Changzhou Cavens Model Animal Co., Ltd. and

1095

Chinese Journal of Natural Medicines 24 (2026) 1094-1109

housed in a specific pathogen-free (SPF) facility at 22 + 2 °C,
50%-60% relative humidity, with a 12-hour light/dark pho-
toperiod. Six groups were formed by random allocation of the
mice: control (db/m, n = 7), model (db/db, n = 7), Hed-L (2.5
mg-kg™" hederagenin, n = 7), Hed-M (5 mg-kg™' hederagenin, n =
7), Hed-H (10 mgkg™ hederagenin, n = 7), and dapagliflozin
(1 mg-kg™, n = 7). The normal control group consisted of db/m
mice, whereas db/db mice were designated as the DKD model.
Daily gavage with 0.1% DMSO (using 0.5% CMC-Na as the dilu-
ent) was initiated at 8 weeks of age for db/db mice in the control
and model groups. Concurrently, mice in the Hed and dapaglifloz-
in groups were orally administered their respective drugs via
gavage for 12 consecutive weeks. Both dapagliflozin and Hed
were initially dissolved in DMSO and then diluted using 0.5%
CMC-Na. Ultimately, the final solution contained 0.1% DMSO. The
doses of hederagenin (2.5, 5, and 10 mg-kg™") were selected with
reference to previous mouse studies showing renoprotective ef-
fects of hederagenin in kidney disease models, in which effective
oral doses ranged from 20 to 40 mg-kg™'-d™ °. Considering the
prolonged 12-week administration in db/db mice, a lower low-/
medium-/high-dose regimen was adopted in the present study to
evaluate dose-dependent efficacy while maintaining an accept-
able safety margin. Blood glucose levels were checked every two
weeks. To obtain 24-hour urine samples after 12 weeks of treat-
ment, each mouse was housed in an individual metabolic cage.
Euthanasia was subsequently carried out at week 20 via in-
traperitoneal injection of pentobarbital sodium at a dose of 50
mg-kg™. Serum samples and kidney tissues were isolated and
prepared for additional experiments. Double-blinded principles
were employed throughout the animal procedures. Prior to the
initiation of experiments, all animal procedures received ethical
approval from the Animal Ethics Committee of Southern Medical
University (Approval No. SMUL202410018) and were also revi-
ewed and approved by the China Council on Animal Care and Use.

2.4. Histological analysis, immunohistochemistry (IHC) and SA-f -
galactosidase Staining

Sections measuring 4 um thick were cut from the kidney tis-
sues that had been treated with formalin and then embedded in
paraffin. The histological alterations in the kidneys were ex-
amined by staining the sections with H&E and Masson. For im-
munohistochemistry, sections were heated in Tris-EDTA buffer
(pH 9.0) at 98 °C for 10 min. Primary antibodies included y-H2AX
(1:500, Proteintech, Wuhan, China) and Klotho (1:200, Pro-
teintech, Wuhan, China). Stained sections were examined under
an optical microscope, and Image] was applied to quantify posit-
ive y-H2AX and Klotho signals. SA-f-galactosidase staining was
conducted using a commercial kit (C0602, Beyotime, China) fol-
lowing the instructions supplied by the manufacturer.

2.5. Biochemical measurements

After collection from the abdominal aorta, blood samples
were centrifuged at 3500 r-min™" for 10 min. Serum creatinine
(Scr) and blood urea nitrogen (BUN) were determined using the
Creatinine Assay kit (C011-2-1) and Urea Assay kit (C013-1-1)
obtained from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China). The 24-hour urinary total protein (24 h UTP)
was measured with a urine protein assay kit (C035-2-1, Nanjing
Jiancheng Bioengineering Institute, Nanjing, China).

2.6. Cell viability
The CCK-8 assay was employed to assess the viability of HK-2

cells. Cells were seeded in 96-well plates at a density of 6000 cells
per well and treated following the experimental design. Follow-
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ing treatment, 10 pL of CCK-8 reagent (#521942, Bioshark, Hefei,
China) was introduced into each well, and the plates were incub-
ated at standard culture conditions for 30 min. We measured the
absorbance at 450 nm.

2.7. Immunofluorescence

Immunofluorescence assays were conducted by seeding 2 x
10° cells per well on coverslips in 6-well plates. Cells were subjec-
ted to three PBS washes before being fixed in 4% paraformalde-
hyde. Subsequently, the cells were incubated in PBS containing
5% bovine serum albumin for 1 h to block non-specific binding.
Primary antibodies were applied to the samples and left to incub-
ate overnight at 4 °C. Following three consecutive PBS washes of
15 min each, secondary antibodies were added to the cells and in-
cubated at ambient temperature for 1 h. Cells were then stained
with 5 pg:-mL™" Hoechst 33342 for 20 min. Visualization was car-
ried out using a Leica inverted fluorescence microscope (LEICA
DMi8), with image coloring and merging conducted in Leica Ap-
plication Suite X.

The kFluor488 Click-iT EAU Imaging Kit (KGA9602, Keygen,
Nanjing, China) was used to determine cell proliferation in line
with the manufacturer’s guidelines. EQU (20 pmol-L™") was incor-
porated into the culture medium for 2 h. Cells were first fixed and
permeabilized. They were then incubated with the Click-iT reac-
tion cocktail for 30 min and counterstained with 5 pg-mL™
Hoechst 33342 for 20 min. Samples were kept protected from
light, and images were acquired and processed on a Leica inver-
ted fluorescence microscope.

2.8. The cell cycle

Using a Cell Cycle Detection Kit (KGA9101, Keygen, Nanjing,
China), the cell cycle of treated cells was determined as per the
manufacturer’s protocol. Cells underwent fixation in 70% ethan-
ol overnight. They were subsequently stained with RNase and PI
for 30 min. Samples were analyzed by flow cytometry using a
CytoFLEX S instrument (Beckman Coulter, USA). Flow]Jo software
was then used to evaluate the results.

