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Dapagliflozin attenuates ferroptosis in diabetic nephropathy
through activation of the Nrf2/HO-1 signaling pathway
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Abstract. Renal tubular injury has emerged as a critical
determinant in the pathogenesis of diabetic nephropathy (DN).
Ferroptosis, a recently characterized mode of iron-dependent
regulated cell death, has been implicated in the development of
renal tubular damage. Dapagliflozin (DAPA), a sodium-glucose
cotransporter 2 inhibitor, has demonstrated efficacy in attenu-
ating DN progression and preserving renal function. The
present study sought to elucidate the inhibitory mechanisms
by which DAPA modulates ferroptosis in DN. To this aim,
the expression profiles of key molecular markers within the
ferroptosis cascade were systematically evaluated using
6-week-old male C57BL/6J mice and high-glucose-cultured
human renal tubular epithelial cells as experimental models.
The findings revealed that DAPA notably ameliorated renal
histopathological alterations, upregulated the expression of
solute carrier family 7 member 11, glutathione peroxidase 4
and ferritin heavy chain 1, whilst concomitantly down-
regulating transferrin receptor 1. These effects were mediated
through the activation of nuclear factor erythroid 2-related
factor 2 (Nrf2) and heme oxygenase-1 (HO-1) in C57BL/6J
mice. Collectively, these data indicate that the reno-protective
effects of DAPA in DN may be attributable to the suppression
of ferroptosis via activation of the Nrf2/HO-1 signaling axis.

Introduction

Diabetic nephropathy (DN) constitutes one of the most serious
microvascular complications of diabetes mellitus (DM),
affecting 20-50% of diabetic patients and representing the
predominant etiology of end-stage kidney disease (ESKD)
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requiring renal replacement therapy (1). The pathophysiology
of DN is multifaceted, encompassing genetic susceptibility,
perturbations in glucose metabolism, alterations in renal hemo-
dynamics and the involvement of inflammatory mediators (2).
According to the Joint Asian Diabetes Evaluation Program, the
treatment and control rates of chronic kidney disease among
Type 2 DM (T2DM) patients in China and several other Asian
countries are suboptimal (3). Consequently, a comprehensive
understanding of DN pathogenesis and the identification of
novel therapeutic targets assumes paramount importance.

The kidney plays an indispensable role in maintaining
systemic glucose homeostasis. Sodium-glucose cotransporter 2
(SGLT-2) inhibitors, including dapagliflozin (DAPA) and
empagliflozin, have emerged as promising therapeutic agents
for T2DM management (4). These pharmacological agents
attenuate glucose reabsorption in the renal tubules through
competitive inhibition of SGLT-2 proteins. SGLT-2 inhibition
confers notable reno-protective effects, not only mitigating
glomerular hyperfiltration but also reducing intraglomerular
pressure through vasodilation of the efferent glomerular
arterioles and vasoconstriction of the afferent arterioles (5).
Beyond their primary glycemic benefits, SGLT-2 inhibitors
also exert positive effects on multiple parameters, including
improvements in blood lipids (6) and blood pressure (7), as
well as reductions in uric acid levels (8). Furthermore, they
demonstrate benefits in heart failure (9) and chronic kidney
disease (10). In recent years, the advent of novel hypogly-
cemic agents has considerably expanded the therapeutic
armamentarium for T2DM and DN. The DECLARE (11)
and DAPA-CKD (12) studies have demonstrated that DAPA
significantly improves renal outcomes and reduces the risk
of adverse renal events in patients with T2DM, although the
precise molecular mechanisms remain incompletely eluci-
dated. Emerging evidence indicates that empagliflozin can
attenuate ferroptosis in adriamycin-induced cardiotoxicity
in non-diabetic mice, suggesting that SGLT-2 inhibitors may
possess ferroptosis-modulatory properties (13). Nevertheless,
the precise mechanisms underlying these effects warrant
further investigation.

Ferroptosis represents a distinctive modality of regulated
cell death that is morphologically, genetically and biochemi-
cally distinguishable from apoptosis, autophagy and necrosis.
This process is predominantly characterized by perturbations


https://www.spandidos-publications.com/10.3892/ijmm.2026.5842

2 LIU et al: DAPAGLIFLOZIN MITIGATES FERROPTOSIS IN DIABETIC NEPHROPATHY

in iron homeostasis and excessive lipid peroxidation (14). The
solute carrier family 7, member 11 (SLC7A11) serves a critical
function in glutathione (GSH) biosynthesis by facilitating
cystine transport into cells. Inhibition of SLC7A11 expression
impairs GSH synthesis, compromises cellular antioxidant
capacity and ultimately induces ferroptosis (15). Glutathione
peroxidase 4 (GPX4), a central regulatory enzyme in ferrop-
tosis, is indispensable for maintaining iron homeostasis
through the degradation of lipid peroxides. GPX4 preserves
the structural integrity of the membrane lipid bilayer by
neutralizing lipid peroxides and mitigating their cytotoxicity.
Inactivation of GPX4 results in the aberrant accumulation
of lipid peroxides, thereby inducing ferroptosis (16). During
ferroptosis, dysregulated expression of ferritin heavy chain 1
(FTH-1) and transferrin receptor 1 (TFR-1) culminates in
ferrous iron accumulation, which drives the generation of
reactive oxygen species (ROS) via the Fenton reaction (17).
This surge in ROS overwhelms cellular antioxidant defenses,
culminating in oxidative cell death. Malondialdehyde (MDA),
a byproduct of lipid peroxidation, readily forms adducts with
proteins and DNA, causing significant cytotoxic effects and
inducing ferroptosis (18). The kidney, replete with mitochon-
dria, exhibits heightened vulnerability to oxidative stress,
suggesting a mechanistic link between ferroptosis and DN. A
study has documented iron overload and ROS accumulation
in the kidneys of diabetic mice and human renal proximal
tubule cells cultured under high glucose (HG) conditions (19).
Ferroptosis has also been implicated in renal pathologies
such as acute renal failure, renal ischemia-reperfusion injury
(IRI) and DN (20-22). These findings underscore the pivotal
role of ferroptosis in the progression of renal injury in DN,
intimating that targeting ferroptosis might offer a viable thera-
peutic strategy. However, the precise molecular mechanisms
underlying ferroptosis in DN remain to be comprehensively
elucidated.

