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Diabetic kidney disease (DKD) is a major complication of diabetes mellitus, driven by hyper-
glycemia-induced oxidative stress, ER stress, and mitochondrial apoptosis. This study ex-
amined the protective effects of Morin against hyperglycemia-induced renal tubular injury,
alone or in combination with the SGLT2 inhibitor Empagliflozin, with emphasis on the ATF6-
DAPK1 axis. HK2 cells were exposed to high glucose with or without Morin and/or Em-
pagliflozin. Cellular stress, mitochondrial function, and apoptosis were assessed. Morin-
DAPK1 binding was examined via molecular docking, surface plasmon resonance (SPR), and
cell thermal shift assay (CETSA). db/db mice received vehicle, Empagliflozin, Morin, or their
combination for 14 weeks, followed by renal histological, biochemical, and metabolic evalu-
ations. Morin reduced ROS accumulation, ER stress (p-PERK, p-elF2a, CHOP, cleaved ATF6),
mitochondrial dysfunction, and apoptosis in HK2 cells. It suppressed DAPKI mRNA expres-
sion via ATF6 inhibition and directly bound DAPK1 (Kd = 1.61 pmol-L™), disrupting its inter-
action with pro-apoptotic BAK/BIK. Empagliflozin indirectly downregulated DAPK1 through
ER stress relief. Combination therapy synergistically reduced oxidative stress, preserved mi-
tochondrial membrane potential, and prevented apoptosis. In db/db mice, both compounds
improved renal structure, lowered blood glucose, reduced UACR, and inhibited kidney stress
markers, with greater improvements in the combination group, which also alleviated hepatic
steatosis. Morin exhibits renoprotective effects against high glucose-induced cellular stress
and diabetic kidney disease, at least partially via DAPK1 targeting. Co-administration with
Empagliflozin enhances these effects, supporting its potential as an adjunct therapy for hyper-
glycemia-induced kidney injury.

1. Introduction

Diabetes mellitus (DM) is a pervasive metabolic disorder ose-lowering and renoprotective properties

Empagliflozin, a sodium-glucose cotransporter 2 (SGLT2) in-
hibitor, is a standard-of-care therapy for DKD because of its gluc-
>, In addition to im-

characterized by chronic hyperglycemia that affects millions of
people worldwide ". A significant complication of diabetes is dia-
betic nephropathy, a primary contributor to end-stage renal dis-
ease . Chronic hyperglycemia drives cellular stress mechanisms
such as endoplasmic reticulum (ER) stress, oxidative stress, and
mitochondrial dysfunction, which collectively contribute to renal
cellular damage and apoptosis **. Although current therapeutic
approaches primarily focus on glycemic control and general anti-
inflammatory strategies, there remains a critical need to identify
novel molecular targets that directly regulate stress-induced ap-
optotic pathways in diabetic kidney disease (DKD).

* Corresponding author.
E-mail addresses: yklaw@must.edu.mo (B. Law); xywyll@swmu.edu.cn (Y.
Xu)
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proving glycemic control, it confers modest anti-oxidative, anti-
inflammatory, and anti-ER stress effects ""'’. Given its established
clinical role, Empagliflozin provides a relevant benchmark
against which to evaluate novel therapeutic candidates and to ex-
plore potential additive effects.

Morin, a naturally occurring flavonoid, has garnered signific-
ant attention for its potent antioxidant and anti-inflammatory ef-
fects ', As a dietary supplement, Morin has demonstrated vari-
ous pharmacological benefits, including hepatoprotective, cardi-
oprotective, neuroprotective and renal protective effects ' ',
Mechanistically, Morin can alleviate ER stress by attenuating p-
GRP78/PERK/ATF6 signaling ' '*. However, previous studies on
Morin and related flavonoids have largely emphasized general
antioxidative properties without elucidating specific molecular
targets linking ER stress to mitochondrial apoptosis in DKD.

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Our preliminary bioinformatic and target-docking analyses
revealed that Empagliflozin and Morin share overlapping molecu-
lar targets relevant to oxidative stress and inflammation, yet they
act on complementary signaling nodes. Importantly, we identi-
fied Death-Associated Protein Kinase 1 (DAPK1) as a direct phys-
ical binding partner of Morin. DAPK1 is a calcium/calmodulin-de-
pendent serine/threonine kinase that integrates ER stress sig-
nals, particularly via ATF6 activation, to promote mitochondrial
apoptosis ', Elevated DAPK1 activity has been implicated in
diabetic complications 2 2, however, itremains an underex-
plored therapeutic target in DKD.

We therefore hypothesized that Morin, by inhibiting ATF6 ac-
tivation and directly binding DAPK1 to disrupt its pro-apoptotic
interactions, would provide significant renoprotection in DKD. Its
addition to the standard therapy Empagliflozin could further en-
hance overall efficacy via complementary mechanisms. To test
this hypothesis, we evaluated the protective effects and mechan-
istic basis of Morin alone and in combination with Empagliflozin
in cellular and murine DKD models, with a focus on the
ATF6-DAPK1-mitochondrial apoptosis axis.

2. Materials and methods

2.1. Cell culture

HK2 cells, a proximal tubular cell line derived from normal
human kidney, were obtained from Procell (CL-0109; Wuhan,
China) and cultured in DMEM (Gibco, 11965092) supplemented
with 10% FBS (Gibco, 10270106) and 1% penicillin/streptomy-
cin (Gibco, 15140122) at 37 °C with 5% CO,. For DAPK1 overex-
pression, HK2 cells were infected with lentivirus generated from
the pLenti-puro plasmid carrying the cDNA sequence of the hu-
man DAPK1 gene (NM_004938). An empty pLenti-puro vector
served as the control. Lentivirus was produced using Lipofectam-
ine 3000 (Thermo Fisher, L3000001) and packaging plasmids
psPAX2 (Addgene, 12260) and pMD2.G (Addgene, 12259).

2.2. Treatment protocols

HK2 cells were seeded in 6-well or 96-well plates (Corning,
3516) at a density of 1 x 10* cells/cm®. After reaching 70%-80%
confluence, cells were cultured in growth medium containing
normal glucose (NG, 5.5 mmol-L™") or high glucose (HG, 33
mmol-L™"; prepared with D-glucose, Sigma-Aldrich, G7021),
either alone or in combination with Empagliflozin (10 pmol-L™;
Selleckchem, $8022), Morin (50 pmol-L™; Selleckchem, S9110)
and/or TC-DAPK 6 (a potent DAPK1/3 inhibitor, 100 nmol-mL™;
MCE, HY-15513) for 48 h. All treatments were diluted in serum-
free DMEM. Doses used for in vitro experiments were based on
previous publications (Morin '*** and Empagliflozin **) and our
own preliminary dose-optimization (Supplementary Figure 1). TC-
DAPK 6 * has ICs, of 69 and 225 nmol-mL™" against DAPK1 and
DAPK3. Therefore, 100 nmol-mL™" was used for cell treatment.

2.3. Cell viability assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-
8; Beyotime, C0037). After treatment, 10 ul of CCK-8 reagent was
added to each well of a 96-well plate and incubated for 2 h at
37 °C. Absorbance was measured at 450 nm using a BioTek Syn-
ergy H1 microplate reader (BioTek Instruments, Winooski, VT,
USA).

2.4. Measurement of reactive oxygen species (ROS)

Intracellular ROS levels were measured using 2'.7'-di-
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chlorodihydrofluorescein diacetate (DCFH-DA; Beyotime, S0033).
Treated HK2 cells were incubated with 20 pmol-L™* DCFH-DA in
serum-free medium for 30 min at 37 °C. After washing with PBS,
fluorescence intensity was measured at excitation/emission
wavelengths of 485/535 nm using the BioTek Synergy H1 micro-
plate reader. Mitochondrial superoxide production was determ-
ined using MitoSOX Red (Beyotime, S0061S) (5 umol-L™, 10 min,
37 °C), followed by flow cytometry.

