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Neuregulin‑4 protects cardiomyocytes 
against high‑glucose‑induced ferroptosis 
via the AMPK/NRF2 signalling pathway
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Abstract 

Background  High glucose levels are key factors and key contributors to several cardiovascular diseases associ-
ated with cardiomyocyte injury. Ferroptosis, which was identified in recent years, is a mode of cell death caused 
by the iron-mediated accumulation of lipid peroxides. Neuregulin-4 (Nrg4) is an adipokine that has protective 
effects against metabolic disorders and insulin resistance. Our previous study revealed that Nrg4 has a protective 
effect against diabetic myocardial injury, and the aim of this study was to investigate whether Nrg4 could attenuate 
the occurrence of high glucose-induced ferroptosis in cardiomyocytes.

Methods  We constructed an in vivo diabetic myocardial injury model in which primary cardiomyocytes were 
cultured in vitro and treated with Nrg4. Changes in ferroptosis-related protein levels and ferroptosis-related indices 
in cardiomyocytes were observed. In addition, we performed back-validation and explored signalling pathways 
that regulate ferroptosis in primary cardiomyocytes.

Results  Nrg4 attenuated cardiomyocyte ferroptosis both in vivo and in vitro. Additionally, the AMPK/NRF2 signalling 
pathway was activated during this process, and when the AMPK/NRF2 pathway was inhibited, the beneficial effects 
of Nrg4 were attenuated.

Conclusion  Nrg4 antagonizes high glucose-induced ferroptosis in cardiomyocytes via the AMPK/NRF2 signalling 
pathway.
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Background
High glucose levels are key factors and key contribu-
tors to several cardiovascular diseases associated with 
cardiomyocyte damage [1]. Long-term diabetes leads to 

structural and functional alterations in cardiomyocytes, 
referred to as diabetic cardiomyopathy (DCM) [2]. DCM 
is a serious and underrecognized complication of dia-
betes that leads to ventricular diastolic dysfunction and 
eventually to the development of heart failure [3]. There-
fore, treatment strategies for DCM need to be further 
explored [4].

Discovered in recent years, ferroptosis is a mode of cell 
death caused by the iron-mediated accumulation of lipid 
peroxides; the main mechanism is the catalysis of unsatu-
rated fatty acids on the cell membrane in the presence of 
divalent iron or lipoxygenase (LOX), which induces lipid 
peroxidation and thus cell death. This process also mani-
fests as a decrease in GPX4, the regulatory core enzyme 
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of the glutathione system [5]. In terms of cell morphol-
ogy, ferroptosis is mainly characterized by a decrease 
in mitochondrial volume, an increase in the density of 
bilayer membranes, and a decrease in or disappearance 
of mitochondrial cristae [6]. The maintenance of iron 
homeostasis is essential for normal cardiac function. A 
growing body of evidence suggests that iron imbalances 
are common in many cardiovascular disease subtypes. 
Ferroptosis has been shown to be involved in the patho-
genesis of numerous cardiovascular diseases, includ-
ing atherosclerosis, myocardial ischaemia‒reperfusion 
injury, and arrhythmias [7]. Emerging literature suggests 
a key role for ferroptosis in high glucose-induced cardiac 
injury [8–10].

Neuregulin-4 (Nrg4) is a novel adipokine secreted 
mainly by brown adipose tissue [11, 12]. A growing body 
of literature suggests that Nrg4 plays an important role 
in regulating energy metabolism, modulating glucolipid 
metabolism, and reducing insulin resistance [13, 14]. 
Lowering the serum Nrg4 concentration may play an 
important role in the development of diabetes [15]. In 
addition, recent studies have identified a role for Nrg4 
in the cardiovascular system, i.e., in regulating vascular 
function and improving atherosclerosis [16]. Our pre-
vious study revealed that Nrg4 has a protective effect 
against diabetic myocardial injury; however, whether 
Nrg4 attenuates high glucose-induced ferroptosis in car-
diomyocytes is unclear.

