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Background: Diabetic Cardiomyopathy (DCM), a common cardiac complication in diabetic patients, is characterized by cardiac
structural injury and myocardial metabolic dysfunction, ultimately leading to heart failure. Frizzled Related Protein (FRZB)
contributes to the regulation of a variety of diseases, including diabetes and cardiovascular failure. However, the specific mech-
anism underlying its role in DCM is unclear. Therefore, this study investigated the cardioprotective role of FRZB in diabetic
heart injury.

Methods: Male C57BL/6J mice were employed to construct an in vivo DCM mouse model using a high-fat diet combined with a
streptozotocin injection. Similarly, an in vitro DCM model was established in H9C2 cells through high glucose (HG) exposure.
Histological staining, Cell Counting Kit-8 assay, TdT-mediated dUTP Nick-End Labeling (TUNEL staining), flow cytometry, and
biochemical Kkits were used to examine cardiac tissue morphology, cell activity, apoptosis and oxidative stress. The expression
levels of ferroptosis-related indicators were quantified. Furthermore, FRZB was overexpressed or knocked down to assess its
effect and determine changes in Adenosine 5'-monophosphate (AMP)-activated protein kinase (AMPK)/Peroxisome proliferator-
activated receptor-y-coactivator 1a (PGC-1q) signaling pathway-related protein levels after HG exposure.

Results: HG induced cardiomyocyte injury, ferroptosis and oxidative stress, along with downregulation of FRZB expression in
vitro and in vivo. Overexpression of FRZB activated the AMPK/PGC-1« signaling pathway and significantly attenuated HG-
induced oxidative stress and ferroptosis in cardiomyocytes. In contrast, silencing of FRZB effectively inhibited this pathway,
exacerbating oxidative stress and ferroptosis under HG conditions. Additionally, when FRZB was overexpressed while inhibiting
the AMPK/PGC-1a signaling pathway, its cardioprotective effects were abolished.

Conclusion: FRZB attenuates diabetes-induced oxidative stress and ferroptosis in cardiomyocytes by regulating the AMPK/PGC-
1o signaling pathway, offering novel insights into the cardioprotective mechanisms for diabetic patients.
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Introduction

Diabetic cardiomyopathy (DCM) is a distinct type of
cardiomyopathy that occurs in patients with diabetes melli-
tus, characterized by cardiomyocyte apoptosis, ventricular
dilation or hypertrophy, cardiac remodeling, myocardial is-
chemia, insulin resistance, and myocardial metabolic disor-
ders [1-3]. Therefore, novel pharmacological and molecu-
lar approaches are essential to prevent ventricular dysfunc-
tion and manage myocardial metabolic dysfunction in pa-
tients with DCM.

Recent studies have linked ferroptosis to several con-
ditions, particularly cardiovascular disease [4—6]. Ferropto-
sis is a type of regulated, non-apoptotic cell death induced
by over-production of phospholipid hydroperoxides in an
iron-dependent manner [7], which, in turn, leads to dysreg-
ulated iron metabolism, lipid peroxidation and depletion of

the ferroptosis-suppressing enzyme Glutathione Peroxidase
4 (GPX4) [8,9]. Canagliflozin has been reported to allevi-
ate myocardial oxidative stress and suppress ferroptosis in a
DCM mouse model [10], indicating that inhibiting ferrop-
tosis and oxidative stress in cardiomyocytes is crucial for
treating DCM.