2.9. Western blot (WB)

Kidney tissues and cultured cells underwent lysis in RIPA
buffer. Total protein levels were subsequently determined using
a BCA Protein Assay Kit (P0011, Beyotime, Shanghai, China). Pro-
teins of equal amounts were loaded onto 12%-15% SDS-PAGE
gels for separation and subsequently transferred to PVDF mem-
branes. Membranes underwent blocking with 5% non-fat milk for
2 h. They were subsequently incubated overnight at 4 °C with the
indicated primary antibodies: anti-N-cadherin (1:1000, Cell Sig-
naling Technology, USA), anti-Klotho (1:1000, Proteintech,
Wuhan, China), anti-Vimentin (1:1000, Proteintech, Wuhan,
China), anti-P53 (1:1000, Proteintech, Wuhan, China), anti-a-
SMA (1:1000, Proteintech, Wuhan, China), anti-P21 (1:500, Pro-
teintech, Wuhan, China), anti-P16 (1:2000, Proteintech, Wuhan,
China), and anti-f-actin (1:3000, Affinity, USA). Secondary anti-
bodies (1:3000, Cell Signaling Technology, USA) were applied for
1h at room temperature. Chemiluminescent detection was per-
formed using the ECL system. Band intensities were sub-
sequently measured with Image/ software.

2.10. Data acquisition and computational analysis

Datasets GSE30529, GSE96804, and GSE142025 were re-
trieved from the Gene Expression Omnibus (GEO) database(ht-
tps://www.ncbi.nlm.nih.gov/geo/) to identify differentially ex-
pressed genes between normal and DKD kidney samples.
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GSE30529 contains transcriptomic data from human renal tubu-
lointerstitial/tubular samples, including 10 DKD samples and 12
control samples. GSE96804 contains glomerular transcriptomic
profiles from 41 DKD samples and 20 normal control samples.
GSE142025 contains RNA-seq data from whole-kidney biopsy
samples, including 28 biopsy-proven DN samples (6 early DN and
22 advanced DN) and 9 normal nephrectomy control samples. Ex-
pression data were analyzed using a standard limma workflow in
R, with routine preprocessing and normalization performed pri-
or to differential expression analysis. Differentially expressed
genes were identified using the criteria of adjusted P < 0.05 and
|log, FC| > 1. Gene Set Enrichment Analysis (GSEA) was conduc-
ted using GSEA version 3.10.1 (https://www.omicstudio.cn/
tool/29).

2.11. DNMT1 overexpression and DNMT1/Klotho gene silencing via
transfection

Transfection was performed on HK-2 cells seeded in 12-well
plates when cell confluence reached 40%-60%. Cells were
treated with siRNAs specific for Klotho or DNMT1, a DNMT1
overexpression plasmid, or their respective negative controls us-
ing Lipofectamine 6000 (Beyotime, Shanghai, China). The siRNAs
and overexpression plasmids targeting Klotho and DNMT1, as
well as corresponding negative controls, were custom-prepared
by RiboBio Co., Ltd. (Guangzhou, China).

2.12. Molecular docking

To explore the interaction between Hed and DNMT1, molecu-
lar docking was performed. Three-dimensional structures of Hed
and DNMT1 were retrieved from PubChem (CID: 73299) and the
Protein Data Bank (PDB ID: 3SWR), respectively. Binding site
analysis and visualization were carried out using Discovery Stu-
dio (Accelrys, San Diego, USA), and binding affinity was evalu-
ated with AutoDockTools 1.5.6.

2.13. Molecular dynamics (MD) simulation

In brief, following the literature protocol '°, the optimal dock-
ing conformation served as the initial structure for molecular dy-
namics (MD) simulations performed using YASARA. Molecular
dynamics calculations were performed using the AMBER 03 force
field. The DNMT1-Hed complex was solvated in a saline dodeca-
hedral box with a minimum distance of 5 A between the solute
and the box edge. Simulated annealing minimization was initi-
ated at 298 K, with velocities scaled by 0.9 every 10 steps for a
total of 5 ps. After energy minimization, temperature regulation
and thermal stabilization were achieved using the Berendsen
thermostat. The production run lasted 100 ns with a 2 fs time
step, and structural coordinates were saved every 10 ps.

2.14. Surface plasmon resonance

Surface plasmon resonance (SPR) was applied using the Pl-
exArray® HT System (Plexera, Guangzhou, China) to investigate
Hed-DNMT1 interactions, allowing real-time monitoring
throughout the experiment. DNMT1 protein (1 mg-mL™"; BIOESN,
Shanghai, China) was coupled to a 3D dextran sensor chip (Plex-
era, Beijing, China) using a conventional amine coupling strategy
with 0.4 mol-L™" EDC and 0.1 mol-L™" NHS. Hed was diluted in PBS
to final concentrations of 10, 20, 30, 40, and 50 pumol-L™, while
chip regeneration was achieved using 10 mmol-L™" glycine-HCl
(pH 2.0). SPR measurements were performed at 22 °C with a flow
rate of 2 uL-s™", and both the association and dissociation phases
were maintained for 300 s. Binding interactions and kinetic para-
meters were analyzed based on SPR response changes using the


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.omicstudio.cn/tool/29
https://www.omicstudio.cn/tool/29

G. Luo et al.

BIA evaluation software (GE Healthcare).

2.15. Cellular thermal shift assay (CETSA) and drug affinity re-
sponsive target stability (DARTS)

The association of Hed with DNMT1 was assessed using
CETSA and DARTS assays. Shaking was used for three h at 4 °C to
treat HK-2 cell lysate with either DMSO or Hed (50 pmol-L™) for
CETSA. The substance was thereafter divided into individual
tubes and subjected to varying degrees of heat for a duration of 3
min. The lysate was first cooled and centrifuged at 12 000 r-min™
for 15 min at 4 °C. The clarified supernatant was subsequently
isolated for Western blot analysis.

For DARTS, the HK-2 cell lysate was aliquoted into individual
tubes and subjected to incubation at 4 °C for 3 h with either
DMSO or Hed. Subsequently, the samples were treated with vary-
ing concentrations of Pronase E (Roche, Switzerland) and main-
tained at ambient temperature for 10 min. Untreated lysates
served as controls. The materials were heated for Western blot
analysis after adding a loading buffer to halt the processes.