Iron accumulation and lipid peroxidation constitute the
main characteristics of ferroptosis, with a series of genes
governing the antioxidant system, iron homeostasis and
lipid metabolism orchestrating this cell death modality.
Nuclear factor erythroid 2-related factor 2 (Nrf2), a crucial
transcription factor combating oxidative stress, orchestrates
the expression of antioxidant enzymes and regulates iron
metabolism, making inhibition of Nrf2 a potential enhancer
of ferroptosis sensitivity (23). Heme oxygenase-1 (HO-1),
known for its potent antioxidant and cytoprotective properties,
is instrumental in preserving cellular redox equilibrium and
counteracting oxidative stress (24). Numerous studies have
underscored the protective effects of Nrf2/HO-1 upregula-
tion against oxidative stress (25-27), inextricably linking
this pathway with ferroptosis regulation (28-30). Research
has demonstrated that trehalose can impede ferroptosis via
the Nrf2/HO-1 pathway, promoting functional recovery in
mice with spinal cord injuries (31). Additionally, cetuximab
has been shown to potentiate RSL3-induced ferroptosis by
inhibiting the Nrf2/HO-1 signaling pathway in KRAS-mutant
colorectal cancer (32). As our comprehension of ferroptosis
and its associated mechanisms deepens, the pivotal role of
the Nrf2/HO-1 signaling pathway in mediating this process
becomes increasingly apparent. A study has indicated that
DAPA can mitigate diabetic tubular injury by inhibiting

ferroptosis (33) and Zhang et al (34) further suggested that
pathways such as Nrf2 signaling may be involved. Building
on these findings, the present study specifically investigated
the role of the Nrf2/HO-1 signaling pathway in mediating
the anti-ferroptotic effects of DAPA. This was achieved by
observing ferroptosis in HG-induced human renal tubular
epithelial cells (HK-2) in vitro and in a mouse model of DN
in vivo. The present investigation may offer a fresh perspective
on the mechanism of DAPA in treating DN.

Materials and methods

Animal experiment. The present study used a total of 30 male
pathogen-free C57BL/6J mice (6 weeks old, weighing 19-22 g)
procured from Sipeifu (Beijing) Biotechnology Co., Ltd. The
mice were maintained in cages under controlled environ-
mental conditions (temperature: 20+2°C; 12-h light/dark cycle;
humidity: 55+10%) with ad libitum access to standard chow
and water. All animal experiments and research procedures
were approved by the Clinical Medical Research Ethics
Committee of the First Affiliated Hospital of Bengbu Medical
University [Bengbu, China; approval no. (2023) No. 592].
Following acclimatization, all mice were fed a standard diet
for 1 week. Subsequently, 5 mice were randomly designated
as the normal control group (NC group) and continued on
the standard diet. The remaining animals were administered
a high-fat diet [HFD; Sipeifu (Beijing) Biotechnology Co.,
Ltd.; composition: 67% maintenance feed for mice and rats,
10% lard, 20% sucrose, 2.5% cholesterol and 0.5% sodium
cholate] for 4 weeks, followed by intraperitoneal administra-
tion of low-dose streptozotocin (STZ; 50 mg/kg, dissolved in
1% citric acid buffer, pH 4.2) over 3 consecutive days. Mice in
the NC group received an equivalent volume of citrate buffer
vehicle. A total of 3 days after the final STZ injection, blood
glucose concentrations were monitored from tail vein samples
using a glucometer. The collected blood volume was ~0.5 ul
and samples were collected from all mice. Mice with random
blood glucose concentrations >16.7 mmol/l for 3 consecu-
tive days were continued on the HFD for an additional
8 weeks. In total, 5 mice in the normal group did not reach
this threshold (as expected), while all 25 mice in the other
groups reached this threshold. The DN model was considered
to have been successfully established in mice demonstrating
positive urinary protein. The HFD mice were then randomly
divided into five groups (all n=5): i) The DN control group,
which received daily saline injections; ii) the DAPA group,
which received daily oral gavage of DAPA (10 mg/kg/day;
AstraZeneca); iii) the DN + small interfering (si)-NC group
(si-NC group), which received tail vein injections of si-NC
(5 nmol/20 g) every 3 days; iv) the DN + si-Nrf2 group
(si-Nrf2 group), which received tail vein injections of si-Nrf2
(5 nmol/20 g) every 3 days; and v) the DN + si-Nrf2 + DAPA
group (si-Nrf2 + DAPA group), which received tail vein injec-
tions of si-Nrf2 (5 nmol/20 g) every 3 days and daily oral gavage
of DAPA (10 mg/kg/day) for 8 weeks. The siRNA sequences
(Shanghai GenePharma Co., Ltd.) are listed in Table I.
Conducted in accordance with the relevant institutional
animal experiment protocols and the GB/T 39760-2021
Guidelines for the Humane Euthanasia of Experimental
Animals, researchers monitored the overall health and behavior
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siRNA Sense sequences (5'-3") Antisense sequences (5'-3")
si-Nrf2 GAGGAUGGAAAGCCUUACUTT AGUAAGGCUUUCCAUCCUCTT
si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

si, small interfering; Nrf2, nuclear factor erythroid2-related factor 2; NC, normal control.

of the laboratory mice daily during the experiment and detailed
assessments at least twice a week, including measurements of
body weight, food intake, water intake and blood glucose. The
humane endpoints for early euthanasia included: i) Inability
to eat or drink; ii) persistent lethargy, inability to walk or
inability to maintain normal posture; iii) difficulty breathing;
or iv) other severe conditions determined by the animal center
staff that require early termination. In the present study, no
animals reached these humane endpoints before the planned
endpoint. At week 23, mice were anesthetized with an intra-
peritoneal injection of 0.3% pentobarbital sodium (30 mg/kg)
and blood was collected via cardiac puncture. The mice were
euthanized by cervical dislocation prior to mortality and the
loss of respiration and reflexes were confirmed before tissue
collection. The kidneys were collected, with some tissue fixed
in 4% paraformaldehyde, placed at room temperature and used
for histological analysis within a week. The remaining tissue
was washed three times with PBS, quickly frozen in liquid
nitrogen and then stored at -80°C for subsequent molecular
analysis.

Biochemical measurements. Individual mice were housed in
metabolic cages for 24 h. Urine was collected at weeks 5 and 15
and the urine volume was measured. The urine samples were
centrifuged at 4°C, 1,000 x g for 20 min to obtain the superna-
tant and the concentrations of urinary albumin and creatinine
were determined using a mouse Mau ELISA kit (Wuhan
Elabscience Biotechnology Co., Ltd.; cat. no. E-EL-M0792)
and a mouse Cr ELISA kit (Wuhan Elabscience Biotechnology
Co., Ltd.; cat. no. E-EL-0058), respectively. The urinary
albumin-to-creatinine ratio (ACR) was then calculated. At
week 23, blood samples were collected and centrifuged at 4°C,
3,000 x g for 5 min to obtain plasma for the determination of
blood creatinine levels.