Adenosine 5’-monophosphate (AMP)-activated pro-
tein kinase (AMPK) is a key regulator of cellular energy
metabolism and is a common therapeutic target in type 2
diabetes (T2DM) [11]. Peroxisome proliferator-activated
receptor-y-coactivator la (PGC-1«) is a downstream reg-
ulator of AMPK, which participates in the modulation of
cellular glycolipid metabolism [12]. Numerous studies re-
veal that the AMPK/PGC-1« pathway is involved in reduc-
ing oxidative stress, for example, fibroblast growth factor
19 (FGF19) has been reported to reduce palmitate-induced

Copyright: © 2025 The Author(s). Published by Discovery Medicine. This is an open access article under the CC BY 4.0 license.
Note: Discovery Medicine stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.24976/Discov.Med.202537203.249
https://creativecommons.org/licenses/by/4.0/

oxidative stress in skeletal muscle through activation of the
AMPK/PGC-1a pathway [13]. Furthermore, upregulation
of PGC-1« enhances mitochondrial function, prevents dia-
betic cardiometabolic dysfunction, and protects against dia-
betic cardiomyopathy [14]. Additionally, Tapan Behl et al.
[15] summarized numerous studies showing that activating
AMPK helps treat diabetes and its complications. There-
fore, activation of the AMPK/PGC-1« pathway represents
a crucial treatment approach to alleviate DCM.

FRZB is a member of the secretory frizzled-related
protein family that is involved in regulating several dis-
eases, including arthritis, cardiovascular conditions, and
various cancers, by modulating other proteins and cell pro-
liferation and differentiation [16—19]. This protein has been
found to attenuate inflammation-induced insulin signaling
dysfunction in T2DM and to be positively correlated with
insulin sensitivity [20]. Studies have indicated that FRZB
promotes positive effects in myocardial ischemia and heart
failure, with its upregulation potentially counteracting the
negative impacts on heart function under stress [21]. It is
noteworthy that FRZB can reduce cardiac fibrosis and car-
diac hypertrophy by suppressing oxidative stress and car-
diomyocyte apoptosis [22]. These observations support
FRZB as a potential therapeutic target. However, its spe-
cific protective role in DCM remains poorly investigated.
Therefore, this study aims to explore the cardioprotective
role of FRZB in diabetic heart injury using a DCM mouse
model.

Materials and Methods

Animal Model

Male C57BL/6J mice (n = 10), aged 3 weeks and
weighing 18-22 g, were acclimatized for 1 week before ex-
periments. The mice were housed under controlled envi-
ronmental conditions (temperature 22 £ 1 °C, humidity 50
+ 5%) with a 12-hour light-dark cycle and free access to
food and water. Mice were randomly divided into control
and high-fat diet (high glucose) groups, with 5 mice each.
From 4 weeks of age, mice in the control group received a
standard diet (chow), and the remaining mice were given a
high-fat diet to induce a T2DM model. At 8 weeks of age,
the high-fat diet-fed group received an intraperitoneal injec-
tion of STZ (30 mg/kg) to induce the T2DM model, whereas
control mice were treated with an equal volume of sodium
citrate buffer for three consecutive days. T2DM was con-
firmed on the third day after STZ injection. To minimize
mice suffering, euthanasia was conducted using an over-
dose of anesthetic (3% pentobarbital sodium, 200 mg/Kg).
After confirming the respiratory arrest, tissue samples were
collected.
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Hematoxylin-Eosin (H&E) and Masson's Trichrome
Staining

Mouse heart tissue samples were fixed with 4%
paraformaldehyde, then dehydrated, cleared, and then em-
bedded in paraffin. Tissue sections were stained with H&E
for microscopic assessment of morphological changes in
myocardial tissues across different groups. Additionally,
Masson’s trichrome staining was performed on cardiac tis-
sue sections to examine myocardial fibrosis.

TdT-mediated dUTP Nick-End Labeling (TUNEL)

Cardiac tissues were sectioned into 4 pum slices,
washed with phosphate-buffered saline (PBS), and per-
meabilized with 0.3% Triton X-100. Apoptotic cells
were stained using a TUNEL fluorescein isothiocyanate
(FITC) Apoptosis Detection Kit and counterstained with
4’,6-diamidino-2-phenylindole, following the manufac-
turer’s instructions (G1502 and G1012, Servicebio, Wuhan,
China). TUNEL-positive cells were visualized and as-
sessed using a fluorescence microscope (APX100, Olym-
pus, Tokyo, Japan).