2.16. Methylation-specific PCR (MSP) and bisulfite sequencing
PCR(BSP)

A universal genomic DNA extraction kit called SteadyPure
(AG21009, Changsha, China) was used to extract the DNA. The
DNA samples were bisulfite-converted using the DNA Bisulfite
Conversion Kit (DP215, TIANGEN, Beijing, China) following ex-
traction. The bisulfite-converted genomic DNA was subsequently
subjected to polymerase chain reaction (PCR) using methylation-
specific primers from Invitrogen and the MethyTect Taq HS PCR
kit for bisulfite-treated DNA (AG11209, Changsha, China). Elec-
trophoresis was used to examine the MSP products on a Biosharp
3% agarose gel located in Hefei, China.

For BSP, genomic DNA was extracted from the samples using
a high-efficiency kit according to the manufacturer’s instructions,
ensuring a cell count greater than 10° and DNA concentrations of
200-600 ng-uL ™" with an 0D,4/0D,g, ratio between 1.8 and 2.0.
The DNA was subsequently bisulfite-converted using a DNA Bi-
sulfite Conversion Kit by combining it with buffer DP and Bisul-
fite Mix, then subjecting it to thermal cycling at 95 °C for 10 min,
64 °C for 30-60 min, and finally maintaining at 4 °C. The bisulfite-
converted DNA was cleaned using spin columns. PCR amplifica-
tion was performed with bisulfite-specific primers targeting the
human Klotho (hKL) promoter region (hKL-BSP-F and hKL-BSP-
R; Supplementary Table S1). The BSP amplicon was 160 bp in
length and encompassed 15 CpG sites (CpG1-CpG15), which were
numbered from 5' to 3' according to their positions within the
amplified region. PCR products were cloned into a vector and
transformed into E. coli. After colony selection, atleast 10 inde-
pendent clones per sample were subjected to Sanger sequencing.
Bisulfite conversion efficiency was verified by confirming near-
complete conversion of non-CpG cytosines to thymine in the se-
quencing reads. Methylation levels of the target region were de-
termined from sequencing results by scoring methylated versus
unmethylated CpG sites across CpG1-CpG15.

2.17. Chromatin  immunoprecipitation-quantitative
chain reaction (ChIP-qPCR)

polymerase

ChIP was executed using the SimpleChIP® Enzymatic Chro-
matin [P Kit (9003, Cell Signaling Technology, USA), adhering to
the manufacturer-provided protocol. Briefly, cells were collected
in 10-cm culture dishes at a density of 4 x 10°, followed by cross-
linking and chromatin fragmentation by sonication. Immuno-
precipitation of the sheared chromatin was then carried out us-
ing an anti-DNMT1 antibody (5032, Cell Signaling Technology,
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USA). Proteinase K was employed to degrade proteins, and sodi-
um chloride was applied to reverse cross-links. The enriched
DNA fragments were subjected to phenol/chloroform extraction
and ethanol precipitation to obtain purified DNA. Following puri-
fication, DNA was assessed by real-time quantitative PCR using
primers targeting the predicted BSP site in the Klotho gene (Sup-
plementary Table S1).

2.18. Electrophoretic mobility shift assay (EMSA)

EMSA was conducted to examine the binding between DN-
MT1 and the Klotho promoter DNA fragment. A double-stranded
DNA probe corresponding to the CpG-rich region of the human
Klotho promoter was synthesized, with the 5'-biotin-labeled
sense strand. Probe sequence: 5'-Biotin-GCGGCGCGCTCCGCTA-
GGGCCCGGCAGGATCCCGCCCCCAAGTCGGGG-3'". Equimolar oligo-
nucleotides (sense and complementary antisense strands) were
annealed by heating at 95 °C for 5 min followed by gradual cool-
ing to room temperature.

Binding reactions were conducted using a commercial EMSA
kit (Thermo Fisher Scientific, 20158) following the manufactu-
rer’s instructions. Briefly, purified recombinant target protein
was incubated with the biotin-labeled DNA probe in binding buf-
fer at room temperature for 20 min. For drug treatment groups,
Hed (50 pmol-L™") and 5-AZA (50 pmol-L™") were added to the re-
action mixture prior to probe addition. Control reactions in-
cluded probe alone or probe incubated with DNMT1 without Hed
and 5-AZA. DNA-protein complexes were resolved on a non-dena-
turing 6% polyacrylamide gel in 0.5 x TBE buffer, electro-
phoresed at 100 V for about 70 min at 4 °C Post-electrophoresis,
complexes were transferred to a nylon membrane and cross-
linked by ultraviolet irradiation. Biotin-labeled DNA was detec-
ted with streptavidin-horseradish peroxidase conjugate and visu-
alized by chemiluminescence.

2.19. DNA pull down

Biotin-labeled DNA fragments derived from the human
Klotho promoter were amplified by PCR using a 5'-biotin-modi-
fied forward primer (h-PD-F) and an unlabeled reverse primer (h-
PD-R), followed by agarose gel purification and quantification.
Streptavidin magnetic beads were subjected to three washes with
binding buffer (50 mmol-L™ Tris-HCl, pH 7.5; 150 mmol-L™" NaCl;
1 mmol-L™" EDTA; 0.05% NP-40; 10% glycerol; containing pro-
tease inhibitors). They were then ready for subsequent use. Then,
5 ug biotin-labeled DNA was incubated with streptavidin beads at
ambient temperature for 30 min with gentle rotation to generate
DNA-bead complexes. After washing, the complexes were incub-
ated with purified DNMT1 protein in binding buffer at 4 °C for
2-4 h; for drug treatment groups, Hed and 5-AZA added during
incubation. The beads underwent sequential washes with low-
salt (150 mmol-L™" NaCl) and medium-salt (300 mmol-L™" NaCl)
buffers, followed by a detergent-free wash to minimize non-spe-
cific binding. Bound proteins were eluted by boiling in 2 x SDS
loading buffer for 5 min, and analyzed by SDS-PAGE and immun-
oblotting. Input samples and negative controls (beads-only) were
included in parallel.