Histological evaluation and immunohistochemistry. Kidney
tissues were fixed in 4% paraformaldehyde at room tempera-
ture for 1 week, embedded in paraffin and sectioned into
4-um-thick slices. For HE staining, tissue sections were depa-
raffinized in xylene I and II for 10 min each, then sequentially
hydrated for 5 min each in xylene/ethanol (1:1), 100% ethanol
I/IT and 80% ethanol, followed by rinsing with tap water.
Hematoxylin staining was performed for 5 min, followed by
washing with tap water, differentiation in 1% hydrochloric
acid for 30 sec and bluing under running tap water. Eosin
staining was carried out for 1 min, followed by rinsing under
running water. Then, the sections were dehydrated through a
graded series of 95% ethanol I/II and 100% ethanol I/II for
5 min each, treated with xylene I and II for 5 min each, cleared

in xylene three times (3 min each), mounted with neutral resin
and observed under a microscope.

For Masson staining, the steps for deparaffinization and
hydration of the slices were the same as HE staining. The
sections were stained with hematoxylin for 5 min, rinsed with
distilled water, differentiated with acidic differentiation solu-
tion for 30 sec, rinsed with tap water for 10 min and quickly
rinsed with distilled water. The sections were then stained with
Acid Fuchsin staining solution for 10 min, quickly rinsed with
distilled water, then differentiated with phosphomolybdic acid
differentiation solution for 2 min. The differentiation solution
was discarded and bright green staining solution was added
for 1 min. The samples were quickly rinsed with distilled
water, differentiated with acidic differentiation solution for
1 min, quickly dehydrated through a graded ethanol series
(70, 80,90 and 100% for 10 sec each), cleared three times with
xylene (5 min each), mounted with neutral resin and observed
under a microscope.

For periodic acid-Schiff (PAS) staining, the steps for depa-
raffinization and hydration of tissue sections were the same as
HE staining. The sections were oxidized at room temperature
in iodine solution for 10 min, then washed with distilled water
for 5 min. Schiff's reagent was added and incubated in a dark
box at 37°C for 1 h, followed by washing with distilled water
for 5 min. Subsequently, the sections are counterstained with
hematoxylin for 3 sec, differentiated with hydrochloric acid
for 30 sec, rinsed twice with tap water and blued for 5 min.
Finally, the sections underwent graded dehydration, xylene
clearing and mounting with neutral resin as in routine HE
staining, then observed and imaged under the microscope.

For immunohistochemistry, after dewaxing and hydration,
the sections were incubated with 3% hydrogen peroxide-meth-
anol solution at room temperature for 15 min to quench
endogenous peroxidase activity and 1 mmol/l levamisole for
20 min to inhibit endogenous alkaline phosphatase activity.
Antigen retrieval was performed with citrate and the samples
were blocked with 10% goat serum (Beyotime Biotechnology)
for 30 min at 37°C. The kidney sections were then incubated
overnight at 4°C with the following primary antibodies:
Anti-Nrf2 (1:500; cat. no. 80593-1-RR; Wuhan Sanying
Biotechnology), anti-HO-1 (1:500; cat. no. 81281-1-RR;
Wuhan Sanying Biotechnology), anti-GPX4 (1:100;
cat. no. 14432-1-AP; Wuhan Sanying Biotechnology),
anti-SLC7A11 (1:100; cat. no. 26864-1-AP; Wuhan Sanying
Biotechnology), anti-FTH-1 (1:100; cat. no. DF6278;
Affinity Biosciences) and anti-CD71/TFR-1 (1:2,000; cat.
no. 10084-2-AP; Wuhan Sanying Biotechnology). Following
washing with PBS, secondary antibodies (1:500; cat.
nos. 31430 and 31466; Thermo Fisher Scientific, Inc.) were
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Table II. siRNA sequences for cell transfection (Homo sapiens).

siRNA Sense sequences (5'-3") Antisense sequences (5'-3")
si-Nrf2 GACAGAAGUUGACAAAUUAUTT AUAAUUGUCAACUUCUGUCTT
si-NC UUCUCCGAACGUGUCACGUTT ACGUGACACGUUCGGAGAATT

si, small interfering; Nrf2, nuclear factor erythroid2-related factor 2; NC, normal control.

applied and incubated at room temperature for 30 min. After
further washing with PBS, the DAB chromogenic kit was used
for color development. After counterstaining with hematoxylin
(10 min at room temperature) and dehydration with an ethanol
gradient, the sections were finally sealed with xylene. Images
of the sections were captured under a light microscope. Aperio
ImageScope (v12.4.0.7000; Leica Biosystems) was used for
positive area quantification.

Transfection. When the cells in a 6-well plate reached 65-75%
confluency, si-NC or si-Nrf2 (Shanghai GenePharma Co.,Ltd.)
and Lipofectamine 2000 transfection reagent (Invitrogen;
Thermo Fisher Scientific, Inc.) were separately mixed with
Opti-MEM serum-reduced medium (Invitrogen; Thermo
Fisher Scientific, Inc.). After standing for 5 min, the mixtures
were combined and allowed to stand for an additional 20 min
before being added to the 6-well plate. Following transfection
for 6 h, the medium was replaced, DAPA at a concentration of
25 umol/l was added for another 48 h. Transfection efficiency
was confirmed by reverse transcription-quantitative PCR
(RT-gqPCR) and western blotting (WB). The siRNA sequences
are listed in Tables I and II.

Cell culture. HK-2 cells were procured from The Cell Bank
of Type Culture Collection of The Chinese Academy of
Sciences. Cells in the NC group were cultured in complete
DMEM containing 5.5 mmol/I glucose (Shanghai BasalMedia
Technologies Co., Ltd.), 10% high-grade fetal bovine serum
(FBS; Shanghai ExCell Biology, Inc.) and a penicillin-strep-
tomycin solution (100X; Biosharp Life Sciences). The HG
group cells were cultured in DMEM containing 25 mmol/l
glucose (Shanghai BasalMedia Technologies Co., Ltd.), 10%
FBS and penicillin-streptomycin solution (100X). The ferrop-
tosis activator group (erastin group) was cultured in medium
containing 5.5 mmol/I glucose + 2.5 ymol/l erastin for 48 h.
The HG + DAPA group (DAPA group) was cultured in
medium containing 25 mmol/l glucose for 48 h, with the addi-
tion of DAPA at a final concentration of 25 ygmol/l for another
48 h. The HG + ferrostatin-1 (Fer-1) group (Fer-1 group) was
cultured in medium containing 25 mmol/l glucose for 48 h,
with the addition of a ferroptosis inhibitor at a final concentra-
tion of 1 ymol/l for another 48 h. The HG + si-NC group (si-NC
group) was cultured in medium containing 25 mmol/l glucose
for 48 h, with the addition of 5 ul of si-NC at a concentration
of 20 uM for 6 h, followed by culture in medium containing
5.5 mmol/l glucose for 48 h. The HG + si-Nrf2 group (si-Nrf2
group) was cultured in medium containing 25 mmol/l glucose
for 48 h, with the addition of 5 ul of si-Nrf2 at a concentration
of 20 uM for 6 h, followed by culture in medium containing