Real-time Quantitative Polymerase Chain Reaction
(RT-gPCR)

Total RNA was extracted using TRIzol® reagent
(DP424, TIANGEN, Beijing, China). The cDNA was syn-
thesized using the Maxima First Strand cDNA Synthesis
Kit (K1641, Thermo Fisher, Waltham, MA, USA). RT-
qPCR was performed using SYBR® Premix EX TaqTM
(RR390Q, Takara Dalian, China). Primers used in RT-
gqPCR are listed in Table 1. Relative mRNA expression lev-
els were calculated using the 2~22C method, with S-actin
serving as the internal control.

Western Blot (WB) Analysis

Total protein was extracted from H9C2 cells using
RIPA lysis buffer (P0013B, Beyotime, Shanghai, China).
An equal amount of protein (30 pg per sample) was
resolved by electrophoresis and subsequently transferred
onto PVDF membranes. The membranes were blocked
for 1 hour and then incubated overnight at 4 °C with
the following primary antibodies: anti-FRZB (ab273582;
1:1000; Abcam), anti-GPX4 (ab125066; 1:1000; Ab-
cam), anti-ACSL4 (ab155282; 1:1000; Abcam), anti-
Ferritin (ab74973; 1:1000; Abcam), anti-Solute Carrier
Family 7 Member 11 (SLC7A11) (HA600098; 1:1000;
HUABIO), anti-AMPK (ET1608-40; 1:1000; HUABIO),
anti-p-AMPK (ET1701-37; 1:1000; HUABIO), and anti-
PGC-1a (A12348; 1:1000; Abclonal). The following day,
membranes were washed with PBST and incubated for 30
minutes at 37 °C with horseradish peroxidase-conjugated
Goat Anti-Rabbit IgG H&L secondary antibody (1:5000;
ab96899; Abcam). Protein bands were visualized using an
enhanced chemiluminescence kit (BL520b, Biosharp Life
Science, Anhui, China), and images were captured with
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Table 1. A list of primers used in RT-qPCR.

Primer

Sequences

Forward: 5'-GAGGAGCTGCCAGTGTACGAC-3’

Frizzled Related Protein (FRZB)

Reverse: 5'-GAAAATCAGCTCCGTCCG C-3/

Acyl-CoA synthetase long-chain
family member 4 (ACSL4)

Forward: 5'-CTTCCTCTTAAGGCCGGGAC3’
Reverse: 5'-TCTCTTTGCCATAGCGTTTTTAG-3’

Prostaglandin-endoperoxide
synthase 2 (PTGS2)

Forward: 5'-TGAGTACCGCAAACGCTTCT3’
Reverse: 5'-CAGCCATTTCCTTCTCTCCTGT-3’

Forward: 5'-ACTATTGGCAACGAGCGGTTCC-3’
Reverse: 5'-GCACTGTGTTGGCATAGAGGT-3/

B-actin

a chemiluminescence system (Tanon-4600, Yuanpinghao
Biotechnology Co., Ltd., Beijing, China).

Cell Culture

The rat cardiomyocyte cell line (H9C2 Cells, GNR 5)
was obtained from the Cell Bank of the Chinese Academy
of Sciences (Shanghai, China) and authenticated by STR
analysis and mycoplasma testing. Cells were cultured in
DMEM (11320033, Gibco, USA) containing 10% fetal
bovine serum (A5670701, Gibco, USA) and 1% strepto-
mycin/penicillin. For the high-glucose (HG) group, the cul-
ture medium was supplemented with 25 mM glucose and
0.2 mM palmitic acid (PAL, Sigma, USA). In contrast, the
control group cells were cultured in medium containing 5
mM glucose. Both groups were incubated for 48 hours be-
fore transfection. At 24 hours post-transfection, H9C2 were
treated with 10 uM dorsomorphin (Compound C, S7840,
Selleck, TX, USA) for 60 minutes at 37 °C.