AMPK, a serine-threonine kinase, is often referred to 
as the cellular "master switch of metabolism". AMPK 
plays a key role in DCM as an important kinase regulat-
ing energy homeostasis [17]. Nuclear transcription fac-
tor erythroid 2–related factor 2 (NRF2) is a key regulator 
of cellular antioxidant responses and plays an important 
role in antioxidant responses [18]. Emerging evidence 
suggests that sulforaphane (SFN) can help ameliorate dia-
betic cardiomyopathy by inhibiting ferroptosis through 
the modulation of the AMPK/NRF2 pathway [8]. Moreo-
ver, our previous study revealed that Nrg4 alleviated dia-
betic cardiomyopathy by activating autophagy through 
the AMPK/mTOR signalling pathway [19]. Therefore, 
we hypothesized that Nrg4 may inhibit cardiomyocyte 
ferroptosis in a high-glucose environment through the 
AMPK/NRF2 pathway.

Methods
Experimental animals
Eight-week-old male C57BL/6  J mice were purchased 
from SPF Biotechnology Co., Ltd. (Beijing, China). All 
mice were housed under standard conditions (22 ± 1  °C 
and 12  h light/dark cycle) with free access to food and 
water. The experiments were approved by the Research 
Ethics Committee of the Second Hospital of Hebei 

Medical University and conducted in accordance with 
the Principles of Laboratory Animal Welfare established 
by Hebei Medical University.

Model establishment and experimental groups
A type 1 diabetes model was established by the intra-
peritoneal injection of 50 mg/kg freshly prepared strep-
tozotocin (STZ; Sigma, St. Louis, MO, USA) dissolved 
in 0.1 mM sodium citrate buffer (pH 4.5) for 5 consecu-
tive days. The control mice received the same volume 
of sodium citrate buffer. One week after injection, tail 
vein blood was collected randomly. Glucose concen-
trations were measured by a glucometer (Accu-Chek, 
Roche Diagnostics, Basel, Switzerland), and concentra-
tions ≥ 16.7  mmol/L confirmed the successful establish-
ment of the model [20].

Mice were randomly divided into four groups (n = 6 
in each group): nondiabetic control (CON) group, type 
1 diabetes (DM) group, Nrg4-treated type 1 diabetes 
(DM + Nrg4) group and Nrg4-treated (CON + Nrg4) 
group. The DM + Nrg4 and CON + Nrg4 groups were 
injected intraperitoneally with recombinant Nrg4 (Sino 
Biological, Inc., Beijing, China) for 4 weeks after success-
ful modelling. The dose (100 μg/kg, 3 times a week) was 
selected based on the results of previous studies [19, 21]. 
The same volume of PBS was injected into mice in the 
CON and DM groups.  Fig. S1 illustrates the changes in 
the metabolic indicators in each group of mice during the 
experiment. Next, echocardiography was performed to 
measure cardiac function. Then, the animals were eutha-
nized, and heart tissue was collected.

Cell culture
Primary cardiomyocytes were isolated from neonatal (1 
to 3 days) C57BL/6 J mice (3 to 5 mice eath). These cells 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% foetal bovine serum 
and 1% penicillin/streptomycin and then placed in a 
95% O2 and 5% CO2 incubator at 37 °C. When the car-
diomyocyte population reached a confluence of 50–60%, 
the cells were exposed to normal glucose (NG) or high 
glucose (HG) medium. The HG medium was complete 
DMEM (5.5 mM glucose) supplemented with D-glucose 
(final concentration, 30 mM) [22]. The NG medium was 
complete DMEM (5.5  mM glucose) supplemented with 
24.5  mM mannitol. The in  vitro model of DCM was 
validated by measuring the protein level of GLUT4, a 
specific molecular marker of glucose metabolism (Fig. 
S2).  Cell experiments were performed in three steps. 
In the first step, the cells were incubated in HG or NG 
for 24 h and then incubated for 12 h in the presence or 
absence of Nrg4 (100 ng/ml) [21]. In the second step, the 
cells were incubated in HG or HG supplemented with 
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erastin (MCE; Monmouth Junction, NJ, USA) (10  μM) 
[23] for 24 h and then incubated for 12 h in the presence 
or absence of Nrg4 (100  ng/ml). Erastin is a ferroptosis 
inducer that acts on mitochondria in a ROS- and iron-
dependent manner. In the third step, the cells were incu-
bated in HG or HG supplemented with Compound C 
(10 μM, Comp C; MCE) [24] for 24 h and then incubated 
for an additional 12 h in the absence or presence of Nrg4 
(100  ng/ml). Comp C is a selective, ATP-competitive 
inhibitor of AMPK.