5.5 mmol/l glucose for 48 h. The HG + si-Nrf2 + DAPA group
(si-Nrf2 + DAPA group) was cultured in medium containing
25 mmol/I glucose for 48 h, with the addition of 5 y1 of si-Nrf2
at a concentration of 20 yM for 6 h, followed by culture in
medium containing DAPA at a final concentration of 25 ymol/l
for 48 h. All cells were cultured in an incubator at 37°C with
5% CO. The siRNA sequences (Shanghai GenePharma Co.,
Ltd) are listed in Table II.

Cell viability assay. Cell viability was assessed using the Cell
Counting Kit-8 (CCK-8; Beyotime Biotechnology) following
the manufacturer's instructions. Cells were seeded in 96-well
plates at a density of 5,000 cells (100 ul) per well, incubated
at 37°C for 24 h and then treated with varying concentrations
of the test substances (DAPA, Fer-1 and erastin) for specified
durations (such as 24, 48 and 72 h). After treatment, 10 ul
of the CCK-8 working reagent was added to each well and
incubated for 2 h at 37°C. The absorbance at 450 nm was
measured using a Multifunctional microplate reader (Ensight;
PerkinElmer, Inc.).

Determination of iron and MDA. Collected cells and appro-
priately sized tissues (Iron Test Kit: 0.1 g of fresh tissue block
per 0.9 ml of reagent; MDA Test Kit: The tissue weight was
10% of the homogenate or lysis solution) were homogenized
in buffer or lysate, thoroughly mixed and placed on ice for
10 min for lysis. The homogenates were then centrifuged
at 4°C, 15,000 x g for 10 min and the resulting supernatants
were collected for analysis. The iron and MDA concentrations
were determined using an Iron assay kit (Wuhan Elabscience
Biotechnology Co., Ltd.) and a trace MDA assay kit (Beyotime
Biotechnology), respectively. Working reagents were prepared
as per the manufacturer's instructions. Subsequently, the
samples were added to a 96-well plate with the working
reagents and incubated at 37°C for 10 min. The absorbance
values of each well were measured at 593 nm (iron assay) and
532 nm (MDA assay) using a spectrophotometer. The concen-
trations of iron and MDA were calculated according to the
manufacturer's instructions.

Measurement of ROS production. Intracellular levels of
ROS were assessed using 2'7'-dichlorofluorescein diacetate
(Beyotime Biotechnology). Method 1: Cells cultured in 6-well
plates were incubated with 10 gmol/l of 2'7'-dichlorofluo-
rescein diacetate in a cell culture incubator at 37°C, shielded
from light, for 1 h. After washing, the cells were trypsinized,
collected, resuspended in PBS and the fluorescence intensity
was measured using a flow cytometer (FACSCanto; BD
Biosciences) with an excitation wavelength of 488 nm and an



Bzl SPANDIDOS
7] .§, PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 58: 171, 2026 5

Table III. PCR primer sequences (Homo sapiens).

Gene Forward primer sequences (5'-3") Reverse primer sequences (5'-3")
Nrf2 ACGGTATGCAACAGGACATTGAGC GGAAGTCGTCGTAGGAGAGGTGT
HO-1 AAGACTGCGTTCCTGCTCAAC GCTGTCAACGACATCCCGAAA
GPX4 GAGGCAAGACCGAAGTAAACTAC AAGGGCACATTGGTCAAGCC
SLC7A11 CCCAGATATGCATCGTCCTT ATACCCTGTTCTTTGGGTCC

FTH-1 CCCCCATTTGTGTGACTTCAT TTACTTTCGATTCGGAGCCCG
TFR-1 GGACGCGCTAGTGTTCTTCT GGACCGAGCCGTTCATCTAC
GAPDH ACCCAGAAGACTGTGGATGG GTTCCAGTAGGGACTCGACT

Nrf2, nuclear factor erythroid2-related factor 2; HO-1, heme oxygenase-1; GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family 7,
member 11; FTH-1, ferritin heavy chain 1; TFR-1, transferrin receptor 1.

Table IV. PCR primer sequences (Mus musculus).

Gene Forward primer sequences (5'-3") Reverse primer sequences (5'-3")
Nrf2 GCATAGAGCAGGACATGGAGCA GGAAGGAGGCGACGGTAGTCA
HO-1 AAGCCGAGAATGCTGAGTTCA AGGAACATGGTATAGATGTGCCG
GPX4 CAGGAGCCAGGAAGTAAT GAGTAACTATTCTTGCCGAC
SLC7A11 CCTCTGACGATGGTGATGCTCTTC GAAATGAGCCTGGGTAAGTCGTGG
FTH-1 TGCCATCAACCGCCAGATCAA CTGACCCTCTCGCCCGACTTA
TFR-1 GTTTCCGCCATCTCAGTCATCAGG GACCACAACGCCGCTTCAGG
GAPDH CCCACTAACATCAAATGGGG TTGAAACCGTAACACCTTCC

Nrf2, nuclear factor erythroid2-related factor 2; HO-1, heme oxygenase-1; GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family 7,

member 11; FTH-1, ferritin heavy chain 1; TFR-1, transferrin receptor 1.

emission wavelength of 525 nm. The results were analyzed
using FlowJo (v10; FlowJo LLC) Method 2: Cells cultured in
6-well plates were incubated with 10 gmol/I of 2',7'-dichloro-
fluorescein diacetate in a 37°C cell culture incubator, protected
from light, for 1 h. After washing, the cells were further
incubated with DAPI staining solution for 20 min at 37°C.
The staining solution was then removed and the cells were
washed three times with PBS. The cells were visualized using
a fluorescence imaging microscopy system (Axio Vert Al
Zeiss GmbH).