2.20. Statistical analysis

SPSS 26.0 was used for statistical analysis, and GraphPad
Prism 8.0 for figure generation. Values are expressed as mean *
SD. An independent samples t-test compared two groups, and
one-way ANOVA assessed differences among multiple groups.
When variances were equal, the Least Significant Difference test
was employed; otherwise, Dunnett’s T3 test was applied. Statist-
ical significance was defined as P < 0.05.
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3. Results

3.1. Hed improves renal senescence and pathological damage in
db/db mice

To assess Hed’s therapeutic impact on renal function in DKD,
db/db mice received different doses of Hed. Hed treatment
markedly decreased serum BUN levels in db/db mice. Further-
more, high-dose Hed (10 mg-kg™') administration markedly re-
duced blood glucose levels during the later stages of treatment
(weeks 10-12). While this effect was notable, it occurred later
compared to the early glucose-lowering effect observed with the
reference drug Dapagliflozin (1 mg-kg™). Notably, Hed exerted a
more pronounced effect on 24-hour urinary total protein (24 h
UTP) and serum creatinine (Scr) levels than dapagliflozin (Figs.
1A-1D). Histopathological evaluation provides direct evidence of
renal structural injury. H&E staining revealed severe damage to
renal tubular epithelial cells in DKD mice, characterized by tubu-
lar dilation, deformation, and extensive inflammatory cell infiltra-
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tion within the interstitium. Consistently, Masson’s trichrome
staining indicated markedly increased fibrotic accumulation in
the kidneys of db/db mice. SA-B-galactosidase staining further re-
vealed increased renal cellular senescence. Hed treatment signi-
ficantly improved renal function and mitigated histopathological
injury in db/db mice. Immunohistochemical analysis of Klotho
and y-H2AX, markers associated with senescence and DNA dam-
age, further supported the renoprotective role of Hed. Hed ad-
ministration effectively reversed y-H2AX upregulation and re-
stored Klotho expression (Figs. 1E-1I). Western blot analysis of
senescence- and fibrosis-associated proteins—including Klotho,
P53, P21, P16, N-cadherin, Vimentin, and a-SMA—provided ad-
ditional confirmation of these results. Figs. 1]-1Q reveal that Hed
restored Klotho levels and considerably decreased senescence
and fibrosis markers in kidney tissue.

3.2. Hed attenuates PA-induced senescence in HK-2 cells

Cells were treated with PA for 48 h in order to evaluate its
role in promoting stress-induced senescence in HK-2 cells. EAU
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Fig. 1 Hed protects against renal senescence and pathological damage in db/db mice. (A) Blood glucose levels. (B) 24-hour urine total protein. (C, D) The BUN and Scr levels
(n = 7 mice per group). (E-I) H&E, Masson and senescence-associated f3-galactosidase staining of kidney sections, IHC sections and quantitative results of renal fibrosis and
B-galactosidase, Klotho and y-H2AX staining. (J-Q) Western blot analysis and quantitative results of N-cadherin, Klotho, Vimentin, P53, a-SMA, P21 and P16 [n =3 each ex-

periments performed in triplicate). Data are mean + SD. Statistical analysis was performed using one-way ANOVA followed by LSD post hoc test. P < 0.05, "P < 0.01,

“P<

0.001, NS, not significant. All microscopic images were captured at x 20 magnification. Scale bar = 100 pm.

incorporation was reduced in response to escalating PA concen-
trations, as demonstrated by EDU staining (Figs. S1a and S1g).
CCK-8 assays indicated that cell proliferation declined signific-
antly at higher PA concentrations (Fig. S1h). Figs. S1d and S1r
demonstrated that PA treatment altered cell cycle distribution in
HK-2 cells, accompanied by a reduction in the G,/M population,
consistent with impaired cell cycle progression. Together with in-
creased SA-B-gal staining (Figs. S1b and S1j), these results sug-
gest that PA induces a senescence-associated growth arrest in
HK-2 cells. Proteins associated with senescence and fibrosis were
upregulated in response to PA treatments, while proteins in-
volved with Klotho were downregulated (Figs. S1f, S1k, and S1q).
Increasing concentrations of PA led to elevated y-H2AX levels, in-
dicating DNA damage, as shown in Figs. S1c and S1i. HK-2 cells
treated with PA exhibited increased senescence and fibrosis.
Among the tested concentrations, 400 pmol-L™ produced the
most significant responses. In addition, Annexin V/PI staining
showed no marked increase in apoptotic cells following PA treat-
ment (Fig. S1e), indicating that PA-induced growth arrest was not
primarily attributable to apoptosis. Preliminary optimization in-
dicated that 400 pmol-L™" PA most effectively induced senes-
cence. This concentration was applied in the subsequent experi-
ments.

To examine how Hed affects PA-induced senescence, HK-2
cells were simultaneously exposed to 400 umol-L™ PA and 12.5,
25, or 50 umol-L™" Hed for 48 h. Hed promoted cell proliferation
again, as seen in Figs. 2A, 2F, and 2G. Simultaneously, Hed
also restored the G,/M cell number (Figs. 2D and 2]J). Figs. 2B and
2H demonstrated that exposure to PA induced a pronounced
rise in SA-f-gal-positive cells. Administration of Hed mitigated
this effect, showing a clear dose-dependent reduction. Also,
in a dose-dependent fashion, the addition of Hed suppressed
the PA-induced upregulation of P16, P21, and P53 protein ex-
pression. Similarly, Figs. 2E and 2K-2Q indicated that Hed treat-
ment during PA exposure restored Klotho protein levels and
concurrently decreased levels of fibrosis-related proteins. PA ex-
posure increased y-H2AX in cells (Figs. 2C and 2I), while Hed
treatment reduced DNA damage in a manner dependent on the
administered dose. In general, the fibrosis and senescence of HK-
2 cells caused by PA therapy were partially alleviated by Hed ad-
dition.
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3.3. Reduced Klotho in DKD patients may be linked to the accelera-
tion of renal senescence.