2.5.]C-1 and tetramethylrhodamine methyl ester (TMRM) staining
for mitochondrial membrane potential

Mitochondrial membrane potential was assessed using the
MitoProbe JC-1 Assay Kit (Thermo Fisher Scientific, M34152).
Treated HK2 cells in 6-well plates (Corning, 3516) were incub-
ated with 5 pmol-L™" JC-1 dye (prepared in 1 mL serum-free me-
dium per well) for 30 min at 37 °C in the dark. Cells were washed
twice with 1 x PBS (Gibco, 10010023) and immediately analyzed
using a fluorescence microscope (Nikon Eclipse Ti2, Japan). JC-1
aggregates (red fluorescence: excitation/emission 560/595 nm)
and monomers (green fluorescence: excitation/emission 485/
535 nm) were imaged. The fluorescence ratio of aggregates to
monomers was calculated to determine mitochondrial health. Mi-
tochondrial membrane potential was additionally quantified us-
ing tetramethylrhodamine methyl ester (TMRM; Invitrogen,
T668) staining. Fluorescence intensity was measured by flow
cytometry (BD FACSCanto II, BD Biosciences, USA) at excitation
548 nm and emission 574 nm.

2.6. Flow cytometry for apoptosis detection

Apoptosis was quantified using the Annexin V-PE/7-AAD Ap-
optosis Detection Kit (Yeasen Biotech, 40310ES50). After treat-
ment, HK2 cells were trypsinized with 0.25% Trypsin-EDTA
(Gibco, 25200056), neutralized with complete medium, and cent-
rifuged at 300 x g for 5 min. Cells were washed twice in 1 x PBS
and resuspended in 100 pL binding buffer (provided in the kit) at
a density of 1 x 10° cells/mL. Cells were stained with 5 pL Annex-
in V-PE and 5 pL 7-AAD per sample for 15 min at room temperat-
ure in the dark. Stained cells were analyzed within 1 h using a BD
FACSCanto II flow cytometer (BD Biosciences, USA). Quadrants
Q2-4 and Q2-2 represent early and late apoptotic cells, respect-
ively. Only early apoptotic cells were quantified.

2.7. Western blot analysis

Treated HK2 cells were lysed in RIPA buffer (Thermo Fisher
Scientific, 89900) supplemented with 1 x protease inhibitor cock-
tail (Roche, 11697498001) and 1 x phosphatase inhibitor cock-
tail (Sigma-Aldrich, P0044). Mitochondrial and cytosolic frac-
tions were isolated using the Mitochondria Isolation Kit for Cul-
tured Cells (Thermo Fisher Scientific, 89874) as previously de-
scribed **. Protein concentrations were quantified using the BCA
Protein Assay Kit (Thermo Fisher Scientific, 23225). Equal
amounts of protein (30 pg per lane) were separated by SDS-PAGE
(4%-20% gradient gels; Bio-Rad, 4561094) and transferred to
PVDF membranes (Millipore, IPVH00010). Membranes were
blocked for 1 h in 5% non-fat milk (Bio-Rad, 1706404) in TBS-T
(Tris-buffered saline with 0.1% Tween-20) and incubated
overnight at 4 °C with the following primary antibodies against:
cleaved PARP (1 : 1000, #9541, CST), cleaved caspase-3 (1 :
1000, #9664, CST), Bax (1 : 5000, 60267-1-Ig, Proteintech), Bcl2
(1 : 2000, 12789-1-AP, Proteintech), GRP78 (1 : 2000, 11587-1-
AP, Proteintech), p-PERK (1 : 1000, #3179, CST), PERK (1 :
1000, #3192, CST), p-elF2a (1 : 1000, #3398, CST), elF2a (1 :
1000, #9722, CST), CHOP (1 : 2000, 15204-1-AP, Proteintech),
ATF6 (1 : 1000, NBP1-40256, Novus Biologicals), Mfn1 (1 :
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2000, 66776-1-Ig, Proteintech), Mfn2 (1 : 2000, 12186-1-AP,
Proteintech), Fis1 (1 : 2000, 10956-1-AP, Proteintech), Cyto-
chrome C (CytoC; 1 : 2000, 10993-1-AP, Proteintech), COX IV
(1 : 5000, 11242-1-AP, Proteintech), anti-DAPK1 (1 : 2000,
25136-1-AP) and B-actin (1 : 5000, 20536-1-AP, Proteintech).
After washing with TBS-T, membranes were incubated with HRP-
conjugated anti-rabbit IgG (1 : 5000, #7074, CST) or anti-mouse
IgG (1 : 5000, #7076, CST) secondary antibodies for 1 h at room
temperature. Protein bands were visualized using the SuperSig-
nal West Pico ECL Substrate (Thermo Fisher Scientific, 34577)
and quantified using Image] software (v1.53).

2.8. Immunofluorescence staining

After treatment, cells were washed twice with 1 x PBS, fixed
with 4% paraformaldehyde (PFA) for 15 min at room temperat-
ure, and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich,
T8787) in PBS for 10 min. Cells were blocked with 5% bovine ser-
um albumin (BSA; Sigma-Aldrich, A7906) in PBS for 1 h and in-
cubated overnight at 4 °C with anti-ATF6 antibody (1 : 250, NBP1-
40256, Novus Biologicals). After washing, cells were incubated
with Alexa Fluor 488-conjugated goat anti-rabbit IgG (1 : 1000,
#A-11008, Invitrogen) for 1 h at room temperature in the dark.

For dual-labeling of CytoC and Tomm20, cells were co-
stained with mouse anti-Tomm20 (1 : 250, 66777-1-Ig, Pro-
teintech) and rabbit anti-CytoC (1 : 250, 10993-1-AP, Pro-
teintech) antibodies overnight at 4 °C, followed by Alexa Fluor
488-conjugated anti-mouse IgG (1 : 1000, #A-11001, Invitrogen)
and Alexa Fluor 594-conjugated anti-rabbit IgG (1 : 1000, #A-
11012, Invitrogen). Nuclei were stained with Hoechst 33342
(5 ng'mL™", Beyotime, C1022) for 10 min. Images were captured
using an Olympus FV2000 confocal microscope (Tokyo, Japan).
For quantification of ATF6 nuclear localization, images were ana-
lyzed using Image] software (v1.53) by defining regions of in-
terest (ROIs) corresponding to nuclei and to total cell area. Mean
fluorescence intensity (MFI) of ATF6 within the nuclear ROIs was
divided by MFI of total cell ATF6 to yield the nuclear/total ATF6
ratio for each cell.

2.9. Mitochondrial fragmentation index

For live-cell imaging, HK2 cells were incubated with Mito-
Tracker Green FM (50 nmol-L™, Beyotime, C1048) in serum-free
medium at 37 °C for 30 min. Cells were washed with pre-warmed
PBS and stained with Hoechst 33342 (5 ug-mL™, Beyotime,
€1022) for 10 min. Mitochondrial morphology was visualized us-
ing the Olympus FV2000 confocal microscope. Mitochondrial
fragmentation was quantified blindly by two independent techni-
cians. Fission events (punctate or fragmented mitochondria)
were counted and expressed as a percentage of total mitochon-
dria using the equation: (fission events/total mitochondria) x
100, where total mitochondria include fission, intermediate, and
fusion types.

2.10. Measurement of mitochondrial superoxide production

Mitochondrial superoxide production was assessed using the
MitoSOX™ Red Mitochondrial Superoxide Indicator (Yeasen Bi-
otech, 40778ES50). Treated HK2 cells were incubated with 5
umol-L™" MitoSOX Red reagent (diluted in serum-free DMEM) for
10 min at 37 °C in the dark. Cells were washed twice with 1 x
PBS, and fluorescence intensity was measured using a BioTek
Synergy H1 microplate reader (BioTek Instruments) at excita-
tion/emission wavelengths of 510/580 nm.

2.11. Target prediction and molecular docking

SwissTargetPrediction (http://swisstargetprediction.ch/) *
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was applied to predict the potential targets of Morin and Em-
pagliflozin. The docking model between Morin and DAPK1 was
calculated using CB-DOCK (http://clab.labshare.cn/cb-dock/
php/) *°. The crystal structure of DAPK1 (https://doi.org/10.
2210/pdb8IE8/pdb) *' was used for docking.