Echocardiography
The mice were shaved with a small animal shaver to 
remove chest hair, and the forehead was fully exposed. 
Mice were anaesthetized via inhalation of isoflurane gas. 
The mice were fixed on a thermostatically heated plate 
with the limbs extended, and the ultrasound gel mixture 
was applied evenly to the chest. An RMV710B ultra-
sound probe instrument was used for left ventricular 
short-axis views; left ventricular short-axis two-dimen-
sional ultrasound images were saved, and the left ventric-
ular ejection fraction (LVEF), left ventricular shortening 
fraction (LVFS), and left ventricular end-diastolic volume 
(LVEDV) were calculated using M. At least 3 measure-
ments were performed for each mouse, and the mean of 
3 cardiac cycles was recorded.

Histological staining
Heart samples were fixed in 4% paraformaldehyde, dehy-
drated, embedded in paraffin and cut into 5-μm thick 
sections. Haematoxylin and eosin (HE) staining and Mas-
son’s trichrome staining were performed. Morphological 
changes and collagen content of myocardial tissue were 
assessed via light microscopy.

Transmission electron microscopy (TEM)
First, animal hearts and primary cardiomyocytes were 
fixed with 4% glutaraldehyde. Next, the tissues or cells 
were postfixed with osmium tetroxide (1%) and dehy-
drated in a graded ethanol series (70%, 90% and 100%). 
Finally, the samples were embedded and cut into 
ultrathin Sects.  (70–80 nm). These sections were exam-
ined with an electron microscope operating at 80 kV.

Western blot analysis
Proteins were obtained from heart or cell extracts 
and analysed using protein blot analysis as previ-
ously described [25]. The following primary antibod-
ies were used: anti-TFR1 (1:5000; Abcam), anti-GPX4 
(1:1000; ABclonal), anti-ACSL4 (1:1000; ABclonal), anti-
SLC7A11 (1:5000; Abcam), anti-AMPK (1:3000; Arigo), 

anti-p-AMPK (1:3000; CST), anti-NRF2 (1:1000; Affin-
ity), and anti-histone H3 (1:10,000; Bioeasy). ImageJ soft-
ware was used to analyse the greyscale values. The ratio 
of the detected protein band density to the GAPDH pro-
tein band density was used for statistical analysis.

Determination of tissue iron content
The tissue iron content in the animal heart tissue was 
measured using a Tissue Iron Content Assay Kit (Solar-
bio BC4355, China) according to the manufacturer’s 
instructions.

Determination of lipid peroxidation
Lipid peroxidation levels in animal hearts and primary 
cardiomyocytes were measured using a Lipid Per-
oxidation (MDA) Assay Kit (Solarbio BC0025, China) 
according to the manufacturer’s instructions.

Determination of GSH and oxidized GSH (GSSG) levels
Glutathione and GSSG levels were measured in animal 
hearts and primary cardiomyocytes using a Glutathione 
Content Assay Kit (Solarbio BC1175 and BC1185, 
China) according to the manufacturer’s instructions.