To identify genes contributing to renal senescence in DKD,
we analyzed the GEO database and initially screened 190 differ-
entially expressed genes (Figs. 3A-3D). Using an expression
cutoff, 31 genes were selected (Figs. 3E-3F) and found to correl-
ate with renal senescence based on GSEA results (Fig. 3G). Klotho
levels were notably lower in DKD patients (Figs. 3H-3]), high-
lighting its key regulatory function in renal senescence linked to
DKD.

3.4. Klotho is essential for Hed-mediated suppression of senescence.

We transfected cells with si-Klotho to knock down Klotho ex-
pression, which allowed us to delve deeper into how Hed con-
trols renal senescence in DKD. Figs. 4A, 4B, and 4F-4H showed
that HK-2 cell proliferation was markedly decreased, with a cor-
responding rise in SA-f-gal-positive cells. Figs. 4C, 4D, 41, and 4]
show a reduction in the G, phase cell fraction, along with elev-
ated y-H2AX expression. Following Klotho knockdown, Hed treat-
ment did not restore Klotho expression (Figs. 4E and 4K). Simil-
arly, it failed to mitigate senescence in HK-2 cells. In summary, si-
lencing the Klotho gene eliminates Hed’s protective impact
against cellular senescence, suggesting that Hed mitigates renal
aging in DKD primarily through controlling Klotho levels.

An epigenetic mechanism regulates Klotho expression, ac-
cording to previous research . Hypermethylated CpGs typically
occur in repressed or lowly expressed genes, while hypomethyl-
ated CpGs are found in actively and constitutively expressed pro-
moter regions . To examine possible involvement of abnormal
DNA methylation in Klotho downregulation, human Klotho gene
promoters were analyzed using MethPrimer (http://www.uro-
gene.org/methprimer) (Fig. S2). Subsequently, we assessed DNA
methylation at the Klotho promoter in HK-2 cells following PA
treatment and found a significant increase from 44.52% * 1.80%
to 61.53% * 4.48% compared with untreated cells (P < 0.01). As
shown in Figs. 4L-4M, co-treatment with Hed reduced DNA
methylation at the Klotho promoter from 61.53% + 4.48% in PA-
treated HK-2 cells to 56.17% + 5.11% (P < 0.05). Similar results
were obtained using BSP, widely recognized as the reference
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method for DNA methylation analysis (Figs. 4N-40). Analysis re-
vealed that HK-2 cells exposed to PA exhibited aberrant Klotho
DNA methylation, which was mitigated by Hed.

Further analysis of DNA methyltransferase (DNMT) expres-
sion revealed that DNMT1 and DNMT3B protein levels rose in
parallel with increasing PA concentrations, consistent with DN-
MT’s role in promoting DNA methylation (Figs. 4P-4S). Hed and
the DNA methyltransferase inhibitor 5-AZA both lowered DNMT1
protein expression; however, Hed had little effect on DNMT3B
levels (Figs. 4T-4V). These findings indicate that, although both
DNMT1 and DNMT3B are upregulated in response to PA treat-
ment, DNMT1 represents the primary epigenetic effector tar-
geted by Hed in this cellular context. Consistently, attenuation of
Klotho promoter hypermethylation and restoration of Klotho ex-
pression following Hed treatment were closely associated with
suppression of DNMT1 rather than DNMT3B. Together, these res-
ults support a DNMT1-selective mechanism underlying Hed-me-
diated demethylation of the Klotho promoter in PA-treated HK-2
cells. DNMT1 primarily maintains methylation patterns during
DNA replication, whereas DNMT3B is mainly responsible for de
novo methylation. The selective targeting of DNMT1 by Hed may
therefore be particularly relevant in stress-induced senescence,
where aberrant maintenance methylation locks cells into a senes-
cent state. Nevertheless, given the observed induction of
DNMTS3B by PA, a contributory role of DNMT3B in establishing or
maintaining the hypermethylated state of the Klotho promoter
cannot be fully excluded. Further studies employing DNMT3B-
specific genetic or epigenetic perturbation will be required to de-
lineate its potential involvement in Klotho promoter hyper-
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methylation under PA stress.

3.5. The removal of Klotho DNA hypermethylation is crucial for Hed’
s anti-renal senescence effects

Reduced Klotho expression due to aberrant hypermethyla-
tion of the Klotho gene is a major factor in renal senescence. In
the PA-induced senescence model, we sought to clarify how ab-
normal DNA methylation-mediated Klotho suppression contrib-
utes to renal senescence. Figs. 5A, 5F, and 5G demonstrated that
5-AZA restored levels of cell growth. Furthermore, 5-AZA pro-
duced a similar effect as Hed treatment in restoring the propor-
tion of cells at the G,/M phase (Figs. 5D and 5]). Following PA ex-
posure, SA-S-gal-positive cell counts increased markedly, where-
as 5-AZA treatment significantly reduced them (Figs. 5B and 5H).
In addition, 5-AZA reduced the PA-induced upregulation of P16,
P21, and P53 protein expression. Similarly, 5-AZA treatment dur-
ing PA exposure restored Klotho protein levels while suppress-
ing the levels of additional fibrosis-related proteins (Figs. 5E,
5K-5Q). Figs. 5C and 51 illustrated that treatment with 5-AZA par-
tially mitigated the PA-induced elevation of y-H2AX levels. The
results indicate that Hed’s capacity to delay renal senescence is
partly attributable to its effect in reducing DNA hypermethyla-
tion.