2.12. RT-qPCR analysis

Total RNA was isolated from HK2 cells using the RNeasy Mini
Kit (Qiagen, 74104) following the manufacturer’s protocol, in-
cluding lysis with 350 pL Buffer RLT (provided in the kit).RNA
concentration was quantified using a NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific). One microgram of total
RNA was reverse-transcribed into cDNA using the iScript™ cDNA
Synthesis Kit (Bio-Rad, 1708890) in a 20 pL reaction volume.
Quantitative PCR was performed with SsoAdvanced Universal SY-
BR Green Supermix (Bio-Rad, 1725271) using 0.5 pumol-L™ of
each primer (final concentration) in a 10 pL reaction volume. Re-
actions were run on a CFX96 Touch Real-Time PCR Detection Sys-
tem (Bio-Rad, 1855195) under the following conditions:

Initial denaturation: 95 °C for 3 min; 40 cycles: 95 °C for 10 s,
60 °C for 30s.

Primer used were as follows:

DAPK1: forward 5'-CCAGACTGTCTTCCACCAACTC-3', reverse
5'-TCCTCACACTCACGTTCTCGCA-3".

GAPDH: forward 5'-GTCTCCTCTGACTTCAACAGCG-3', re-
verse 5-ACCACCCTGTTGCTGTAGCCAA-3'. The relative gene ex-
pression was calculated using the 2™* method.

2.13. Surface plasmon resonance (SPR) analysis

Binding affinity studies were performed using a Biacore T200
instrument (Cytiva). Recombinant DAPK1 protein (Sino Biologic-
al, D01-11G) was immobilized onto a CM5 sensor chip (Cytiva,
BR100012) using amine coupling chemistry. Morin (Sigma-Ald-
rich, M4008) was dissolved in DMSO and diluted in HBS-EP + buf-
fer (10 mmol-L™" HEPES, 150 mmol-L™" NaCl, 3 mmol-L™" EDTA,
0.05% V/V surfactant P20, pH 7.4; Cytiva, BR100669) to final
concentrations of 1.56, 3.13, 6.25, 12.5, 25, and 50 pmol-L™". Em-
pagliflozin (MedChemExpress, HY-15412) served as a control. In-
jections were performed in multi-cycle kinetic mode with a con-
tact time of 120 s, a dissociation time of 180 s, and a baseline sta-
bilization time of 30 s. The association and dissociation phases
were measured, and the data were analyzed using Biacore T200
Evaluation Software employing a 1 : 1 binding model to determ-
ine the dissociation constant (Kj).

2.14. Cellular Thermal Shift Assay (CETSA)

HK2 cells were treated with Morin (50 pmol-L™"; Sigma-Ald-
rich, Cat# M4008) or Empagliflozin (10 pmol-L™"; MedChemEx-
press, Cat# HY-15412) for 48 h. After treatment, cells were col-
lected and washed once with ice-cold PBS containing protease in-
hibitors (Roche, 11697498001).

Cells were counted and resuspended in PBS to a final density
of 2 x 107 cells/mL. The cell suspension was aliquoted into PCR
tubes (Axygen, Cat# PCR-02-C) and heated at the indicated tem-
peratures (40, 45, 50, 55, 60, and 65 °C) for 3 min using a
thermal cycler (Bio-Rad, T100). After heating, samples were
cooled to room temperature.

Cells were then resuspended in NP-40 lysis buffer (Beyotime,
Cat# P0013F) and subjected to three freeze-thaw cycles using li-
quid nitrogen. Lysates were centrifuged at 20 000 x g for 20 min
at 4 °C, and the supernatants were collected. An equal volume of
2 x SDS loading buffer (Beyotime, Cat# P0015L) was added to
each supernatant, followed by boiling at 100 °C for 10 min to de-
nature proteins. A 30 pL aliquot of each sample was loaded onto
SDS-PAGE gels for Western blot analysis as described above.
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2.15. Co-Immunoprecipitation (Co-1P)

HK2 cell lysates (prepared in NP-40 lysis buffer with Roche
protease inhibitors) were incubated with 5 pg anti-DAPK1 anti-
body (Proteintech, 67815-1-Ig) or control IgG (Proteintech,
AC005) overnight at 4 °C. Protein A/G Magnetic Beads (Thermo
Fisher, 88802) were added (20 pL per sample) and incubated for
2 h at 4 °C. Beads were washed 3 x with lysis buffer, and bound
proteins were eluted in 2 x Laemmli buffer (Bio-Rad, 1610747).
Western blot was performed using the following antibodies:
DAPK1 (1 : 2000, Proteintech, 25136-1-AP); BAK (1 : 2000, Pro-
teintech, 29552-1-AP) and BIK (1 : 1000, Cell Signaling Techno-
logy, #4592).

2.16. Animal models and treatment

Five-week-old male db/m and db/db mice were obtained
from Huachuang Sino (Jiangsu, China) and housed under stand-
ard conditions with a 12-hlight/dark cycle. All animal experi-
ments were conducted according to the guidelines approved by
the Experimental Animal Ethics Committee of Southwest Medical
University, China (approval No. 20240725-001). Mice were ac-
climated for one week before the start of the experiment. The
db/m mice (n = 6) were fed a normal diet for 14 weeks after one
week of acclimation. The db/db mice (n = 8 per group) were di-
vided into the following treatment groups: Vehicle (control); Em-
pagliflozin (10 mg-kg™* body weight/day, administered intragast-
rically, i.g.); low-dose Morin (50 mg-kg™ body weight/day, i.g.);
high-dose Morin (100 mg-kg™ body weight/day, i.g.); combina-
tion of Empagliflozin (10 mgkg™) and high-dose Morin (100
mg-kg™"). The weight of the animals was recorded weekly. The
doses of Empagliflozin and Morin for animal studies followed
previous publications ***.

Blood glucose levels were measured at 6, 10, 12, 14, 16, 18,
and 20 weeKks after the start of treatment. For each measurement,
approximately 20 pL of blood was collected from the tail vein us-
ing a sterile scalpel blade after cleaning the tail with 70% ethanol.
Mice were gently restrained, and the distal tail was nicked to
obtain a drop of blood, which was immediately analyzed using
a glucometer (ACCU-CHEK, Roche Diagnostics). Hemostasis
was achieved by applying gentle pressure to the tail after
sampling.

At the end of the experiments, mice were euthanized by
gradual-fill carbon dioxide (CO,) inhalation at a flow rate of
20%-30% chamber volume per minute. After loss of conscious-
ness, cervical dislocation was performed to ensure death, in ac-
cordance with institutional and national animal care guidelines.
Kidneys and colons were collected and prepared for hematoxylin
and eosin (H&E), periodic acid-Schiff (PAS), and Masson’s tri-
chrome staining. Urine samples were collected from each mouse
at 6, 10, 15, and 20 weeks. Urinary albumin and creatinine con-
centrations were measured using a cobas 6500 urine analyzer
series (Roche). The urinary albumin-to-creatinine ratio (UACR)
was calculated to assess kidney function.

2.17. Statistical analysis

All data are presented as mean * standard deviation (SD) (n =
3,5, 6 or 8, as indicated). All statistical analyses were performed
using GraphPad Prism 10.6 software (GraphPad Software, La
Jolla, CA, USA). Prior to parametric testing, the normality of data
distribution was assessed using the Shapiro-Wilk test, and homo-
geneity of variances was verified using Levene’s test. All datasets
included in this study met the assumptions of parametric tests.
Potential outliers were identified using the Grubbs' test (alpha =
0.05) and excluded from the analysis if detected, with no more
than one outlier removed per experimental group. For comparis-
ons between two experimental groups, unpaired two-tailed Stu-
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dent’s t-test was applied. For comparisons across three or more
independent groups, one-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post-hoc test for multiple pairwise comparis-
ons was used. For longitudinal measurements such as body
weight and blood glucose over time, repeated-measures two-way
ANOVA was adopted to evaluate the effects of treatment and
time. A P value of < 0.05 was considered statistically significant.