FRZB Overexpression (OE) and Knockdown (sh)

Based on previous protocol [23], the overexpression
construct was generated by PCR cloning of FRZB into
the pcDNA3.1 vector (Sino Biological), with the empty
vector serving as the control, and transfected using Lipo-
fectamine®2000. For the knockdown construct, FRZB-
shRNA was inserted into pSilencer 4.1 (Shanghai San-
gon Biotech), with the scramble shRNA vector serving
as the negative control, and the construct was packaged
and purified using the lentiviral system. The cell transfec-
tion was performed following the manufacturer’s instruc-
tions. Lentivirus transduction was conducted at a multi-
plicity of infection (MOI) of 5. After 48 hours of incuba-
tion, puromycin (60210ES25, Asen Corporation, Shanghai,
China) was added to select stable cell lines. Overexpression
and knockdown efficiency are presented in the Supplemen-
tary materials.

Cell Viability

Cell viability was determined using the Cell Counting
Kit-8 (CCK-8). H9C2 cells were exposed to 25 mM glu-
cose and 0.2 mM palmitic acid for 24, 48, or 72 hours. Af-
ter treatment, 10 uLL of CCK-8 solution was added to each

well, and the plates were incubated at 37 °C for 2 hours.
Subsequently, absorbance (OD) was measured according to
standard procedure using a microplate reader (CMax Plus,
Shanghai, China). Cell viability was calculated as follows:

Cell viability (%) = [(ODuggroup - ODplank) /
(ODcontrol group ~ ODblank)] x 100%.

Where “blank wells” contain only culture medium and
CCK-8 reagent, and were used to eliminate background ab-
sorption.

Flow Cytometry

Cell suspensions were prepared from each group to
assess HG-induced apoptosis in HOC2 cells. Apoptosis
was evaluated using flow cytometry with the Annexin V-
FITC/PI apoptosis kit (LIANKE BIO, Hangzhou, China),
following the manufacturer’s instruction. The cell suspen-
sion was adjusted to a concentration of 1 x 10°/mL, after
which 10 pL of PI was added, and the cells were incubated
at room temperature for 15 minutes in the dark. Finally,
apoptosis was quantified using a CytoFLEX flow cytome-
ter (BECKMAN, USA).

Evaluation of Reactive Oxygen Species (ROS) Levels

Intracellular ROS levels in HOC2 cells were assessed
using a Reactive Oxygen Species Assay Kit (CA1410, So-
larbio, Beijing, China). Cells were incubated with 2°,7°-
dichlorodihydrofluorescein diacetate (DCFH-DA) under
controlled experimental conditions at 37 °C for 20 min-
utes. After incubation, the cells were washed three times
and then examined under an inverted fluorescence micro-
scope (CKX53, OLYMPUS, Japan) to determine fluores-
cence intensity.