Fe2⁺ detection
Fe2⁺ was detected in primary cardiomyocytes using the 
FerroOrange probe (Dojindo F374, Japan) according to 
the manufacturer’s instructions.

Statistical analysis
All the statistical analyses were performed using 
GraphPad Prism 9 software. All the data are expressed 
as the mean ± standard deviation (SD). One-way anal-
ysis of variance (ANOVA) and Bonferroni’s multiple 
comparison test were used for comparisons between 
groups. p < 0.05 was considered to indicate statistical 
significance.

Results
Nrg4 attenuates myocardial injury in type 1 diabetic mice
In this study, no unexpected deaths were observed in 
any group during the experiment. Nrg4 treatment sig-
nificantly prevented the development of cardiac insuf-
ficiency in type 1 diabetic mice. Eight weeks after the 
successful establishment of the diabetes model, echo-
cardiography revealed cardiac dilatation with dysfunc-
tion in the DM group. LVEDV was greater in the DM 
group than in the CON group, and Nrg4 significantly 
inhibited this increase. LVEF and LVFS were decreased 
in the DM group, indicating impaired cardiac function 
in the diabetic mice. However, treatment with Nrg4 
normalized the impaired cardiac function (Fig. 1A–D). 
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In addition, we also examined the pathological struc-
tures of myocardial tissues. HE staining revealed the 
neat and regular arrangement of myocardial fibres 
and clearly visible nuclei in the CON group. Myocar-
dial cells in the DM group were extensively oedema-
tous with enlarged cell gaps and unclear or even fused 
nuclei. After Nrg4 treatment, the myocardial cell 
changes normalized, and the cells were more regu-
larly arranged (Fig.  1E). Masson staining revealed that 
the myocardial collagen fibres in the CON group were 
less abundant and more evenly distributed. In contrast, 

myocardial collagen fibres were increased and unevenly 
distributed in the DM group, with significant collagen 
accumulation (stained blue‒purple) occurring mainly 
in the interstitial and perivascular regions of the myo-
cardium. Treatment with Nrg4 significantly reduced 
the degree of interstitial fibrosis (Fig. 1F).

High glucose conditions promote ferroptosis, and Nrg4 
attenuates ferroptosis
The above results demonstrated the cardioprotective 
effect of Nrg4 on diabetic cardiomyopathy. We next 

Fig. 1  Nrg4 attenuates cardiac dysfunction and cardiac fibrosis. A Representative echocardiographic images. B Left ventricular ejection fraction 
(LVEF). C Left ventricular fraction shortening (LVFS). D Left ventricular end-diastolic volume (LVEDV). E Left ventricle stained with HE (Original 
magnification × 200) F Interstitial fibrosis of the left ventricles was assessed by Masson staining. The collagen fibres are stained blue (with arrows, 
original magnification × 200). The data are presented as the means ± SDs; n = 6; *P < 0.05, **P < 0.01, and ***P < 0.0001
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explored the potential mechanisms of Nrg4. Since fer-
roptosis is crucial for diabetic cardiomyopathy [8], we 
wanted to assess whether Nrg4 attenuates myocardial 

injury by regulating ferroptosis. TEM revealed changes 
in mitochondrial ultrastructure in the myocardial tissue 
from mice in each group, and the results showed that the 