3.6. Hed inhibits aberrant DNA methylation by binding DNMT1 and
reducing its occupancy on the Klotho promoter

We dug more into the regulatory implications of the Hed-DN-
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Fig. 2 Hed inhibits HK-2 cell senescence induced by Palmitic acid. (A) Cell proliferation was assessed by EdU assay. (B) Senescence-associated -galactosidase staining. (C)
Immunofluorescence detection of DNA damage marker y-H2AX expression. (D) The cell cycle of HK-2 treated with Hed was measured by flow cytometry. (E) Western blot
analysis. (F) CCK-8 quantification results of HK-2 after Hed treatment. (G) EdU staining quantification results of HK-2 after Hed treatment. (H) senescence-associated -
galactosidase staining quantification results of HK-2 after Hed treatment. (I) Inmunofluorescence quantification results of HK-2 after Hed treatment. (J) Cell cycle quantifica-
tion results of HK-2 after Hed treatment. (K-Q) Western blot quantification results of N-cadherin, Klotho, Vimentin, P53, a-SMA, P21 and P16. Data are presented as mean +

SD and statistical analysis was performed using one-way ANOVA followed by LSD post hoc test (n = 3 each, experiments performed in triplicate). ‘P < 0.05, "P < 0.01,

P<

0.001, NS, not significant. All microscopic images were captured at x 20 magnification. Scale bar = 100 pm.

MT1 interaction on DNA methylation in Klotho. The anticipated
interaction conformation between DNMT1 and Hed was dis-
played in Fig. 6A. According to molecular docking experiments,
Hed had a -8.8 kcal-mol ™ relative energy interaction with six DN-
MT1 amino acid residues: CYS-653, ASN-1529, THR-1528, GLN-
1536, LYS-697, and LYS-1535. The initial configuration for the
MD simulation was derived from the optimized Hed-DNMT1 com-
plex structure. Fig. 6B presents a surface representation of the
Hed-DNMT1 complex. Throughout the MD simulation, Hed re-
mained stably positioned at the core of the DNMT1 binding pock-
et. During the molecular dynamics simulation, RMSD analysis of
Hed indicated stable oscillations around 0.25 A from 0 to 100 ns,
while the all-atom RMSD of DNMT1 exhibited minor fluctuations
near 2 A throughout the simulation (Fig. 6C). We employed SPR
to monitor real-time interactions and further characterize the
binding between Hed and DNMT1. The interaction between Hed
and DNMT1 was studied using a 3D dextran sensor chip, allow-
ing assessment of binding Kkinetics and affinity. SPR imaging
showed that Hed and DNMT1 had a substantial binding capacity,
as indicated by an equilibrium dissociation constant (KD) of
1.23 x 10”° mol-L™" (Fig. 6D). The observed KD for Hed binding to
DNMT1 falls within the micromolar range reported for other non-
nucleoside DNMT1 inhibitors. For example, RG108, a commonly
used small-molecule DNMT inhibitor, reported DNMT inhibitory
activity in the micromolar range *’. Similarly, SGI-1027 has been
shown to inhibit DNMT activity, including DNMT1, with IC50 val-
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ues in the low-micromolar range in biochemical assays *'. CETSA
and DARTS assays were additionally used to characterize how
Hed engages with DNMT1. DNMT1 demonstrated a notable in-
crease in thermal stability after being treated with Hed, accord-
ing to the CETSA data (Figs. 6E-6F). Also, the DARTS data showed
that Hed greatly improved the stability of DNMT1 when subjec-
ted to degradation by pronase (Figs. 6G-6H). ChIP-qPCR experi-
ments were performed (Fig. 61). The results suggested that Hed
treatment reduced the association of DNMT1 with the Klotho
promoter. To further validate the direct interaction between DN-
MT1 and the Klotho promoter, electrophoretic mobility shift as-
says (EMSA) were performed. DNMT1 markedly increased the
formation of DNA-protein complexes, whereas Hed treatment sig-
nificantly attenuated the DNMT1-DNA binding signal, similar to
the effect observed with the DNMT1 inhibitor 5-AZA (Fig. 6]).
Consistently, DNA pull-down assays demonstrated that DNMT1
directly bound to the Klotho promoter fragment, and this interac-
tion was substantially reduced upon Hed or 5-AZA treatment
(Fig. 6K). Collectively, the data suggest that Hed disrupts DNMT1
binding to the Klotho promoter by directly interfering with DN-
MT1-DNA interactions.

3.7. DNMT1 is critically involved in PA-induced senescence during
Hed treatment

DNMT1 expression was either silenced or enhanced in HK-2
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cells to determine whether Hed’s anti-senescence effects are de-
pendent on DNMT1. Cell proliferation was restored by DNMT1
siRNA treatment, as demonstrated in Figs. S3a and S3f-S3g. Fol-
lowing DNMT1 siRNA administration, the percentage of cells
residing in the G,/M phase was elevated (Figs. S3d and S3j). PA-
induced increases in SA-B-gal-positive cells were substantially at-
tenuated by DNMT1 knockdown (Figs. S3b and S3h). Addition-
ally, DNMT1 siRNA reduced the PA-induced increase in senes-
cence markers such as P16, P21, and P53. Klotho protein expres-
sion was also recovered by DNMT1 siRNA treatment (Figs. S3e,
S3k-S3n). Additionally, Figs. S3c and S3i illustrate that the PA-in-
duced increase in y-H2AX was partially alleviated by DNMT1
siRNA treatment. The data indicate that DNMT1 knockdown re-
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duces stress senescence caused by PA.

Subsequently, we examined how Hed regulates DNMT1 by
inducing DNMT1 overexpression. Figs. 7A and 7F-7g indicated
that DNMT1 overexpression inhibited cell proliferation, which
was inhibited by Hed treatment. Figs. 7D and 7] showed that Hed
treatment recovered the G,/M phase cell population. Figs. 7B and
7H showed that DNMT1 overexpression markedly elevated SA-S-
gal-positive cell counts, whereas Hed treatment substantially re-
duced them. Moreover, data presented in Figs. 7E and 7K-7N in-
dicated that Hed restored Klotho protein levels while suppress-
ing P16, P21, and P53 expression. Furthermore, as demonstrated
in Figs. 7C and 71, Hed had a modest ameliorative effect on the el-
evated y-H2AX levels in cells overexpressing DNMT1. Finally, DN-
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MT1 is a key target for Hed’s suppression of renal senescence,
and Hed successfully alleviates stressed senescence due to DN-
MT1 overexpression.