RT-qPCR. Total RNA from kidney tissues and HK-2 cells
was extracted and purified using Universal Total RNA
Isolation Reagent (Biosharp Life Sciences). After quantifying
the concentration and purity of the RNA, 1 ug of RNA was
reverse transcribed into 20 ul of cDNA using HiScript II Q RT
SuperMix for qPCR (Vazyme Biotech Co., Ltd.) at 50°C for
15 min and 85°C for 5 sec. The cDNA samples were amplified
using a SYBR Green fluorescent PCR kit (Vazyme Biotech Co.,
Ltd.) on a fluorescence qPCR instrument (QuantStudio DX
Applied Biosystems; Thermo Fisher Scientific, Inc.). PCR was
performed in triplicate with the following thermocycler profile:
Denaturation at 95°C for 5 min; 95°C, 10 sec and 60°C, 30 sec for
40 cycles of amplification. The relative abundance of the target
genes was normalized to GAPDH using the 2244 method (35).
PCR primer sequences are provided in Tables III and I'V.

Transmission electron microscopy. HK-2 cell pellets were
collected and fixed in 2.5% glutaraldehyde (Wuhan Servicebio
Technology Co., Ltd.; cat. no. G1102) at 4°C for >2 h, then
washed three times with 0.1 M phosphate buffer for 15 min
each. After fixation with 1% osmium acid solution at room
temperature for 1.5 h, the samples were washed three times
with 0.1 M phosphate buffer and gradually dehydrated in
ethanol (50-100%). The samples were embedded the samples
and cured at 60°C for 48 h. A microtome was used to cut the
embedded samples into 60 nm ultrathin sections, which were
then stained with 2% uranyl acetate at room temperature
in the dark for 20 min and lead citrate at room temperature
for 10 min. In total, three samples were prepared per group
and five random fields of view were selected for each sample
for observation and imaging under a transmission electron
microscope.

WB analysis. Kidney tissues and cells were lysed with Western
and IP lysis solution (Beyotime Biotechnology) containing 1%
protease inhibitor for 30 min. The lysates were then centrifuged
at 4°C and 12,000 x g for 25 min to collect the supernatant.
After quantification using the BCA protein assay kit, sampling
buffer was added to the supernatant, which was mixed and
boiled for 10 min. Proteins (cell sample: 20-30 ug per well;
tissue sample: 30-50 ug per well) were separated by electro-
phoresis on a 10% SDS-polyacrylamide gel and transferred to
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a PVDF membrane. The membrane was washed three times
with TBST (0.1% Tween) buffer, sealed with protein-free rapid
closure solution (Shanghai Baibo Biotechnology Co., Ltd.)
at room temperature for 30 min, washed three times again
and then incubated with the primary antibodies on a shaker
at 4°C overnight. The following primary antibodies were used:
Anti-Nrf2 (1:1,000; cat. no. 80593-1-RR; Wuhan Sanying
Biotechnology), anti-HO-1 (1:5,000; cat. no. 81281-1-RR;
Wuhan Sanying Biotechnology), anti-GPX4 (1:2,000;
cat. no. 14432-1-AP; Wuhan Sanying Biotechnology),
anti-SLC7A11 (1:1,000; cat. no. 26864-1-AP; Wuhan Sanying
Biotechnology), anti-FTH-1 (1:1,000; cat. no. DF6278; Affinity
Biosciences), anti-CD71/TFR-1 (1:5,000; cat. no. 10084-2-AP;
Wuhan Sanying Biotechnology) and anti-GAPDH (1:1,000;
cat. no. GB11002; Wuhan Servicebio Technology Co., Ltd.).
After washing the membrane three times, it was incubated with
an HRP-labeled secondary antibody (10,000; cat. no. 45468;
Shanghai Xitang Biotechnology Co., Ltd.) at room tempera-
ture for 2 h. The protein bands were then visualized using
enhanced chemiluminescence reagents and semi-quantified in
ImagelJ software (version 1.54p; National Institutes of Health).

Statistical analysis. Statistical analyses were conducted using
GraphPad Prism 8.0 software (Dotmatics). Values are shown
as the mean + SD. For multiple group comparisons, one-way
ANOVA followed by Tukey's multiple comparisons test was
performed. When two groups were compared, an unpaired
t-test was used. Statistical significance was defined as P<0.05.

Results

Ferroptosis occurs in HK-2 cells cultured with HG. In the
present study, HK-2 cells treated with 5.5 mmol/l glucose
served as the NC group, while those cultured with 25 mmol/l
glucose represented the HG group. The cell viability in HG
medium with varying concentrations of DAPA (0, 3.125, 6.25,
12.5, 25, 37.5, 50 and 100 xmol/l) was evaluated at specific
time points. Notably, a peak in cell viability was observed
at 25 pmol/l of DAPA, followed by a decline with further
increases in concentration (Fig. 1A). As Fer-1 and erastin
were used as controls in subsequent experiments, the optimal
concentrations of these reagents were also tested. Treatment
with different concentrations of Fer-1 for 48 h resulted in
increased cell viability across all Fer-1-treated groups, with
the highest viability noted at 1 ymol/l (Fig. 1B). Similarly,
after 48 h of exposure to varying concentrations of erastin,
cell viability decreased in all erastin-treated groups, reaching
its lowest point at 2.5 ymol/l (Fig. 1C).

To elucidate the manifestation of ferroptosis in
HG-stimulated HK-2 cells, the mRNA expression levels of
GPX4 (Fig. 1D), SLC7A11 (Fig. 1E), FTH-1 (Fig. 1F) and
TFR-1 (Fig. 1G) were examined using RT-qPCR. Compared
with the NC group, the HG group exhibited decreased mRNA
expression of GPX4, SLC7A11 and FTH-1, alongside increased
expression of TFR-1. Ultrastructural analysis revealed morpho-
logical characteristics indicative of ferroptosis in the HG and
erastin cell groups, such as mitochondrial contraction, increased
membrane density and reduced or absent mitochondrial ridges
(Fig. 1H). Furthermore, intracellular ROS levels were measured
using fluorescent probes. The HG and erastin groups exhibited a

notable rightward shift in the peak fluorescence value compared
with the NC group, indicating a higher degree of fluorescence
production (Fig. 1I and J). Additionally, MDA and iron content
were assessed using colorimetric assays, revealing a 33%
increase in MDA production (Fig. 1K) and a 35% increase in
iron content (Fig. 1L) in the HG and erastin groups compared
with the NC group. The expression levels of ferroptosis-related
proteins in each group were also investigated using WB. The
protein expression patterns of GPX4, SLC7A11, FTH-1 and
TFR-1 were consistent with the changes observed in the corre-
sponding RT-qPCR assay (Fig. IM and N). These findings
highlight the alignment of ferroptosis-related alterations in the
HG group with those in the erastin group.