Fig. 2  Nrg4 attenuates ferroptosis in DCM mice. A Representative TEM images depicting mitochondria in myocardial tissue, with arrows indicating 
mitochondria. B–F Western blot and quantitative analysis of ferroptosis-related proteins (TFR1, GPX4, ACSL4 and SLC7A11) in each group. G 
Comparison of Fe2 + in each group. H The content of the lipid peroxidation product MDA in each group. I The content of GSH in each group. J GSH/
GSSG ratios in each group. The data are presented as the means ± SDs; n = 6; *P < 0.05, **P < 0.01, and ***P < 0.0001; ns, not significant
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mitochondria in the CON group were regular in shape, 
with clear boundaries. In the DM group, the size of mito-
chondria decreased, the density of the bilayer membrane 
of mitochondria increased, and the number of mitochon-
drial cristae decreased, but mitochondrial damage was 
less severe after Nrg4 treatment (Fig.  2A). We assessed 
the expression of ferroptosis marker proteins in the heart 
tissue of mice in each group by western blot analysis 
(Fig.  2B). Compared with those in the CON group, the 
expression of TFR1 and ACSL4 in the heart tissue of mice 
in the DM group was significantly higher, and the expres-
sion of GPX4 and SLC7A11 was significantly lower. After 
Nrg4 treatment, TFR1 and ACSL4 expression was sig-
nificantly lower in the DM + Nrg4 group than in the DM 
group, and GPX4 and SLC7A11 were significantly higher 
(Fig.  2C–F). We also measured the Fe2⁺ concentration, 
MDA concentration, GSH content, and GSH/GSSG ratio 
in the heart tissue of the mice in each group. Compared 
with those in the CON group, the contents of Fe2⁺ and 
MDA in the heart tissues of mice in the DM group were 
significantly higher, and the GSH content and the GSH/
GSSG ratio were significantly lower. After Nrg4 treat-
ment, the contents of Fe2⁺ and MDA in the DM + Nrg4 
group were significantly lower than those in the DM 
group, and the GSH content and GSH/GSSG ratio were 
significantly higher (Fig. 2G–J). The above results suggest 
that Nrg4 attenuates ferroptosis in DCM mice.

To further confirm the protective effect of Nrg4 on 
high glucose-induced ferroptosis in cardiomyocytes, 
we performed in  vitro experiments in cultured primary 
cardiomyocytes. We examined changes in inflammatory 
markers (IL-1β,  IL-6, and TNF-α) in an in  vitro model. 
The results indicated that Nrg4 still played a protective 
role in the in vitro model (Fig. S3). We used FerroOrange 
as a fluorescent probe to fluorescently image intracellu-
lar Fe2⁺. The results showed that, compared with those 
in the NG, the fluorescence intensity was significantly 
greater and the Fe2⁺ content was higher in the HG group. 
After Nrg4 treatment, the Fe2⁺ fluorescence intensity was 
significantly lower and the Fe2⁺ content was lower in the 
HG + Nrg4 group than in the HG group (Fig. 3A). Ultras-
tructural changes in the mitochondria of the cells in each 
group were assessed via TEM, and the results showed 
that the mitochondria in the NG group were regular in 
shape with clear boundaries; mitochondria in the HG 

group were smaller in size, with increased bilayer density 
and fewer mitochondrial cristae, but mitochondrial dam-
age was less severe after Nrg4 treatment (Fig. 3B). Then, 
we assessed the expression of ferroptosis marker pro-
teins in each group of cells by western blot (Fig. 3C). The 
expression of TFR1 and ACSL4 significantly increased 
in primary cardiomyocytes after high glucose treatment, 
and the expression of GPX4 and SLC7A11 significantly 
decreased. After Nrg4 treatment, the expression of TFR1 
and ACSL4 significantly decreased, while the expres-
sion of GPX4 and SLC7A11 increased (Fig.  3D–G). In 
addition, we also assessed the MDA and GSH levels and 
the GSH/GSSG ratio in each group of cells. The MDA 
content significantly increased in primary cardiomyo-
cytes treated with high glucose, and the GSH content 
and GSH/GSSG ratio significantly decreased. Treat-
ment with Nrg4 significantly decreased the MDA con-
tent and increased the GSH content and the GSH/GSSG 
ratio (Fig.  3H–J). The above results suggest that Nrg4 
attenuates high glucose-induced ferroptosis in primary 
cardiomyocytes.