3. Results

3.1. Morin alleviates high-glucose-induced intracellular ROS pro-
duction and apoptosis of proximal tubular cells

To determine the optimal concentrations of Morin and Em-
pagliflozin for subsequent experiments, we first performed dose-
optimization studies in HK2 cells under normal-glucose and high-
glucose conditions (Supplementary Fig. 1). Morin (10-200
pumol-L™") (Supplementary Fig. 1A) and Empagliflozin (1-20
umol-L™") (Supplementary Fig. 1B) were tested for their effects on
cell viability. Both compounds showed dose-dependent protect-
ive effects against high-glucose (HG, 33 mmol-L™)-induced cyto-
toxicity, with 50 umol-L™" Morin and 10 pmol-L™" Empagliflozin
providing maximal protection without affecting cell viability un-
der normal-glucose (NG, 5.5 mmol-L™") conditions. These concen-
trations were therefore selected for all subsequent in vitro assays.

Under HG exposure, Empagliflozin or Morin alone partially
prevented the decrease in cell viability, whereas their combina-
tion exerted a synergistic protective effect, significantly improv-
ing viability compared with either treatment alone (Fig. 1A). We
then measured intracellular reactive oxygen species (ROS) levels
using DCFDA fluorescence in each group (Fig. 1B). High-glucose
treatment significantly increased ROS production to 189.6% =+
9.81% of the normal-glucose control. Treatment with Em-
pagliflozin or Morin alone significantly reduced ROS levels to
152.0% = 8.97% and 162.2% * 6.87%, respectively. The combina-
tion treatment further decreased ROS production to 126.6% =
6.15%, indicating a synergistic effect (Fig. 1B).

Excessive ROS generation is typically associated with dysreg-
ulated mitochondrial function. Therefore, we monitored changes
in mitochondrial membrane potential using JC-1 staining. High-
glucose treatment led to mitochondrial depolarization, as indic-
ated by a decrease in red fluorescence (JC-1 aggregates) and an
increase in green fluorescence (JC-1 monomers) (Figs. 1C and
1E). The combination treatment with Empagliflozin and Morin
resulted in greater recovery of the aggregates-to-monomers ratio
(Figs. 1C and 1E). To quantify cellular apoptosis, we performed
flow cytometry using Annexin V-PE and 7-AAD staining. High-
glucose treatment significantly increased the percentage of early
apoptotic cells to 14.13% + 0.55% (Figs. 1D and 1F). Empaglifloz-
in and Morin each reduced the percentage of apoptotic cells to
9.20% * 0.40% and 10.73% * 0.45%, respectively. The combina-
tion treatment showed a synergistic effect on suppressing apop-
tosis, reducing it to 5.13% #* 0.40% (Figs. 1D and 1F). We then ex-
amined the expression of apoptotic markers, including cleaved
PARP, cleaved caspase-3, Bax, and Bcl2, in each treatment group
(Fig. 1G). High-glucose treatment increased the levels of cleaved
PARP and cleaved caspase-3 as well as the pro-apoptotic protein
Bax, whereas it decreased the anti-apoptotic protein Bcl2. Treat-
ment with Empagliflozin or Morin individually modulated these
markers in favor of cell survival (Fig. 1G). Their combination
showed a synergistic effect that enhanced the protective protein
expression profile (Fig. 1G). In summary, these results demon-
strate that Morin exhibits protective effects against high-glucose-
induced ROS production and apoptosis in HK2 cells. The com-
bination with Empagliflozin yielded better protective outco-
mes, suggesting a synergistic effect under hyperglycemic condi-
tions.
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Fig. 1 Morin synergistically enhances the protective effects of Empagliflozin against high-glucose-induced intracellular ROS production and apoptosis in HK2 cells
(A) Quantification of HK2 cell viability 48 h after treatment with culture medium with normal glucose (5.5 mmol-L™") (NG) or high-glucose (33 mmol-L™). In each subset,
cells were treated with Empagliflozin (10 pmol-L™"), Morin (50 umol-L™) or their combination. (B) Quantification of intracellular reactive oxygen species (ROS) levels meas-
ured by DCFDA fluorescence. Cells were treated as indicated in panel A. (C and E) JC-1 staining in HK2 cells showing mitochondrial membrane potential changes. Red fluor-
escence indicates JC-1 aggregates (healthy mitochondria), while green fluorescence indicates JC-1 monomers (depolarized mitochondria). Cells were treated as indicated in
panel A. Fluorescence ratio of JC-1 aggregates to monomers was quantified and compared in panel E. Scale bar: 20 pm. (D and F) Flow cytometry analysis of Annexin V-PE
(FL2) and 7-AAD (FL3) staining to assess apoptosis in HK2 cells treated under the same conditions. Quadrants Q2-4, Q2-2 represent early and late apoptotic cells, respect-
ively. Only early apoptotic cells were quantified in panel F. V: vehicle; E: Empagliflozin; M: Morin. (G) Western blot analysis of apoptotic markers (cleaved PARP, cleaved cas-
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3.2. Morin protects against high-glucose-induced ER stress in prox-
imal tubular cells

We next investigated the effects of Morin on ER stress in HK2
cells exposed to high-glucose conditions. High-glucose treatment
markedly increased the expression of GRP78/BiP, p-PERK, p-
elF2a, CHOP, and cleaved ATF6 compared with the normal-gluc-
ose control (Figs. 2A, 2D, 2E, 2G, 21, 2]). Treatment with Em-
pagliflozin or Morin alone significantly reduced the levels of p-
PERK, p-elF2a, CHOP, and cleaved ATF6, whereas their combina-
tion resulted in a further decrease in these ER stress markers
(Figs. 2E, 2G, 21, 2]). GRP78/BiP expression was also attenuated
by the combination treatment (Fig. 2D), whereas total PERK and
elF2a levels remained unchanged across groups (Figs. 2F, 2H).

Immunofluorescence staining demonstrated increased nucle-
ar localization of ATF6 in HK2 cells under high-glucose condi-
tions, as shown by the overlap of ATF6 (green) and nuclear (blue)
signals in the merged images (Fig. 2B). Quantitative analysis of
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ATF6 MFI in the nucleus relative to total ATF6 confirmed a signi-
ficant elevation in nuclear ATF6 following high-glucose exposure,
which was partially reversed by Empagliflozin or Morin alone
and further reduced by their combination (Fig. 2C). Collectively,
these findings indicate that Morin effectively mitigates high-gluc-
ose-induced ER stress in proximal tubular cells and that combina-
tion treatment with Empagliflozin enhances this protective effect
by modulating key ER stress markers and limiting ATF6 nuclear
translocation.

3.3. Morin alleviates high-glucose-induced mitochondrial fission in
proximal tubular cells

To investigate the effect of Morin on high-glucose-induced
mitochondrial dynamics, we examined mitochondrial morpho-
logy using MitoTracker Green (Fig. 3A). High-glucose treatment
induced significant mitochondrial fragmentation, as shown by the
increased occurrence of punctate and fragmented mitochondrial
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Fig. 2 Synergistic protection of Empagliflozin and Morin against high-glucose-induced ER stress (A) Western blot analysis of ER stress markers in HK2 cells. Cells were
treated with normal glucose (NG, 5.5 mmol-L™), high glucose (HG, 33 mmol-L™), Empagliflozin (10 umol-L™, E), Morin (50 pmol-L™", M), or a combination of Empagliflozin
and Morin (E + M) for 48 h. The expression levels of GRP78/BiP, p-PERK, PERK, p-elF2a, elF2a, CHOP, ATF6, and cleaved ATF6 were analyzed. (B) Immunofluorescence
staining of ATF6 in HK2 cells under the same treatment conditions as in (A). Representative images show the localization of nuclear (blue) and ATF6 (green). Scale bar: 20
um. (C) Quantitative analysis of ATF6 nuclear translocation. Bar graph shows the ratio of nuclear ATF6 mean fluorescence intensity (MFI) to total ATF6. (D-]) Quantification
of Western blot results from (A). Graphs depict the relative protein levels of (D) GRP78/BiP, (E) p-PERK, (F) PERK, (G) p-elF2a, (H) elF2a, (1) CHOP, and (J) cleaved ATF6
(n = 3). V: vehicle; E: Empagliflozin; M: Morin. Data are presented as fold change relative to NG control. One-way ANOVA followed by Tukey’s post-hoc test was performed.
Data are expressed as mean # SD (n = 3). "P<0.05; "P< 0.01; and ""P< 0.001 for indicated two-group comparison.

structures (Fig. 4A, enhanced areas). Quantitative analysis re-
vealed that the mitochondrial fission rate was significantly high-
er in the high-glucose group (Fig. 3B).Treatment with Em-
pagliflozin or Morin alone moderately reduced the mitochondrial
fission rate compared with the high-glucose group. The combina-
tion treatment with Empagliflozin and Morin demonstrated a
synergistic effect (Fig. 3B).