DAPA alleviates HG-induced ferroptosis in HK-2 cells. To
delve deeper into the impact of DAPA on HG-induced ferrop-
tosis in HK-2 cells, RT-qPCR was conducted to assess the
mRNA expression levels in each group. Notably, compared
with the HG group, DAPA and Fer-1 treatment improved the
decreased expression of GPX4 (Fig. 2A), SLC7A11 (Fig. 2B)
and FTH-1 (Fig. 2C), while inhibiting the increased expression
of TFR-1 (Fig. 2D) in HK-2 cells exposed to HG. Furthermore,
DAPA and Fer-1 treatment led to a reduction in ROS
(Fig. 2E and F), MDA (Fig. 2G) and iron content (Fig. 2H)
under ferroptosis conditions, indicating its potential to mitigate
ferroptosis-induced damage in HK-2 cells. Additionally, at the
protein level, DAPA and Fer-1 reversed the expression patterns
of ferroptosis-related genes. In the HG group, the decreased
expression of GPX4, SLC7A11 and FTH-1 was rescued by
DAPA, while the increase of TFR-1 was inhibited by DAPA
(Fig. 2I and J). These findings demonstrate that DAPA exerts a
protective effect against ferroptosis in HK-2 cells. Notably, the
observed changes in ferroptosis-related markers in the DAPA
group were consistent with those in the Fer-1 group.

DAPA activates the Nrf2/HO-1 signaling pathway in
HG-induced HK-2 cells. Recognizing the pivotal role of Nrf2
in oxidative stress and ferroptosis, the impact of DAPA on
Nrf2/HO-1 signaling was next investigated. RT-qPCR analysis
revealed that the Nrf2 and HO-1 mRNA levels were downreg-
ulated in the HG group, whereas DAPA treatment mitigated
these alterations (Fig. 3C and D). Furthermore, WB results
corroborated these findings, showing a decrease in Nrf2 and
HO-1 protein levels in HK-2 cells exposed to HG, which were
restored upon DAPA treatment (Fig. 3A and B). To deepen
our understanding of the interplay between Nrf2/HO-1 and
ferroptosis, Nrf2 knockdown experiments were conducted.
RT-qPCR (Fig. 3E-J) and WB (Fig. 30 and P) analyses
revealed that knockdown of Nrf2 led to a decrease in the
expression of Nrf2, HO-1, GPX4, SLC7A11 and FTH-1, and an
increase in the expression of TFR-1. However, administration
of DAPA under the same conditions attenuated these effects.
Additionally, Nrf2 knockdown showed an inhibitory effect on
the reduction of MDA, iron content and ROS compared with
the DAPA treatment group (Fig. 3K-N). These findings suggest
that DAPA may alleviate the damage caused by ferroptosis in
HK-2 cells by upregulating the Nrf2/HO-1 signaling pathway.

Modeling process and characteristic changes in DN mice.
To further validate the findings, in vivo experiments were
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Figure 1. Expression of genes associated with ferroptosis was assessed in HK-2 cells exposed to HG. (A) Cell viability was measured after incubation with
varying concentrations of DAPA for 24, 48 and 72 h. Similarly, cell viability was evaluated after treatment with different concentrations of (B) Fer-1 or
(C) erastin for 48 h. The mRNA levels of (D) GPX4, (E) SLC7A11, (F) FTH-1 and (G) TFR-1 were determined in each cell group. (H) Transmission electron
microscopy was employed to examine mitochondrial morphology in cells from the NC, HG and erastin treatment groups. (I) Levels of ROS were assessed in
each group, (J) with green representing ROS and blue representing the nucleus in the representative images. (K) MDA and (L) cellular iron content measure-
ments were also conducted. (M) The protein levels of GPX4, SLC7A11, FTH-1 and TFR-1 were analyzed via immunoblotting in cells from the NC, HG and
erastin groups, (N) with semi-quantitative analysis of the immunoblotting results shown. The bars indicate the mean + SD from three independent experiments.
“P<0.05, "P<0.01, ""P<0.001 compared with the normal group. ROS, reactive oxygen species; MDA, malondialdehyde; HG, high glucose; NC, normal control;
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Figure 2. Inhibition of HG-induced ferroptosis in HK-2 cells using DAPA. The mRNA expression levels of (A) GPX4, (B) SLC7A11, (C) FTH-1 and (D) TFR-1
in each cell group were evaluated. (E and F) reactive oxygen species expression, (G) MDA and (H) cellular iron levels were measured in cells from each group.
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conducted using a mouse model of type 2 DN. The model  group exhibited a lively demeanor, glossy fur and consistent
was established by feeding male C57BL/6J mice a HFD and  patterns in food intake, water consumption and body weight.
administering a low dose of STZ (Fig. 4A). Mice in the NC By contrast, mice in the DN group began displaying symptoms
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https://www.spandidos-publications.com/10.3892/ijmm.2026.5842

10 LIU et al: DAPAGLIFLOZIN MITIGATES FERROPTOSIS IN DIABETIC NEPHROPATHY

such as increased thirst, appetite and urination, along with
weight loss (Fig. 4C-F), and showed lethargy and a dull coat.
There was no marked change in blood glucose levels in the
normal group of mice. However, after 3 days of STZ injec-
tion, random blood glucose levels in the DN, DAPA, si-NC,
si-Nrf2 and si-Nrf2 + DAPA groups gradually rose, reaching
23 mmol/l by week 15. Subsequently, the random glucose
levels in the DAPA group gradually decreased, while those
in the si-Nrf2 + DAPA group began to marginally decline at
week 17. By the 23rd week, the random blood glucose levels
in the DAPA group approached those of the NC group, and
those in the si-Nrf2 + DAPA group approached those of the
si-NC group (Fig. 4B), suggesting that DAPA effectively
controlled diabetic blood glucose levels. Urinary protein levels
serve as an important biomarker for assessing the success of
the DN mouse model. The urinary albumin (Fig. 4G), urinary
creatinine (Fig. 4H) and ACR (Fig. 4I) showed an increase
in the DN group compared with the NC group at week 15.
Changes in serum creatinine levels can reflect renal func-
tion. The results showed that serum creatinine levels were
significantly increased in the DN group and the si-Nrf2 group
compared with the DAPA and si-Nrf2 + DAPA groups, respec-
tively (Fig. 4J). These findings suggest that DAPA treatment
improved renal function in mice with DN.