Nrg4‑mediated cardiac protection is associated 
with the attenuation of ferroptosis
Our previous study showed that Nrg4 attenuates fer-
roptosis induced by high glucose in cardiomyocytes. To 
determine whether the attenuation of cardiomyocyte 
injury by Nrg4 inhibition is dependent on ferroptosis, 
we applied a ferroptosis inducer in the second step of 
the cellular assay for reverse verification. We used Fer-
roOrange as a fluorescent probe for the fluorescence 
imaging of intracellular Fe2⁺. The results showed that the 
fluorescence intensity of Fe2⁺ significantly decreased and 
Fe2⁺ content decreased after Nrg4 treatment. Compared 
with Nrg4 treatment alone (HG + Nrg4 group), erastin 
coadministration inhibited ferroptosis, which was atten-
uated by Nrg4, as evidenced by the significant increase in 
Fe2⁺ fluorescence intensity and increase in Fe2⁺ content 
(Fig.  4A). We subsequently confirmed these findings by 
TEM, which revealed reduced mitochondrial damage 
after Nrg4 treatment and increased mitochondrial dam-
age after erastin coadministration (Fig.  4B). We then 
assessed the expression of ferroptosis marker proteins in 
each group of cells by western blot (Fig. 4C). Treatment 
with Nrg4 decreased the levels of TFR1 and ACSL4 and 

Fig. 3  Nrg4 attenuates high glucose-induced ferroptosis in primary cardiomyocytes. A Representative immunofluorescence images 
with Fe2 + indicator (red) staining (original magnification × 200). B representative TEM images depicting mitochondria in vitro, with arrows 
indicating mitochondria. C–G Western blot and quantitative analysis of ferroptosis-related proteins (TFR1, GPX4, ACSL4 and SLC7A11) in vitro. 
H The content of the lipid peroxidation product MDA in vitro. I The content of GSH in vitro. J GSH/GSSG ratios in vitro. The data are presented 
as the means ± SDs; n = 3; *P < 0.05, **P < 0.001, and ***P < 0.0001; ns, not significant

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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increased the levels of GPX4 and SLC7A11. Compared to 
those in the HG + Nrg4 group, the protein levels of TFR1 
and ACSL4 and the protein levels of GPX4 and SLC7A11 
were higher in the erastin coadministration group 
(Fig. 4D–G). In addition, we assessed the MDA and GSH 
levels and the GSH/GSSG ratio in the cells of each group. 
Nrg4 treatment decreased the MDA level and increased 
the GSH level and the GSH/GSSG ratio. Compared to 
those in the HG + Nrg4 group, the MDA content and the 
GSH/GSSG ratio increased and decreased, respectively, 
in the erastin coadministration group (Fig.  4H–J). The 
ferroptosis inducer-mediated inhibition of ferroptosis 
was attenuated by Nrg4, suggesting that Nrg4 attenuates 
high glucose-induced cardiomyocyte injury by antago-
nizing ferroptosis.

Nrg4 attenuates ferroptosis through the AMPK/NRF2 
signalling pathway
Next, we tested the hypothesis that the protective effect 
of Nrg4 is mediated by the AMPK/NRF2 pathway. We 
coadministered Comp C (an AMPK inhibitor) and Nrg4 
to high glucose–treated cardiomyocytes. Compared with 
HG, Nrg4 administration increased p-AMPK and NRF2 
levels (Fig.  5A–C). These findings indicate that Nrg4 
treatment activates the AMPK/NRF2 signalling pathway. 
The addition of Comp C inhibited AMPK and NRF2 acti-
vation; increased the protein levels of TFR1 and ACSL4; 
and decreased the protein levels of GPX4 and SLC7A11 
(Fig.  5D–H). Moreover, the assay results indicated an 
increase in the MDA content and a decrease in the GSH 
content and in the GSH/GSSG ratio (Fig.  5I–K). These 
results suggest that Nrg4 ameliorates ferroptosis at least 
in part through the AMPK/NRF2 signalling pathway. 
Subsequently, we performed fluorescence imaging of 
intracellular Fe2⁺ by using FerroOrange as a fluorescent 
probe. Compared with Nrg4 treatment alone (HG + Nrg4 
group), Comp C coadministration inhibited ferroptosis, 
which was attenuated by Nrg4, as evidenced by a signifi-
cant increase in the fluorescence intensity of Fe2⁺ and an 
increase in the Fe2⁺ content (Fig. 6A). We confirmed these 
findings by observing mitochondria via TEM. Mitochon-
drial damage normalized after Nrg4 treatment, whereas 
damage increased after the coadministration of Comp C 
and Nrg4 (Fig. 6B). Collectively, these results suggest that 
AMPK inhibitors attenuate ferroptosis downregulated 