Assessment of Oxidative Stress Level

After 24 hours of incubation under HG conditions, the
cell pellets were collected. Subsequently, 1 mL of extrac-
tion buffer was added to each pellet, followed by ultrasonic
homogenization. The lysates were then centrifuged, and the
supernatant was obtained for further analysis. Intracellular
levels of lactate dehydrogenase (LDH), malondialdehyde
(MDA), and glutathione (GSH) were determined using the
LDH Content Assay Kit (BC0685), MDA Content Assay
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Fig. 1. Myocardial damage and FRZB downregulation in DCM mice. (a,b) Myocardial tissue morphology was assessed using
H&E and Masson’s trichrome staining (scale bar: 50 um, magnification, 200x and scale bar: 20 um, magnification, 400x). (c,d) The
proportion of apoptotic cells was assessed using a TUNEL assay (scale bar: 50 um, magnification, 200x). (e) The relative expression
levels of FRZB using RT-qPCR in the control and DCM groups. (f,g) WB analysis of FRZB in the control and DCM groups. n=5; **p
< 0.01. FRZB, Frizzled Related Protein; DCM, Diabetic Cardiomyopathy; H&E, Hematoxylin-Eosin; TUNEL, TdT-mediated dUTP
Nick-End Labeling; WB, Western Blot.
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Fig. 2. HG induces oxidative stress and ferroptosis in cardiomyocytes. (a) Cell viability was evaluated at 24, 48, and 72 hours using the
CCK-8 assay. (b,c) Apoptotic cell proportions were analyzed via flow cytometry. (d,e) ROS levels were measured using a fluorescent
staining assay (scale bar: 50 um, magnification: 200x). (f~h) The levels of LDH, GSH and MDA were assessed using biochemical
assays. (i) The relative expression levels of PTGS2 and ACSL4 were determined using RT-qPCR. (j,k) WB analysis of SLC7A11, GPX4
and ferritin. n=6; *p < 0.05, **p < 0.01, ***p < 0.001. HG, high glucose; CCK-8, Cell Counting Kit-8; ROS, Reactive Oxygen Species;
LDH, lactate dehydrogenase; MDA, malondialdehyde; GSH, glutathione; PTGS2, Prostaglandin-endoperoxide synthase 2; ACSL4,
Acyl-CoA synthetase long-chain family member 4; SLC7A11, Solute Carrier Family 7 Member 11; GPX4, Glutathione Peroxidase 4.
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Kit (BC0025), and GSH Content Assay Kit (BC1175), re-
spectively (Solarbio, Beijing, China).

Statistical Analyses

Statistical analysis was conducted using GraphPad
Prism version 9.0 (GraphPad Prism Inc., San Diego, CA,
USA). The findings are expressed as the mean + standard
deviation. Differences between groups were determined us-
ing T-tests or one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s post hoc test where appropriate. Statisti-
cal significance was defined at a p-value of less than 0.05.

Results

Myocardium Was Significantly Damaged and FRZB
Was Downregulated in DCM Mice

To evaluate the pathological changes in the cardiac
muscle in DCM mice, a DCM mouse model was devel-
oped using a high-fat diet combined with STZ injection.
Histological staining showed well-organized structure, with
evenly sized cell nuclei and minimal collagen fiber deposi-
tion in the control group. In contrast, myocardial tissues
from the DCM group revealed a disorganized structure, ir-
regular nucleus size, and significant collagen accumulation
(Fig. 1a,b). TUNEL staining showed a substantially higher
proportion of apoptotic cells in the DCM group compared
with the control group (p < 0.01, Fig. lc,d), indicating
structural damage in the myocardium of DCM mice. More-
over, FRZB expression was significantly downregulated in
the DCM group compared to the control group (p < 0.01,

Fig. le-g).

HG Induces Oxidative Stress and Ferroptosis in
Cardiomyocytes

To explore the effect of HG on H9C2 cardiomyocytes,
cell viability was assessed at 24, 48, and 72 hours post HG
treatment. As depicted in Fig. 2a, cell viability decreased
at 72 hours (p < 0.001). Flow cytometry analysis revealed
an increase in the proportion of apoptotic cells in the HG
group (p < 0.001, Fig. 2b,c).

Furthermore, ROS analysis demonstrated a signifi-
cant increase in intracellular ROS in HG-treated H9C2 car-
diomyocytes (p < 0.01, Fig. 2d,e). Similarly, biochemical
assay results indicated that the level of the cytotoxic marker
LDH (p < 0.05) and the lipid peroxidation marker MDA (p
< 0.01) significantly increased, while the antioxidant GSH
levels decreased (p < 0.05, Fig. 2f-h) in the HG group, re-
flecting oxidative stress in HG-treated cells.