DAPA ameliorates ferroptosis and renal pathological injury
in DN mice via activation of the Nrf2/HO-1 pathway
Examination of ferroptosis-related parameters in mice.
Subsequently, the expression levels of Nrf2, HO-1 and
ferroptosis-related markers in the renal tissues of mice from
the DN and DAPA groups were evaluated. Results from
RT-qPCR and protein blotting analyses revealed significant
upregulation of Nrf2 (Fig. 5A and I), HO-1 (Fig. 5B and I),
GPX4 (Fig. 5C and I), SLC7A11 (Fig. 5D and I) and FTH-1
(Fig. 5E and I) in the DAPA group compared with the
DN group. Additionally, TFR-1 expression was notably
decreased in the DAPA group compared with the DN group
(Fig. 5F and I). Furthermore, the MDA (Fig. 5G) and iron
content (Fig. SH) levels were significantly reduced in the
renal tissues of DAPA-treated mice compared with the DN
group, indicating a mitigated ferroptosis phenotype. To further
corroborate the protective effect of DAPA on DN kidneys
through ferroptosis inhibition via Nrf2/HO-1 upregulation,
si-Nrf2 mice were treated with DAPA. Both the mRNA and
protein levels of Nrf2 and HO-1 were significantly elevated
in the DAPA-treated si-Nrf2 mice compared with the si-Nrf2
group (Fig. 5A, B and I). Additionally, DAPA reversed the
altered expression of ferroptosis-related genes at both the
mRNA and protein levels: The decreased expression of GPX4,
SLC7AI11 and FTH-1 in renal tissues of the si-Nrf2 group
was improved by DAPA, while the elevated expression of
TFR-1 was inhibited by DAPA (Fig. 5C-F and I). Notably,
DAPA pretreatment also decreased the MDA (Fig. 5G) and
iron content (Fig. 5H), indicating its potential to alleviate iron
overload and lipid peroxidation induced by Nrf2 knockdown.
Overall, these findings suggest that DAPA may suppress
ferroptosis by activating the Nrf2/HO-1 signaling pathway.
Renal histopathological results in mice. Histopathological
examination revealed that DAPA mitigated the pathological
alterations characterized by glomerular and tubular epithelial

damage. PAS staining demonstrated a reduction in the thick-
ening of the glomerular and tubular basement membranes in
the DAPA and si-Nrf2 + DAPA groups, while Masson staining
indicated adecrease in collagen fiber deposition in the glomeruli
and renal interstitium (Fig. 6A and C). Immunohistochemical
analysis revealed that treatment with DAPA led to increased
expression of Nrf2, HO-1, SLC7A11, GPX4 and FTH-1 as
well as decreased expression of TFR-1 compared with the
DN group and si-Nrf2 group (Fig. 6B and D). These findings
underscored the significant renal protective effects of DAPA
in DN mice.

Discussion

DN represents a notable microvascular complication arising
from DM, standing as a primary instigator of chronic kidney
disease and eventual ESKD. Ferroptosis, a recently character-
ized mode of cellular death, is intricately interwoven with
diverse cellular metabolic pathways encompassing redox
homeostasis and iron metabolism (36). Notably, iron overload
and hyperglycemia-induced oxidative stress exert marked
influence on the pathogenesis and progression of DN (14).
Numerous investigations have underscored the intimate asso-
ciation between ferroptosis and DN progression (37,38). Prior
research has highlighted the therapeutic potential of DAPA in
managing DM and its complications. The multifaceted effects
of DAPA encompass glycemic regulation (39), restoration of
glomerular function (40) and mitigation of oxidative stress
and fibrosis (41). Despite these advancements, the current
body of clinical literature exploring the mechanisms linking
ferroptosis to DN and the potential therapeutic role of DAPA
remains limited. The present study aimed to elucidate these
mechanisms, offering novel insights into therapeutic strategies
for DN.

Iron metabolism plays a pivotal role in the intricate
dynamics of ferroptosis. Intracellular iron homeostasis,
encompassing iron uptake, export, utilization and storage,
is orchestrated by a cadre of iron metabolism-related genes,
including TFR-1 and FTH-1 (42). TFR1, a plasma membrane
protein, governs cellular iron uptake by mediating the endo-
cytosis of transferrin-bound iron into the cell (43). FTH-1
plays a crucial role in iron storage by forming an iron carrier
complex, ferritin, in conjunction with another protein, Ferritin
Light Chain. This complex adeptly sequesters and stores free
iron in a non-toxic form within the cell, thereby mitigating
free iron levels (44). In situations of intracellular iron over-
load, Fe** engages in a Fenton reaction with HO, giving rise
to hydroxyl radicals that bind to polyunsaturated fatty acids,
initiating lipid peroxidation and culminating in a marked
accumulation of ROS. This ROS-induced lipid peroxidation
of phospholipid-containing cell membranes generates MDA,
inducing cellular oxidative stress and toxicity, ultimately trig-
gering ferroptosis (45). The regulation of ferroptosis primarily
revolves around System Xc-, GSH metabolism and the modu-
lation of GPX4 activity. System Xc-comprises SLC3A2 and
SLC7A11 dimers integrated into the cell membrane surface,
with SLC7A11 being the principal subunit responsible for
transporting cystine into the cell for GSH synthesis (46). GSH
serves as an essential cofactor for GPX4, which degrades small
molecule peroxides and certain lipid peroxides, thus inhibiting
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Figure 4. Diabetic nephropathy mouse model. (A) Modeling process of mice with diabetic nephropathy mice. (B) Random blood glucose levels of mice were
monitored at weeks 5,7,9, 11, 13, 15, 17, 19, 21 and 23. (C) Water intake, (D) food intake, (E) urine output and (F) body weight were measured in mice at weeks
5,7,9, 11, 13 and 15. Mice were assayed for (G) 24-h urine albumin level, (H) urine creatinine and (I) ACR at 5 and 15 weeks. (J) Mice were tested for blood
creatinine at 23 weeks. The bars indicate the mean + SD. "*P<0.001 compared with the NC group; **P<0.01 compared with the DN group; “P<0.05 compared
with the si-Nrf2 group. NC, normal control; si-NC, si-negative control; DN, diabetic nephropathy; HFD, high-fat diet; STZ, streptozotocin; ip, Intraperitoneal
Injection; DAPA, dapagliflozin; si, small interfering; Nrf2, nuclear factor erythroid2-related factor 2; ACR, the urinary albumin-to-creatinine ratio.