4. Discussion

Cellular senescence has emerged as a central driver of diabet-
ic kidney disease progression rather than a passive consequence
of metabolic injury. In this study, we identify hederagenin as a
novel epigenetic modulator that counteracts renal senescence by
restoring Klotho expression through inhibition of DNMT1-medi-
ated DNA methylation. Mechanistically, Hed binds to DNMT1, in-
hibiting its interaction with the Klotho promoter, which leads to a
reduction in DNA methylation at this site. This results in the up-
regulation of Klotho, a gene that counteracts cellular senescence,
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reduces DNA lesions, and slows the progression of renal aging.
Our study’s most important discovery is that Klotho is an es-
sential component of Hed’s treatment for renal senescence.
Klotho is widely recognized as an anti-aging protein. Radiation-
induced senescence of renal epithelial cells involves Klotho-asso-
ciated pathways, and exposure to polystyrene microplastics ac-
celerates tubular epithelial cell senescence, leading to renal
fibrosis. Thus, reduced Klotho activity may enhance environ-
mentally induced tubular epithelial cell senescence, whereas pre-
servation of Klotho may confer protection against renal fibrogen-
esis “*. Klotho further mitigates the progression of renal fibrosis
by maintaining mitochondrial integrity and restricting senes-
cence in tubular epithelial cells **. Cells undergo premature sen-
escence as DKD progresses, setting off a cascade of events that
promote inflammation and fibrosis *. Although Klotho’s involve-
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Fig. 4 Klotho plays a critical role in Hed-mediated inhibition of senescence. (A) Cell proliferation was assessed by EdU assay. (B) Senescence-associated -galactosidase
staining. (C) Immunofluorescence detection of DNA damage marker y-H2AX expression. (D) The cell cycle of HK-2 treated with siKlotho was measured by flow cytometry.
(E) Western blot analysis. (F) EdU staining quantification results of HK-2 after siKlotho treatment. (G) CCK-8 quantification results of HK-2 after siKlotho treatment. (H) sen-
escence-associated {3-galactosidase staining quantification results of HK-2 after siKlotho treatment. (I) Immunofluorescence quantification results of HK-2 after siKlotho
treatment. (J) Cell cycle quantification results of HK-2 after siklotho treatment. (K) Western blot quantification results of Klotho. (L-M) Methylation-specific PCR and quanti-
fication results of the Klotho promoter region was performed on HK-2 cell. (N-0) Bisulfite sequencing analysis and quantification of the Klotho promoter in HK-2 cells. (P-S)
Western blot analysis and quantification results of DNMT1, DNMT3B, DNMT3A. (T-V) Western blot analysis and quantification results of DNMT1, DNMT3B. Data are
presented as mean + SD and statistical analysis was performed using one-way ANOVA followed by LSD post hoc test (n = 3 each, experiments performed in triplicate). P <
0.05, "P<0.01, P < 0.001, NS, not significant. All microscopic images were captured at x 20 magnification. Scale bar = 100 um.

ment in DKD is well documented, its epigenetic regulation in this
context remains poorly understood. Bioinformatics analysis of
the GEO database revealed reduced Klotho levels in DKD (Fig. 3).
Earlier studies reported 30%-40% methylation of the Klotho pro-
moter in Klotho-silenced cells, whereas the promoter is largely
unmethylated in Klotho-expressing renal tubular cells. Demethyl-
ation treatment increased Klotho expression 1.5-3.0 fold and re-
activated previously silenced reporter constructs “°. Increased
methylation of the Klotho promoter, which reduces Klotho ex-
pression, has been reported in both animal models of kidney dis-
ease "’ and human patients *°. In DKD, the Klotho promoter ex-
hibits pronounced hypermethylation, whichis effectively re-
versed by Hed treatment. This restoration of Klotho expression
contributes to the attenuation of renal injury and cellular senes-
cence (Figs. 4-5). Although the reduction in average DNA methyl-
ation of the Klotho promoter (about 5%) appears modest, it is im-
portant to note that transcriptional regulation is often driven by
site-specific CpG changes rather than global methylation levels.
Small changes at critical CpG sites can substantially alter tran-
scription factor accessibility and chromatin structure. Moreover,
our ChIP-gPCR and EMSA results demonstrated that hederagenin
markedly reduced DNMT1 occupancy and DNA-binding activity
at the Klotho promoter, suggesting that disruption of DNMT1-me-
diated transcriptional repression, rather than bulk methylation
changes alone, plays a dominant role in reactivating Klotho ex-
pression. To ensure that the observed effects were due to phar-
macological activity rather than non-specific cytotoxicity, we con-
ducted CCK-8 cell viability assays prior to the in vitro experi-
ments. These results confirmed that Hed at concentrations up to
50 umol-L™" did not induce cytotoxicity in HK-2 cells. Therefore,
the selected concentrations (12.5, 25, and 50 umol-L™") were safe
and appropriate for studying its anti-senescence effects (Fig. S4).
Overall, these results indicate that Klotho is involved in Hed-me-
diated protection against renal senescence, with promoter DNA
methylation serving as a key regulatory mechanism in DKD.
These findings also align with the broader direction of natural
product research in renal fibrosis, which increasingly connects
traditional ethnopharmacological knowledge with modern mech-
anistic studies *".