Mitochondrial superoxide production was assessed using Mi-
toSOX Red fluorescence. High-glucose conditions resulted in a
marked increase in mitochondrial superoxide levels compared
with normal glucose control. Treatment with Empagliflozin or
Morin alone significantly reduced mitochondrial superoxide
levels (Fig. 3C). Importantly, the combination treatment showed
a synergistic effect, with a further reduction in mitochondrial su-
peroxide production compared with each treatment alone (Fig.
30).

Additionally, we analyzed the distribution of mitochondrial
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and cytosolic CytoC using immunofluorescence and Western blot
assays (Figs. 3D-3E). In the high-glucose group, increased re-
lease of CytoC from mitochondria to the cytosol was observed, in-
dicating mitochondrial stress. Empagliflozin and Morin individu-
ally reduced this release, and their combination provided a syn-
ergistic effect, maintaining more CytoC within the mitochondria
and reducing its cytosolic presence (Figs. 3D-3E).

Next, we analyzed the expression levels of key mitochondrial
fusion (Mfnl and Mfn2) and fission (Fisl) proteins using
Western blot (Fig. 3F). High-glucose treatment significantly de-
creased the expression of mitochondrial fusion proteins Mfn1
and Mfn2 whereas it increased the expression of the mitochon-
drial fission protein Fis1. Treatment with Empagliflozin or Morin
alone partially restored Mfnl and Mfn2 levels and reduced Fis1
levels. The combination treatment exhibited a synergistic en-
hancement, increasing Mfnl and Mfn2 expression and decre-
asing Fisl expression compared with each treatment alone
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Fig. 3 Combined effect of Empagliflozin and Morin on high-glucose-induced mitochondrial fission (A) Representative immunofluorescence images showing mitochondrial
morphology in HK2 cells treated with normal glucose (NG, 5.5 mmol-L™), high glucose (HG, 33 mmol-L™), Empagliflozin (10 pmol-L™), Morin (50 umol-L™), or their combin-
ation for 48 h. Mitochondria were labeled with MitoTracker Green, and cell nuclei were marked with Hoechst 33342. Merged images highlight mitochondrial morphology.
Scale bar: 20 um. (B) Quantification of mitochondrial fission rate (%), defined by the equation: (fission events / total mitochondria) x 100, where the total mitochondria in-
clude fission, intermediate, and fusion types (n = 3). (C) Measurement of mitochondrial superoxide production using MitoSOX Red fluorescence intensity. Relative fold
changes were calculated compared with the normal glucose control (n = 3). V: vehicle; E: Empagliflozin; M: Morin. (D) Representative immunofluorescence images showing
mitochondrial and cytosolic cytochrome c (CytoC) in HK2 cells treated as in panel A. Mitochondria were labeled with Tomm20 (green), CytoC with red fluorescence, and
nuclei with Hoechst 33342 (blue). Scale bar: 20 pm. (E) HK2 cells were treated with normal glucose (NG, 5.5 mmol-L™), high glucose (HG, 33 mmol-L™"), Empagliflozin (10
umol-L™, E), Morin (50 pmol-L™, M), or a combination of Empagliflozin and Morin (E + M) for 48 h. The expression of mitochondrial CytoC and cytosolic CytoC were
checked. (F) Western blot analysis of mitochondrial fusion (Mfn1 and Mfn2) and fission (Fis1) proteins in HK2 cells treated as indicated in panel A. (G-I) Quantification of
protein expression levels for Mfn1 (G), Mfn2 (H), and Fis1 (I) normalized to B-Actin (n = 3). V: vehicle; E: Empagliflozin; M: Morin. Data are presented as mean * SD from
three independent experiments. One-way ANOVA followed by Tukey’s post-hoc test was performed. 'P < 0.05; “P < 0.01; "'P < 0.001; ns, not significant for indicated two-
group comparison.

(Figs. 3G-31). (Supplementary Table 1). The Venn diagram showed that 13 tar-
gets were shared between the 101 predicted targets of Em-
3.4. Bioinformatic analysis of the predicted targets of Empaglifloz- pagliflozin and the 104 predicted targets of Morin (Fig. 4C).
in and Morin The top 25 predicted targets of Empagliflozin (Fig. 4B) were
classified into various categories, including electrochemical
Having observed synergistic effects between Empagliflozin transporter (24.0%), enzyme (16.0%), kinase (12.0%), and other
and Morin, we conducted bioinformatic analysis to explore the functional groups. Similarly, the top predicted targets of Morin
potential molecular mechanisms underlying their therapeutic ef- (Fig. 4D) encompassed enzyme (20.0%), family A/G protein-
fects. We first identified the predicted targets of these two com- coupled receptor (16%), oxidoreductase (12.0%), primary active
pounds using SwissTargetPrediction (http://swisstargetpredic- transporter (12%) nuclear receptor (12.0%), and several other
tion.ch/) *. The chemical structures of Empagliflozin (Fig. 4A top) categories.
and Morin (Fig. 4A bottom) were analyzed for target prediction To further characterize the functional relevance of these tar-
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gets in biological processes (BPs), cellular components (CCs), and
molecular functions (MFs), we performed Gene Ontology (GO)
enrichment analysis using the full sets of predicted targets for
both Empagliflozin and Morin (Supplementary Table 2). The GO
analysis revealed that the predicted targets were enriched in sev-
eral BPs, including response to chemical stimuli, regulation of
biological quality, and phosphorylation (Fig. 4E, left). Regarding
CCs, significant enrichments were observed in the cytosol, extra-
cellular region, and plasma membrane compartments (Fig. 4E,
middle). For MFs, the predicted targets were associated with
catalytic activity, protein phosphorylation, and ATP binding (Fig.
4E, right). Of particular interest, many of these cellular locations
are associated with key organelles involved in stress responses,
such as the endoplasmic reticulum and mitochondria.

To identify specific targets of Morin in protecting HK2 cells
from mitochondrial apoptosis, we examined the top candidates of
Morin using SwissTargetPrediction (Fig. 5A). Among these,
DAPK1 (Death-associated protein kinase 1) is a well-known regu-
lator of apoptosis ******. DAPK1 expression can be induced by ac-
tivated ATF6 under ER stress conditions ' *’. Since Morin and
Empagliflozin show inhibitory effects on ER stress signaling, in-
cluding ATF6, we further explored their regulation on DAPK1 ex-
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pression and activity. Although DAPK1 was not a predicted tar-
get of Empagliflozin, we selected DAPK1 as a key mechanistic fo-
cus in the combination treatment context because both Morin and
Empagliflozin can regulate ATF6.