lipid peroxidation and serving as a major scavenger of intra- In the present study, the expression of ferroptosis-related
cellular lipid peroxides. Consequently, inhibition of SLC7A11  factors in hyperglycemia-induced HK-2 cells were evaluated
and GPX4 expression triggers ferroptosis (47). as a positive control, with erastin utilized as a reference. The
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findings revealed downregulation of GPX4, SLC7A11 and
FTH-1 expression and upregulation of TFR-1 in the renal
tissues of DN mice and HG-induced HK-2 cells. Additionally,
the levels of ROS expression, iron content and the lipid peroxi-
dation product MDA increased, mirroring the expression
patterns following erastin treatment, indicating an association
between ferroptosis and DM development. In recent years, the
critical role of ferroptosis in the pathogenesis and progres-
sion of DM and its complications has been increasingly
recognized (48-50), aligning with current understandings (51).
Furthermore, ferroptosis has been linked to tubular injury
and fibrosis in DN (22,52). Notably, DAPA has been found to
potentially mitigate myocardial IRI by inhibiting ferroptosis
via the MAPK signaling pathway (53). To delve deeper into
whether DAPA shields against DN by impeding ferroptosis,
HG-induced HK-2 cells were employed to simulate the
DN state and a DN mouse model was established in the
present study. The results indicated that DAPA intervention
demonstrated a partial reversal of ferroptosis-related factor
expression. DN mice showed improved glycemic control and
reduced serum creatinine, together with improvements in
glomerular morphology, tubular epithelial injury, basement
membrane thickening and renal interstitial fibrosis. These
findings suggest a protective effect of DAPA on DN, consistent
with Huang er al (33). Notably, random blood glucose levels
have been reported in the present study, which are variable and
can be influenced by feeding status and measurement timing.
In addition, the high-sugar/HFD + low-dose STZ model
utilized typically retains residual -cell function; therefore,
near-normal mean random glucose with SGLT?2 inhibition has

been reported in STZ-related rodent models (54). A previous
study has shown that empagliflozin can alleviate acute tubular
injury by mitigating ferroptosis (55). Taken together, the
results of the present study support that DAPA may slow DN
progression, at least in part, by inhibiting ferroptosis.

Previous investigations have elucidated the role of Nrf2 as
a transcription factor pivotal in orchestrating anti-oxidative
stress mechanisms (56). Numerous downstream target
genes of Nrf2 are instrumental in forestalling or rectifying
cellular redox imbalances, thereby playing crucial roles in
eliciting antioxidant responses within the organism. Nrf2
comprises seven Neh structural domains, each imbued with
distinct functionalities. Among these, the amino-terminal
Neh2 domain facilitates interaction with Keapl is a substrate
adaptor protein for the Cullin3 (Cul3)-dependent E3 ubiquitin
ligase complex (57). Under normal physiological conditions,
the Keapl-Cul3-E3 ubiquitin ligase complex targets multiple
lysine residues within the Neh2 domain at the N-terminus
of Nrf2 (between the DLG and ETGE motifs), promoting
ubiquitination for subsequent degradation. However, under
stress conditions, electrophilic reagents and oxidants trigger
Nrf2-dependent cellular defense mechanisms, leading to the
liberation of Nrf2 from Keapl and its translocation into the
nucleus. Here, it binds to antioxidant-responsive elements,
initiating the transcription of various antioxidant genes
[such as NAD(P)H:quinone oxidoreductase 1, glutathione
S-transferase, heme oxygenase 1, y-glutamylcysteine ligase
and GSH] (58).

HO-1 serves as a principal effector of Nrf2-dependent
cellular responses, with HO-1 and its metabolites playing
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pivotal roles in maintaining cellular homeostasis (59). It is
widely recognized that the Nrf2/HO-1 signaling pathway
holds promise as a therapeutic target for combating oxidative
stress (60). Moreover, an abundance of prior studies have under-
scored the protective effects of Nrf2/HO-1 pathway activation
against renal oxidative damage in diabetic models (61-63).
Based on these findings, we hypothesized that DAPA might
impede DN progression through modulation of the Nrf2/HO-1
pathway. The investigations of the present study revealed
diminished Nrf2 and HO-1 expression in HG-induced HK-2
cells in vitro and in an in vivo DN model. However, treatment
with DAPA significantly upregulated Nrf2 and HO-1 expres-
sion. These findings suggest that DAPA could potentially slow
DN progression by activating the Nrf2/HO-1 signaling axis.

In recent years, the Nrf2/HO-1 pathway has emerged as a
pivotal player in the progression or prevention of ferroptosis
across a spectrum of diseases (such as gastric cancer, neurolog-
ical diseases, osteoporotic fractures and liver cancer) (64-67).
Subsequently, the present study sought to further elucidate
the interplay among DAPA, DN and ferroptosis by knocking
down Nrf2 expression. The results demonstrated that Nrf2
knockdown led to reduced HO-1 expression, as well as
decreased mRNA and protein levels of ferroptosis-related
genes. Additionally, Nrf2 knockdown upregulated the ROS,
MDA and iron content levels, while the protective role of
DAPA in mitigating DN by inhibiting ferroptosis was also
somewhat attenuated. Collectively, through the series of
in vivo and in vitro studies outlined above, the findings of the
present study suggest that DAPA could delay DN progression
by inhibiting ferroptosis through activation of the Nrf2/HO-1
signaling pathway (Fig. 7).

There are several limitations in the present study that
should be noted. First, due to the difficulty of obtaining
renal tissues from patients with DN, validation of the find-
ings using human samples was not possible. Second, an
Nrf2-deficient model generated by gene-editing approaches
was not employed, which limits the ability to establish Nrf2
as a necessary mediator of the observed effects in vivo.
Third, it was not investigated whether DAPA affects the
nuclear translocation of Nrf2. Fourth, DN involves multiple
regulated cell-death pathways with potential crosstalk, and
since apoptosis-related proteins (such as the caspase family)
and autophagy markers (such as LC3 and p62) were not
assessed, it cannot be excluded that DAPA also modulates
these pathways and contributes to the observed protective
effects. HG. Fifth, in the HK-2 HG model, an Nrf2-dependent
signaling effect of DAPA could not be fully separated from
a metabolic contribution related to altered cellular glucose
handling and reduced ROS levels, as intracellular glucose
uptake or flux were not evaluated. Future studies assessing
Keapl expression, incorporating human samples and using
Nrf2-deficient models, together with measurements of
apoptosis and autophagy markers, will help strengthen the
mechanistic interpretation.

In conclusion, the present study elucidated the occurrence
of ferroptosis in HK-2 cells induced by HG and in the renal
tissues of mice with DN. Furthermore, the findings suggested
that DAPA may attenuate HG-induced ferroptosis and miti-
gate histological damage and functional abnormalities in
the kidneys of diabetic nephropathic mice, both in vivo and
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in vitro. These effects may be mediated through the modula-
tion of iron metabolism, the inhibition of lipid peroxidation
and the enhancement of antioxidant capacity. Collectively,
the present study provides compelling evidence that DAPA
may impede the progression of DN by suppressing ferroptosis
through activation of the Nrf2/HO-1 signaling pathway.
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