by Nrg4 and inhibit the protective effect of Nrg4 against 
myocardial injury.

Discussion
In this study, we found that Nrg4 can antagonize high 
glucose-induced ferroptosis in cardiomyocytes through 
the AMPK/NRF2 signalling pathway.

Nrg4 is a member of the extracellular ligand epidermal 
growth factor (EGF) family and is particularly enriched 
in brown adipose tissue (BAT) [26]. Nrg4 plays a key role 
in the regulation of glucose and lipid metabolism and 
energy homeostasis [27]. Previous studies have shown 
that Nrg4 is highly expressed in metabolic organs or tis-
sues to inhibit hepatic adipogenesis and antagonize obe-
sity-related hepatic steatosis and insulin resistance [28, 
29]. Its biological activity also plays an important role in 
ameliorating diabetes [15], alleviating diabetic nephropa-
thy [30], and regulating gluconeogenesis [31]. Recently, 
it has been shown that Nrg4 also plays a protective role 
in the cardiovascular system and that Nrg4 attenuates 
endothelial inflammation and atherosclerosis in male 
mice [16]. Our findings suggest that Nrg4 has potential 
therapeutic effects on high glucose-induced cardiomyo-
cyte injury.

We specifically investigated the potential mechanisms 
by which Nrg4 exerts its therapeutic effects. The role 
of Nrg4 in metabolic diseases has been confirmed in 
numerous studies; however, in recent years, an increas-
ing number of studies have suggested that ferroptosis 
may play a role in the development of various metabolic 
diseases, such as diabetes and its complications (e.g., 
diabetic nephropathy, diabetic cardiomyopathy, diabetic 
myocardial ischaemia/reperfusion injury, and atheroscle-
rosis [AS]), and play important roles in the development 
of several metabolic diseases, such as diabetic nephrop-
athy, diabetic cardiomyopathy, diabetic myocardial 
ischaemia/reperfusion injury and atherosclerosis [AS] 
[32]. For example, emerging studies have demonstrated 
that canagliflozin attenuates ferroptosis and improves 
myocardial oxidative stress in mice with diabetic car-
diomyopathy [33]. Therefore, the present study focused 
on ferroptosis, and our findings suggest that ferropto-
sis was promoted in both type 1 diabetic cardiomyopa-
thy mice and primary cardiomyocytes cultured in high 
glucose medium. This effect included the appearance of 

(See figure on next page.)
Fig. 4  Erastin attenuates the protective effect of Nrg4 in cardiomyocytes. A Representative immunofluorescence images with Fe2 + indicator 
(red) staining (original magnification × 200). B Representative TEM images depicting mitochondria in vitro, with arrows indicating mitochondria. 
C–G Western blot and quantitative analysis of ferroptosis-related proteins (TFR1, GPX4, ACSL4 and SLC7A11) in vitro. H The content of the lipid 
peroxidation product MDA in vitro. I The content of GSH in vitro. J GSH/GSSG ratios in vitro. The data are presented as the means ± SDs; n = 3; 
*P < 0.05, **P < 0.01, and ***P < 0.0001
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Fig. 4  (See legend on previous page.)
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a series of microstructural changes, such as mitochon-
drial shrinkage and a reduction in mitochondrial cristae; 
increases in the expression of the ferroptosis marker pro-
teins TFR1 and ACSL4; decreases in the expression of 
GPX4 and SLC7A11; an increase in the MDA level; and 
decreases in the GSH level and the GSH/GSSG ratio. In 
addition, the Fe2⁺ content increased in mouse heart tis-
sue, and the Fe2⁺ fluorescence intensity increased, as did 