3.5. DAPK1 expression is regulated via ATF6 inhibition and its pro-
apoptotic activity is inhibited through direct physical interaction

To clarify the mechanisms by which Morin and Empagliflozin
regulate DAPK1 expression, we generated ATF6-overexpression
HK2 cells (Figs. 5B=5C). Under high-glucose conditions, which
trigger ATF6 cleavage and nuclear translocation, ATF6 overex-
pression led to a significant increase in DAPK1 mRNA (Fig. 5D)
and protein (Figs. 5E-5F) levels compared with vector controls,
implying that activated ATF6 is a key transcriptional regulator of
DAPK1. Both Morin and Empagliflozin significantly suppressed
DAPK1 expression in ATF6-OE cells under HG conditions, and
their combination produced a synergistic effect (Figs. 5D-5F).

To directly test whether ATF6 overexpression can reverse
the inhibitory effects of Morin and Empagliflozin on DAPKI ex-
pression, we compared DAPKI mRNA levels in both vector con-
trol and ATF6-OE HK2 cells under high-glucose conditions with
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Fig. 5 Morin suppresses DAPK1 expression and inhibits its activity. (A) Predicted targets of Morin using SwissTargetPrediction, showing potential binding probabilities
with various proteins, including DAPK1 (Death-associated protein kinase 1). (B-C) Relative mRNA (B) and protein (C) levels of ATF6 in HK2 cells with or without ATF6
overexpression. (D) Relative mRNA levels of DAPK1 in HK2 cells under normal glucose (NG) or high glucose (HG, 33 mmol-L™) conditions for 48 h, with treatments of
vehicle (V), Empagliflozin (E), Morin (M), or their combination (E + M), in both vector control and ATF6 overexpression groups. (E, F) Western blot analysis of DAPK1 pro-
tein levels in HK2 cells under NG or HG conditions, with indicated treatments, in vector control (E) and ATF6 overexpression (F) groups. (G) Molecular docking model illus-
trating the interaction between Morin and DAPK1, showing the predicted binding site and key interacting residues. (H) Sensorgram from surface plasmon resonance (SPR)
analysis showing the binding kinetics of varying concentrations of Morin with DAPK1 and revealing a dissociation constant (Kd) of 1.61 + 0.26 umol-L™. (I) SPR analysis
demonstrating that Empagliflozin does not show significant binding with DAPK1 at the tested concentrations. (J) Cellular lysates from HK2 cells treated with vehicle, Em-
pagliflozin, or Morin were subjected to cellular thermal shift assay (CETSA) to detect DAPK1 stability under increasing temperature conditions (40-65 °C). (K) Co-immuno-
precipitation (Co-IP) assay depicting the interaction between DAPK1 and pro-apoptotic proteins BAK and BIK under high glucose conditions (HG, 33 mmol-L™") with or
without the presence of Empagliflozin (E) or Morin (M). DAPK1 was immunoprecipitated and the presence of BAK and BIK was detected by immunoblotting. Inputs were in-

cluded for protein expression comparison. P < 0.05; “P < 0.01; ***and 'P < 0.001. * comparison between vector and ATF6-OE cells under the HG condition with the same
treatment.

each treatment. Consistently, ATF6-OE cells exhibited signific- to function as an active transcription factor '**,

antly higher DAPK1 expression under the same treatment (Morin To investigate the potential direct interaction between Mor-
and/or Empagliflozin) compared with vector control cells (Figs. in and DAPK1, we conducted a molecular docking analysis. The
5D-5F). Notably, ATF6 overexpression alone did not significantly results illustrated a favorable binding affinity of Morin to DAPK1
increase DAPK1 expression under normal glucose conditions (Vina score=-8.6) (Fig. 5G). This interaction was further con-
(Figs. 5D-5F). This observation is consistent with the require- firmed by surface plasmon resonance (SPR) analysis, which
ment for ATF6 proteolytic processing and nuclear translocation showed that Morin bound to DAPK1 with a dissociation constant
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(Kd) of 1.61 + 0.26 pmol-L™" (Fig. 5H). In contrast, SPR analysis
indicated that Empagliflozin did not significantly bind to DAPK1
at the tested concentrations (Fig. 51). Consistent with these find-
ings, CETSA results showed that Morin, but not Empagliflozin, in-
creased the thermal stability of DAPK1, further supporting a dir-
ect interaction between Morin and DAPK1 (Fig. 5]). This thermal
stabilization arises because, when temperature exceeds a pro-
tein’s intrinsic stability range, non-covalent interactions (hydro-
gen bonds, hydrophobic effects, salt bridges) that maintain the
folded structure are disrupted, leading to unfolding (denatura-
tion), exposure of hydrophobic residues, aggregation, and loss of
solubility. Ligand binding can stabilize the folded structure, rais-
ing the melting temperature and rendering the protein more res-
istant to heat-induced denaturation. Importantly, this thermal
stabilization is a biophysical characteristic measured under elev-
ated temperatures and does not imply an increased protein half-
life or abundance at physiological temperature (37 °C).

Although Empagliflozin did not directly bind to DAPK1, it still
suppressed DAPK1 expression (Figs. 5D-5F). This indirect effect
is likely mediated through inhibition of ER stress signaling, par-
ticularly ATF6 activation (Figs. 2A, 21), which is known to tran-
scriptionally upregulate DAPK1 under stress conditions ' .
Thus, Empagliflozin reduces DAPK1 levels by modulating up-
stream signaling pathways rather than through direct protein in-
teraction.

To further address the functional consequences of Morin
binding, we examined whether Morin affects DAPK1 kinase activ-
ity and its interactions with pro-apoptotic partners. In the con-
text of Bik-mediated apoptosis, DAPK1 is activated to form a
complex with Bik, ERK1/2, and Bak, which is crucial for the in-
duction of apoptotic processes **. Therefore, we further explored
whether Morin affects the interaction between DAPK1 and the
pro-apoptotic proteins BAK and BIK. Co-IP assays demonstrated
that high glucose conditions enhance the interaction between
DAPK1 and both BAK and BIK. Treatment with Morin signific-
antly disrupted these interactions, whereas Empagliflozin had no
comparable effect (Fig. 5K). Taken together, these results indic-
ate that Morin inhibits DAPK1 function by both reducing its ex-
pression and interfering with its protein-protein interactions,
rather than by destabilizing the protein itself.

3.6. Morin abrogates DAPK1 overexpression-induced excessive mi-
tochondrial apoptosis under high-glucose condition

To further elucidate the protective role of Morin against
DAPK1-induced mitochondrial apoptosis under high-glucose con-
ditions, we assessed mitochondrial function and apoptosis in HK2
cells with DAPK1 overexpression (Figs. 6A-6B). Western blot
analysis revealed that cells with DAPK1 overexpression exhibited
significantly increased levels of cleaved PARP, cleaved caspase-3,
and cytosolic CytoC after high-glucose treatment (Fig. 6C). Morin
treatment markedly reduced these apoptotic markers, whereas
Empagliflozin exerted weaker protective effects. The selective
DAPK inhibitor TC-DAPK 6 (100 nmol-L™) effectively suppressed
HG-induced apoptotic changes. Notably, TC-DAPK 6 showed no
additive effect with Morin but displayed synergistic effects with
Empagliflozin (Fig. 6D).

Flow cytometry analysis demonstrated that DAPKI overex-
pression significantly decreased mitochondrial membrane poten-
tial (TMRM fluorescence) and increased mitochondrial ROS pro-
duction (MitoSOX Red fluorescence) under high-glucose condi-
tions (Figs. 6E, 6G, 61, 6K). Morin restored mitochondrial mem-
brane potential and reduced mitochondrial ROS to levels compar-
able to TC-DAPK 6 treatment, while Empagliflozin produced par-
tial protective effects (Figs. 6E-6L). In line with apoptosis mark-
er results, TC-DAPK 6 did not enhance the effects of Morin but
synergized with Empagliflozin (Figs. 6E-6L).
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Annexin V/7-AAD staining revealed that high-glucose condi-
tions induced a substantial increase in apoptosis in DAPK1-OE
cells compared with vector control (Figs. 6M, 6N). Remarkably,
Morin treatment significantly abrogated this increase in apoptos-
is, while Empagliflozin provided partial protection (Figs. 6M, 6N).
Similar protective effects of Morin were observed when com-
pared with TC-DAPK 6-treated cells (Figs. 60, 6P). TC-DAPK 6
showed no additional protective effect when combined with Mor-
in but demonstrated synergistic effects with Empagliflozin (Figs.
60, 6P).