Consistent with this notion, accumulating evidence indicates
that pathological stimuli can trigger epigenetic reprogramming,
thereby accelerating the progression of renal disorders ****. Ac-
cordingly, targeting DNA methylation has emerged as a poten-
tially viable therapeutic strategy for DKD. Decitabine, or 5-aza-2'-
deoxycytidine, is a popular deoxycytidine analog for promoter
demethylation-mediated activation of methylated and silenced
genes . As a widely recognized technique, this method facilit-
ates the study of DNA methylation-related characteristics in both
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human and animal tissues ***. As an essential modulator of DNA
methylation, DNMT1 expression changes can reshape methyla-
tion landscapes, thereby impacting the expression of down-
stream genes *’. Prior investigations indicate that DNMT1 func-
tions as a key mediator in DKD, affecting both disease progres-
sion and its regulatory mechanisms. For instance, treatment with
Cissus quadrangularis extract, which modulates the SIRT1/DN-
MT1 pathway, alleviates diabetic nephropathy in rats given a
high-fat diet followed by streptozotocin injection *’. Podocyte in-
jury in db/db mice can be alleviated by DNA methylation inhibit-
ors, which act through modulation of the Sp1/NF-kB p65-DNMT1
signaling axis *'. In addition, multiple clinical studies have ex-
amined DNMT1, underscoring its significance as an indicator and
therapeutic target in human DKD ****. Using MSP, BSP, and West-
ern blot techniques, we observed that Hed treatment downregu-
lated DNMT1, lowered the methylation status of the Klotho pro-
moter, and consequently elevated Klotho expression. Further-
more, molecular docking, SPR, ChIP-qPCR, EMSA and DNA pull
down analyses revealed that Hed interacts with DNMT1, restrict-
ing its binding to the Klotho promoter (Fig. 6), thereby lowering
promoter methylation. Evidence from this study indicates that
DNMT1 mediates Hed’s pharmacological effects, reducing senes-
cence and DNA damage in DKD. Consequently, DNMT1 is sugges-
ted as a potential target through which Hed modulates DNA
methylation to counteract DKD.

While our data strongly support DNMT1 as a primary mo-
lecular target of Hed, the observation that Hed partially allevi-
ated senescence even under DNMT1 overexpression conditions
suggests that additional mechanisms may also contribute to its
renoprotective effects. This finding highlights the complexity of
Hed’s mode of action and warrants further investigation to fully
elucidate its broader regulatory network in renal senescence.

Although our findings highlight the effectiveness of Hed in
DKD, several limitations should be noted. First, although we used
three different doses of Hed (2.5, 5, and 10 mg-kg™") in the db/db
mouse model and observed dose-dependent efficacy without sig-
nificant toxicity, consistent with previous reports, the optimal
therapeutic dose and safety margin for Hed remain to be fully elu-
cidated. To date, there have been no reports of human fatalities
due to Hed. During acute toxicity testing in mice, no signs of tox-
icity or deaths were observed, and oral administration of Hed
was tolerated at doses exceeding 20 g-kg™" **. Hederagenin has
been reported to exhibit relatively low toxicity in vivo, with no
significant liver or kidney damage observed in experimental
models *° In another study, 50 mg-kg 'Hed was shown to im-
prove cognitive impairment and renal fibrosis in DKD without ob-
serving any toxicity ” *’. However, there is evidence suggesting
that Hed might exhibit potential toxicity in animal species other
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than rats and mice. Reports from France have indicated that Hed
may be toxic to cows and horses *’. These discrepancies highlight
the complex relationship between dose, efficacy, and toxicity,
which may vary depending on factors such as animal species, tar-
get tissues, disease models, dosing frequency, and treatment dur-
ation. Comprehensive dose-response and toxicological studies
are needed to establish a safe and effective Hed dosing regimen
for clinical use.

Second, while our study provides promising preclinical evid-
ence, several limitations should be acknowledged. In this study,
mechanistic investigations were primarily performed in HK-2
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cells and mouse models, and the effects of Hed have not yet been
validated in primary human renal tubular epithelial cells. There-
fore, future investigations involving primary human cells and ad-
ditional translational models are required to validate the applic-
ability of our findings to human DKD. The translational potential
of Hed for the treatment of DKD in humans remains unexplored.
The clinical significance of the observed effects warrants careful
evaluation. Future studies should conduct clinical trials to evalu-
ate Hed’s therapeutic effects and tolerability in human subjects,
with careful monitoring for adverse reactions. These studies
should also aim to identify the optimal therapeutic dose for hu-
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Fig. 5 Elimination of Klotho DNA hypermethylation is essential for the anti-renal senescence effects of Hed. (A) Cell proliferation was assessed by EdU assay. (B) Senes-
cence-associated f3-galactosidase staining. (C) Immunofluorescence detection of DNA damage marker y-H2AX expression. (D) The cell cycle of HK-2 treated with 5-AZA was
measured by flow cytometry. (E) Western blot analysis. (F) EdU staining quantification results of HK-2 after 5-AZA treatment. (G) CCK-8 quantification results of HK-2 after
5-AZA treatment. (H) senescence-associated f-galactosidase staining quantification results of HK-2 after 5-AZA treatment. (I) Immunofluorescence quantification results of
HK-2 after 5-AZA treatment. (J) Cell cycle quantification results of HK-2 after 5-AZA treatment. (K-Q) Western blot quantification results of N-cadherin, Klotho, Vimentin,
P53, a-SMA, P21 and P16. Data are presented as mean + SD and statistical analysis was performed using one-way ANOVA followed by LSD post hoc test (n = 3 each, experi-
ments performed in triplicate). P < 0.05, "P < 0.01, ""P < 0.001, NS, not significant. All microscopic images were captured at x 20 magnification. Scale bar = 100 pm.
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mans, which may differ from the doses used in our animal mod-
els. Furthermore, studies on drug interactions and long-term
safety will be essential to assess whether Hed can be safely and
effectively applied in DKD treatment.

This study provides compelling evidence that Hed amelior-
ates diabetic kidney disease through inhibition of DNMT1-driven
hypermethylation at the Klotho promoter. A prior version of this
work was publicly posted as a preprint on Research Square. The
preprint has not been peer-reviewed and has now been properly
cited for transparency.

5. Conclusion

This work suggests that Hed attenuates renal senescence in
DKD by epigenetically restoring Klotho expression. Mechanistic-
ally, Hed interacts with DNMT1 and reduces its occupancy at the
Klotho promoter, leading to decreased promoter methylation and
reactivation of Klotho’s anti-senescent function. As a result,
downstream injury responses are dampened and renal cellular
senescence is alleviated. Collectively, these data support Hed as a
promising therapeutic candidate and reinforce the protective role
of Klotho in DKD. Taken together, our findings position Hed as an
epigenetic modulator with translational relevance for senescence-
driven diabetic kidney disease.
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