the Fe2⁺ content in primary cardiomyocytes. Moreover, 
we observed that Nrg4 intervention attenuated these 
changes, suggesting that Nrg4 mitigates high glucose-
induced ferroptosis. According to the results of our fol-
low-up experiments, the attenuation of ferroptosis was 
partially eliminated when erastin was coadministered 
with Nrg4. These results suggest that ferroptosis medi-
ates, at least in part, the amelioration of cardiomyocyte 

Fig. 5  Nrg4 attenuates ferroptosis through the AMPK/NRF2 signalling pathway. A–C Western blot and quantitative analysis of the expression 
of p-AMPK and NRF2 in vitro. D–H Western blot and quantitative analysis of ferroptosis-related proteins (TFR1, GPX4, ACSL4 and SLC7A11) in vitro. 
I The content of the lipid peroxidation product MDA in vitro. J The content of GSH in vitro. K GSH/GSSG ratios in vitro. The data are presented 
as the means ± SDs; n = 3; *P < 0.05, **P < 0.01, and ***P < 0.0001
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injury through Nrg4. Thus, we demonstrated that Nrg4 
ameliorates high glucose-induced cardiomyocyte injury 
by antagonizing ferroptosis.

Finally, we explored the molecular signalling pathways 
that antagonize ferroptosis through Nrg4. AMPK has 

many beneficial effects on myocardial inflammation, oxi-
dative stress, and other cardiac metabolic abnormalities 
[34]. NRF2 is one of the most important antioxidative 
stress regulators in  vivo [35]. AMPK can activate NRF2 
through the AMPK/AKT/GSK3β signalling pathway [36], 

Fig. 6  A Representative immunofluorescence images with Fe2 + indicator (red) staining (original magnification × 200). B Representative TEM 
images depicting mitochondria in vitro, with arrows indicating mitochondria

Fig. 7  Schematic diagram of the mechanisms by which ferroptosis is antagonized by Nrg4 intervention
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and NRF2 is a key regulator of ferroptosis [35] (Fig.  7). 
Recently, the therapeutic drug SFN was shown to ame-
liorate diabetic cardiomyopathy by inhibiting ferroptosis 
through the modulation of the AMPK/NRF2 pathway 
[8]. Interestingly, Nrg4 can upregulate AMPK expression 
levels in diabetic cardiomyopathy [19], and in our study, 
we demonstrated that Nrg4 administration increased 
p-AMPK and NRF2 levels, thereby attenuating high glu-
cose-induced ferroptosis in cardiomyocytes, whereas the 
concomitant administration of Nrg4 and Comp C attenu-
ated the level of ferroptosis that was downregulated by 
Nrg4. These findings suggest that the antagonistic effect 
of Nrg4 on ferroptosis-mediated amelioration of high 
glucose-induced cardiomyocyte injury is dependent on 
the AMPK/NRF2 signalling pathway. In conclusion, 
our results confirm that Nrg4 antagonizes ferroptosis 
through the AMPK/NRF2 signalling cascade.

Overall, the results of our study provide a new per-
spective on the alleviation of diabetic cardiomyopathy 
by antagonizing ferroptosis through Nrg4. However, 
whether Nrg4 can be a clinical agent for the treatment of 
diabetic cardiomyopathy needs to be further explored.

Conclusion
Nrg4 antagonizes high glucose-induced ferroptosis in 
cardiomyocytes via the AMPK/NRF2 signalling pathway. 
Our study may lead to new strategies and ideas for the 
clinical management of diabetic cardiomyopathy (Addi-
tional files 1, 2.).
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