3.7. Synergistic renoprotection of Empagliflozin and Morin in a dia-
betic kidney disease model

To investigate the combined effects of Empagliflozin and
Morin on high-glucose-induced diabetic kidney disease (DKD) in
vivo, we used db/db mice as a model for type 2 diabetes. Five-
week-old db/m and db/db mice were acclimatized and then sub-
jected to different treatments for a period of 14 weeks. db/m mice
were fed a normal diet, while db/db mice were fed a high-fat diet
with the indicated treatments, including vehicle, Empagliflozin,
low-dose Morin, high-dose Morin, ora combination of Em-
pagliflozin and high-dose Morin (Fig. 7A). db/db mice treated
with vehicle showed a progressive increase in body weight com-
pared with db/m mice (Fig. 7B). Treatment with Empagliflozin,
low Morin, high Morin, or their combination modulated weight
gain in db/db mice, with the combination treatment group show-
ing the most significant reduction in body weight compared with
the vehicle-treated db/db group (Fig. 7B).

Kidney sections were stained with H&E, PAS, and Masson’s
trichrome to evaluate the morphology of renal tubular epithelial
cells and the extent of renal fibrosis (Fig. 7C). Morphological ana-
lysis showed intact renal tubular epithelial cell structures with no
noticeable pathological changes in the db/m group. In vehicle-
treated db/db mice, H&E staining revealed epithelial cell shed-
ding and tubular dilation, PAS staining showed increased gly-
coprotein deposition, and Masson’s trichrome staining high-
lighted aggravated renal fibrosis. Compared with the vehicle
group, renal tubular epithelial cell damage was alleviated by
either Empagliflozin or Morin monotherapy, as evidenced by im-
proved tubular structure, reduced glycoprotein deposition, and
decreased fibrosis. The combination treatment with Empaglifloz-
in and high-dose Morin demonstrated the most substantial pro-
tective effect, showing markedly reduced glomerulosclerosis and
fibrosis, nearly restoring renal morphology to that observed in
the healthy db/m group (Fig. 7C). Representative H&E images of
colon sections are also shown, although no significant pathologic-
al changes were observed among groups.

To further validate the involvement of DAPK1 signaling and
associated cell stress pathways in vivo, we examined protein ex-
pression of DAPK1, ER stress markers (GRP78, CHOP), and a mi-
tochondrial apoptosis marker (cleaved caspase-3) in kidney tis-
sues (Fig. 7D). Vehicle-treated db/db mice exhibited markedly el-
evated DAPK1, GRP78, CHOP, and cleaved caspase-3 compared
with db/m mice, indicating activation of stress and apoptotic
pathways. Both Empagliflozin and Morin monotherapies signific-
antly reduced the expression of these proteins, whereas the com-
bination treatment produced the most pronounced reduction, ap-
proaching the levels observed in healthy db/m controls. These
findings support the conclusion that the synergistic renoprotect-
ive effect of Empagliflozin and Morin is at least partly mediated
through suppression of DAPK1-related ER stress and mitochon-
drial apoptosis.

Blood glucose levels measured at different time points
showed significant hyperglycemia in vehicle-treated db/db mice
compared with db/m controls (Fig. 7E). Treatment with Em-
pagliflozin or Morin alone significantly reduced blood glucose



Y. Lei et al.

>

Chinese Journal of Natural Medicines 24 (2026) 720-733

C NG HG (33 mmol-L') D NG HG (33 mmol-L)
Morin " — — — — + + — — Morin — — - + 4+ - -
g 3 = 4 Vector B Empagliflozin - - - - - — + + Empagliflozin - - - -+ +
3, I . DAPKLOE DAPKIOE DAPKI - + — + — + — + kDa  TCDAPK6 — + — + — + — + kDa
<2 DAPKI ‘Elmo «Da  Cleaved PARP - e [g7 Cleaved PARP [JTI0 B0 00 50 B0 0 ] 87
z S 19
~ aspase- . ase-
= | e B-Acti@42 KDa Cleaved caspase-3 - e e e -|:17 Cleaved caspase-3 L [ R -‘\17
E Cytosolic cyto C 14 Cytosolic cyto C ‘ - =14
30 B- Actm|-¢..--.-| 42 B-Actin[em == o= === = = =] 4
110 110 110, 110 . P
E 100 TMRM positive F 100 TMRM positive G 100 ! MitoSOX positive H 100 MitoSOX positive
80 80 80 80
60 | Vector_Unstained 60 1 % 60 % 60 |
Vector NG g Vector_Unstained g Vehicle_Unstained
[ Vector HG 5] \'fflnf,NG =) Vehicle NG
40 S Y o — 40| “a0 Voo | 40 e
[—IDAPKI Unstained | — CTC_Unstained | — ;ﬂ%“&.‘uinc g ¥Z"E:;L:fcé M
20 r*xgim :ﬂ]; 20 ‘\;,:2 20 UAPKFN(f 20 TC NG
g Ve = S e |
%T 0 DAPKI_HG +E . g] 0 TC_HG +E gI 0L - DAPKI_HG +E ET 0l B i T TCHG+E |
Slo10° 10' 10 10° 10° Sl 100 10! 10 108 104 3l 100 100 100 100 104 105 Sl 100 10! 10 108 10
— — — —
TMRM TMRM MitoSOX red MitoSOX red
I J K L
« Unstained Unstained ., 150 ™« Unstained — 80 Unstained
— -+ NG — = o - * NG = NG
E . HG E HG 3 100 - .+ HG = 60 HG
« HG+M HG+M 2 e T « HG+M 2 HG+M
E HG +E E HG+E oy 1 $ - HG+E 540 HG +E
1] = = 0
Vector DAPK1-OE Vehicle TC Vector DAPK1-OE Vehicle TC
M Vector DAPKI1-OE o Vehicle TC-DAPK 6
2 e = o
NG NG :
N P
Py
o fikan b m NG = Morin m NG =3 Morin
e B Vehicle = Empagliflozin = Vehicle = Empagliflozin
N S 30+ - = 20
g z 3 215
3 £ 5 £
& > 210
= 5
o o bS]
: S
& s & g
s ? N . N
HG g Y TS HG g .| ‘ Ag@c‘i@“\@’\‘;@“\@‘:@&‘“
S —
g R g v B N G
NG T HG B
e raw flzw
g a2z E e @z | B @z
g I F[E A N A
R ™
) . EXEE 1
< 7
=3 g- o] (e g
3 gy nESE
: Fan < Fizn

Annexin V-PE

—
Annexin V-PE

Fig. 6 Morin abrogates DAPKI1 overexpression-induced excessive mitochondrial apoptosis under high-glucose conditions (A-B) RT-qPCR (A, n=3) and Western blot (B)
analyses showing the overexpression of DAPK1 in HK2 cells (DAPK1-OE) compared with vector control. (C-D) HK2 cells with or without DAPK1 overexpression were

treated with high glucose (HG, 33 mmol-L™") alone or with indicated Morin, Empagliflozin and/or TC-DAPK 6 (100 nmol-L™

, a potent and highly selective DAPK inhibitor)

treatment for 48 h. (E-F) Flow cytometry histograms showing TMRM fluorescence intensity (mitochondrial membrane potential) in vector and DAPK1-OE cells (E), and in
vehicle and TC-DAPK6-treated cells (F) under the indicated treatments. (G-H) Flow cytometry histograms showing MitoSOX Red fluorescence intensity (mitochondrial ROS
production) in vector and DAPK1-OE cells (G), and in vehicle and TC-DAPK 6-treated cells (H) under the indicated treatments. (I-L) Quantification of TMRM mean fluores-
cence intensity (MFI) (I-]) and MitoSOX Red MFI (K-L) in vector, DAPK1-OE, vehicle, and TC-DAPK 6 (TC) treated cells under the indicated treatments (n = 3). (M-0) Rep-
resentative flow cytometry plots of Annexin V-PE and 7-AAD staining showing apoptotic cell populations in vector, DAPK1-OE (M), vehicle, and TC-DAPK 6 treated cells (0)
under NG (normal glucose), HG (high-glucose, 33 mmol-L™"), Morin, or Empagliflozin treatments. (N-P) Quantification of apoptotic cell ratios from panels M and O (n = 3).