Additionally, RT-qPCR analysis showed that mRNA
expression of ferroptosis-related markers PTGS2 and
ACSL4 was substantially increased in the HG group (p <
0.001, Fig. 2i). WB analysis showed that the levels of the
ferroptosis-related protective factors SLC7A11, GPX4, and
ferritin were significantly decreased in the HG group (p <
0.01, Fig. 2j,k).
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FRZB Expression Is Downregulated in HG-induced
Cardiomyocytes

Given that FRZB contributes to the regulation of dia-
betes and cardiovascular diseases and is associated with ox-
idative stress, this study evaluated its expression in DCM.
FRZB levels were quantified in the HG-treated cardiomy-
ocytes using RT-qPCR and WB analyses. As illustrated in
Fig. 3a—c, the expression of FRZB was significantly down-
regulated under HG conditions, indicating that FRZB may
act as a potential regulator in DCM.

FRZB Overexpression Attenuates HG-induced
Oxidative Stress and Ferroptosis in Cardiomyocytes

To elucidate the specific role of FRZB in DCM, FRZB
was overexpressed in cardiomyocytes, and its upregulation
was confirmed in the experimental group using RT-qPCR
and WB analyses (Fig. 4a—c). ROS analysis showed a sig-
nificant decline in ROS levels after FRZB overexpression
(»p < 0.01, Fig. 4d,e). Biochemical assays further indi-
cated that FRZB overexpression enhanced the antioxidant
response, as evidenced by elevated GSH levels (p < 0.05)
and reduced LDH and MDA levels (p < 0.05, Fig. 4f—
h). Similarly, RT-qPCR demonstrated a notable decrease
in the mRNA levels of the ferroptosis markers PTGS2 and
ACSL4 in the HG-oe-FRZB group (p < 0.001, Fig. 4i).

WB analysis of ferroptosis-related proteins showed a
substantial increase in ferroptosis inhibitors in the HG-oe-
FRZB group (p < 0.01, Fig. 4j,k), confirming that ferrop-
tosis was inhibited. These findings indicate that overex-
pression of FRZB significantly attenuates HG-induced ox-
idative stress and ferroptosis in cardiomyocytes. Further-
more, WB analysis of the AMPK/PGC-1«a pathway com-
ponents showed a significant increase in p-AMPK/t-AMPK
and PGC-1a protein levels (p < 0.001, Fig. 4l,m), indicat-
ing activation of the AMPK/PGC-1« signaling pathway.

FRZB Knockdown Exacerbates HG-Induced
Oxidative Stress and Ferroptosis in Cardiomyocytes

To further clarify the role of FRZB in HG-induced ox-
idative stress and ferroptosis in cardiomyocytes, a FRZB
knockdown cell model was established, and reduced FRZB
expression was confirmed in the experimental group com-
pared to the control group (Fig. 5a—c). In the HG-sh-FRZB
group, ROS levels were considerably increased (p < 0.01,
Fig. 5d,e), and GSH levels were decreased (p < 0.01),
whereas LDH and MDA levels were substantially elevated
(p < 0.05, Fig. 5f~h). RT-qPCR analysis revealed an up-
regulation of the ferroptosis markers PTGS2 and ACSL4 (p
< 0.001, Fig. 5i). Furthermore, WB analysis showed that
the levels of ferroptosis inhibitors SLC7A11, GPX4, and
ferritin were significantly decreased (p < 0.05, Fig. 5j,k).
Additionally, analysis of the AMPK/PGC-1« pathway re-
vealed a pronounced reduction in the phosphorylated-to-
total AMPK ratio and in PGC-1a protein levels (p < 0.01,
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Fig. 3. FRZB expression is downregulated in HG-induced cardiomyocytes. (a) The mRNA expression levels of FRZB using RT-
gPCR. (b,c) The protein expression levels of FRZB using WB analysis. n = 6; **p < 0.01, ***p < 0.001.

Fig. 51,m), indicating that the activity of the AMPK/PGC-
1o signaling pathway was notably diminished under these
conditions.

Inhibition of the AMPK/PGC-1« Signaling Pathway
Reverses the Protective Effects of FRZB on
Cardiomyocytes

To further eclucidate the critical role of the
AMPK/PGC-1a¢ pathway in FRZB-mediated cardio-
protection, AMPK was pharmacologically inhibited with
Compound C in HG-oe-FRZB cardiomyocytes. As il-
lustrated in Fig. 6a,b, Compound C markedly reduced
AMPK phosphorylation and PGC-la expression (p <
0.01), confirming effective pathway inhibition. Notably,
this inhibition reversed the antioxidant effects of FRZB
overexpression, as evidenced by a significant decrease
in GSH levels (p < 0.01) and increases in LDH and
MDA concentrations (p < 0.001, Fig. 6c—e). WB analysis
further revealed a coordinated downregulation of the
ferroptosis-suppressing proteins SLC7A11, GPX4, and
ferritin (p < 0.01, Fig. 6f,g). Crucially, Compound C
treatment completely abolished FRZB’s cytoprotective
effects, leading to aggravated ferroptosis and exacerbated
oxidative stress.

Collectively, these pharmacological interventions
provide compelling evidence that activation of the
AMPK/PGC-1a¢ pathway is an essential mechanism

underlying FRZB’s cardioprotective effects in diabetic
cardiomyopathy and highlights its key role in mitigating
diabetic cardiac injury.

Discussion

DCM is a leading cause of heart failure in diabetic pa-
tients. Current treatment methods primarily focus on blood
glucose control, lipid reduction, and increased physical ac-
tivity; however, there are still no effective medications or
treatment strategies that directly repair damaged myocar-
dial tissue. Hence, it is crucial to investigate pathogenic
mechanisms and identify novel protective strategies. In this
study, we identified that oxidative stress and ferroptosis are
prominent characteristics of DCM and found that FRZB al-
leviates diabetic cardiomyopathy by targeting ferroptosis
and oxidative stress via activation of the AMPK/PCGla
signaling pathway.

Consistent with previous studies, HG exposure in-
duces structural damage, ferroptosis, oxidative stress, and
apoptosis in cardiomyocytes [24,25]. In our study, H9C2
cardiomyocytes treated with HG exhibited decreased cell
viability, increased apoptosis rates, enhanced oxidative
stress, and elevated ferroptosis-related markers. Further-
more, WB and RT-qPCR analyses indicated that FRZB ex-
pression was significantly reduced compared to the con-
trol group. To investigate the role of FRZB, we overex-
pressed the FRZB gene in vitro and found that HG-induced
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expression levels of FRZB using RT-qPCR after overexpression. (b,c) WB analysis of FRZB after overexpression. (d,e) The levels of
ROS using the Reactive Oxygen Species Assay Kit after FRZB overexpression (scale bar: 50 um, magnification, 200x). (f~h) The
levels of LDH, GSH and MDA were measured by biochemical assay after FRZB overexpression. (i) The expression levels of ferroptosis
markers PTGS2 and ACSL4 using RT-qPCR after FRZB overexpression. (j,k) WB analysis of SLC7A11, GPX4, and ferritin after
FRZB overexpression. (1,m) WB analysis of p-AMPK, t-AMPK, and PGC-1« after FRZB overexpression. n = 6; *p < 0.05, **p <
0.01, ***p < 0.001. AMPK, Adenosine 5’-monophosphate (AMP)-activated protein kinase; PGC-1«, Peroxisome proliferator-activated
receptor-y-coactivator 1.

oxidative stress and ferroptosis were significantly allevi-
ated in cardiomyocytes. Conversely, FRZB knockdown ex-
acerbated oxidative stress and ferroptosis under HG con-
ditions. Similarly, inhibition of oxidative stress and fer-
roptosis has been reported to mitigate HG-induced car-

diomyocyte injury [26], and improving myocardial oxida-
tive stress, restoring mitochondrial integrity, and inhibit-
ing ferroptosis can alleviate the functional impairment and
pathological changes in DCM [10]. Moreover, FRZB has
been shown to inhibit the Wnt/$-catenin signaling path-
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way, thereby reducing abnormal proliferation, migration,
and mitochondrial fission of cardiac fibroblasts [27]. These
findings highlight the key role of FRZB in the protection
and treatment of DCM.