'P<0.05, P <0.001, ns = non-significant for indicated two-group comparison.

levels, and the combination treatment had a synergistic effect,
resulting in the most profound reduction in blood glucose levels
among the db/db groups (Fig. 7E). UACR was elevated in vehicle-
treated db/db mice, indicating diabetic nephropathy (Fig. 7F).
Treatment with Empagliflozin or Morin alone significantly re-
duced UACR, and the combination treatment resulted in a further
reduction, highlighting the synergistic renoprotective effect of the
combined therapy. Liver and kidney weights were recorded at
the end of the experimental period (Figs. 7G-7H). Vehicle-treated
db/db mice showed significantly increased liver weight com-
pared with db/m mice (Fig. 7G). Treatment with Empagliflozin or
Morin alone reduced liver weight, and the combination treat-
ment led to the most significant reduction. Kidney weights did
not show significant differences among the treatment groups

730

(Fig. 7H).
4. Discussion

Previous studies have separately demonstrated the renopro-
tective effects of Empagliflozin or Morin in experimental models
of diabetic kidney disease '**>*". In this study, we demonstrated
that the flavonoid Morin attenuated high-glucose-induced renal
tubular cell injury by targeting DAPK1, a key regulator of mito-
chondrial apoptosis. Furthermore, combining Morin with Em-
pagliflozin synergistically enhanced renal protection by suppress-
ing both DAPK1 expression and activity. In animal models, the
combination attenuated DKD progression in db/db mice and
achieved better effects than either treatment alone. These find-
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Fig. 7 Synergistic renoprotection of Empagliflozin and Morin in a diabetic kidney disease model. (A) Schematic diagram of experimental design. Five-week-old db/m and
db/db mice were acclimated and then subjected to different treatments. db/m mice were fed a normal diet for 14 weeks (n = 6), while db/db mice were fed a high-fat diet for
14 weeks (n = 8 per group), with the following treatments: vehicle, Empagliflozin (10 mg-kg™ weight/day), low Morin (50 mg-kg™" weight/day), high Morin (100 mg-kg™
weight/day), or a combination of Empagliflozin and high Morin. (B) Body weight measurements of mice over the experimental period. (C) Representative histological im-
ages of kidney sections stained with hematoxylin and eosin (H&E), periodic acid-Schiff (PAS), and Masson’s trichrome. Images were taken at 200 x and 400 x magnifica-
tions. Additional images of colon sections stained with H&E are included. (D) Western blot analysis of kidney tissues from each treatment group, showing protein levels of
DAPK1, GRP78, CHOP, and cleaved caspase-3. For each group, kidney samples from two mice were used for analysis. (E) Blood glucose levels measured at different time
points throughout the experiment. (F) Urinary albumin-to-creatinine ratio (UACR) measurements at 6, 10, and 20 weeks. (G-H) Liver (G) and kidney (H) weight measure-
ments at the end of the experimental period. Data represent mean + SD. P < 0.05; P <0.01; P < 0.001; ns, not significant.

ings highlight DAPK1 as a novel therapeutic target in DKD and
provide mechanistic insights into the complementary actions of
Morin and Empagliflozin.

ER stress is a critical factor in the pathogenesis of diabetic
kidney disease, as it contributes to both renal cell apoptosis and
fibrosis " *. Prolonged or unresolved ER stress can exacerbate
cellular damage, leading to the activation of pro-apoptotic path-
ways and increased ROS production °. levated ROS production,
from both mitochondrial and extracellular sources, further ag-
gravates cellular dysfunction and damage *’. ROS activate signal-
ing pathways that disrupt mitochondrial function and promote
mitochondrial fragmentation, a process tightly regulated by the
balance between mitochondrial fission and fusion *’. Under stress
conditions such as hyperglycemia, mitochondrial fission is often
excessive ‘" ",

DAPK1 promotes mitochondrial apoptosis by phosphorylat-
ing Bcl-2 family members, thereby triggering CytoC release and
caspase activation °. In the context of Bik-mediated apoptosis,
DAPK1 is required to form a complex with Bik, ERK1/2, and
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Bak **. Under ER stress, IFN-y stimulates proteolytic processing
of ATF6, which then forms a complex with C/EBP-$ to induce
DAPK1 transcription, with both transcription factors being essen-
tial for DAPK1 expression and autophagy induction '**". Our find-
ings extend these observations by demonstrating that ATF6 over-
expression significantly enhances DAPK1 transcription under
high-glucose conditions, while both Morin and Empagliflozin sup-
press this ATF6-mediated transcriptional activation. Further-
more, molecular docking, SPR, and CETSA assays confirmed a dir-
ect physical interaction between Morin and DAPK1, which re-
duces DAPK1’s binding to pro-apoptotic partners BAK and BIK.
This dual mechanism, transcriptional suppression and disrup-
tion of the kinase-protein complex, distinguishes Morin from
conventional antioxidants and underscores its potential as a
DAPK1-targeted therapy for DKD.

The in vivo results from our db/db mouse model further sup-
port the therapeutic potential of combining Empagliflozin and
Morin for diabetic kidney disease. The synergistic effects were
observed in several key parameters of diabetic nephropathy, by
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reducing hyperglycemia, albuminuria (UACR), and renal fibrosis,
compared with either treatment alone. The histological improve-
ments-reduced glomerulosclerosis and glycoprotein deposi-
tion—mirror the in vitro attenuation of cellular stress, suggest-
ing systemic benefits. Notably, the combination also mitigated
hepatic steatosis (evidenced by reduced liver weight), a common
comorbidity in diabetes, likely through Empagliflozin’s metabolic
effects and Morin’s lipid-lowering properties. These findings sup-
port the concept of Morin as a viable adjunct to SGLT2 inhibition
in DKD management.

However, some limitations should be acknowledged. First, al-
though our in vitro experiments used a human proximal tubular
cell line, it will be important to validate these findings in primary
human renal cells to strengthen translational relevance. Second,
although we confirmed that DAPK1 is a functionally important
node targeted directly by Morin and indirectly by Empagliflozin,
broader target profiling was not fully addressed. In our bioin-
formatic analysis, among the 13 predicted shared targets of the
two compounds, the adenosine A2a receptor (ADORA2A)
emerged as another candidate of interest (Supplementary Table
1). ADORA2A is known to modulate ER stress and mitochondrial
function, with reported roles in enhancing mitochondrial meta-
bolism, reducing ROS-mediated injury **, and exerting anti-in-
flammatory effects via suppression of IL-1f and TNF-a produc-
tion *. Future studies are warranted to determine whether AD-
ORAZ2A constitutes an additional mechanistic link between Morin
and Empagliflozin in the context of DKD. Furthermore, future
work should aim to validate these findings in human-derived ren-
al models (such as patient-derived organoids), expand mechan-
istic exploration to additional shared molecular targets, and eval-
uate long-term safety and efficacy in larger-scale and ultimately
human studies. Such efforts would help accelerate the translation
of Morin, in combination with SGLT2 inhibitors, toward clinical
use for DKD management.

5. Conclusion

In summary, this study establishes DAPK1 as a critical medi-
ator of hyperglycemia-induced renal tubular apoptosis and iden-
tifies Morin as a potent DAPK1 inhibitor. In addition, our study
provides preclinical evidence for the synergistic protective ef-
fects of Empagliflozin and Morin against high-glucose-induced
cellular stress and diabetic kidney disease. Given Empagliflozin’s
established therapeutic use and Morin’s favorable safety profile
as a natural compound, this combination merits further transla-
tional and clinical investigation as a promising adjunct strategy
for DKD management.
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