However, the specific mechanism by which FRZB
regulates diabetic cardiomyopathy remains unknown.
Zhang et al. [28] found that activating the AMPK path-
way can inhibit lipid peroxidation and ferroptosis, thereby
reducing lipotoxicity in cardiomyocytes. Wang ef al. [29]
further reported that sulforaphane (SFN) activates nuclear
factor erythroid 2-related factor 2 through AMPK, and in-
creases ferritin and SLC7A1l1 levels, thereby inhibiting
ferroptosis and DCM-related pathological processes. In
a mouse model of DCM, pharmacological activation of

AMPK has been reported to improve energy metabolism
disorders caused by impaired glucose uptake, thereby re-
ducing T2DM-induced cardiac injury [30]. In addition, ev-
idence indicates that the AMPK/PGC-1a pathway plays a
crucial role in diabetes [31-33], and we speculate that some
interaction between FRZB and the AMPK/PGC-1a path-
way.

As a member of the frizzled-related protein family,
FRZB belongs to a group of proteins whose regulatory re-
lationship with the AMPK pathway has been described in
several studies. For instance, in the glycolipid-rich envi-
ronment associated with diabetic cardiomyopathy, SFRP2
can regulate downstream PGCl-a and its related path-
ways by activating the phosphorylation of AMPK [18]. In
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myocardial infarction (MI) and hypoxia-related myocar-
dial injury models, SFRP5 promotes phosphorylation of
AMPK at Thr172 site (upregulating the expression of p-
AMPK"Thr172 protein), thereby improving mitochondrial
function and reducing cardiomyocyte apoptosis, inflam-
mation, and oxidative stress, and ultimately exerting car-
dioprotective effects [34]. In our study, overexpression
and knockdown of FRZB resulted in activation or inhi-
bition of the AMPK/PGC-1« pathway, respectively, indi-
cating that FRZB alleviates diabetic cardiomyopathy by
positively regulating the AMPK/PGC-1« signaling path-
way. Furthermore, when FRZB was overexpressed while
the AMPK/PGC-1a pathway was inhibited, its protective
effects on cardiomyocytes were abolished, further validat-
ing this mechanism. Although direct protein-protein inter-
actions between the members of the frizzled-related pro-
teins and AMPK/PGC-1a have not been completely de-
fined, current evidence suggests that FRZB and related fam-
ily members likely act through indirect upstream signal-
ing, with AMPK activation serving as a key downstream,
dependence-mediating mechanism.

Our findings show that FRZB ameliorates oxida-
tive stress and ferroptosis in DCM by activating the
AMPK/PGC-1a signaling axis.  While our findings
strongly support the mechanistic link between FRZB and
pathway activation, whether FRZB directly modulates
AMPK/PGC-1a or acts via upstream regulatory mecha-
nisms remains unclear, warranting further molecular inves-
tigation. Despite several valuable insights, this study has
two critical limitations: (1) the absence of clinical valida-
tion using patient-derived samples, and (2) the reliance on
in vitro cellular models without in vivo confirmation. Fu-
ture investigations should prioritize translational validation
using preclinical animal models and human tissue analyses
to strengthen the clinical relevance of these findings.

Conclusion

In conclusion, FRZB mitigates diabetes-induced fer-
roptosis and oxidative stress in cardiomyocytes by regu-
lating the AMPK/PGC-1« signaling pathway. The find-
ings uncover a previously unknown protective mechanism
of FRZB in DCM, providing a promising therapeutic tar-
get for treating diabetes-related cardiomyopathy and other
cardiovascular diseases.
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