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Abstract 

Enhancement of Connexin43 (Cx43) and ferroptosis are respectively associated with the exacerbation of 
myocardial ischemia-reperfusion injury (MIRI) in diabetes. Myocardial vulnerability to ischemic insult has been 
shown to vary during early and later phases of diabetes in experimental settings. Whether or not Connexin43 
(Cx43) and ferroptosis interplay during MIRI in diabetes is unknown. We, thus, aimed to investigate whether or 
not the content of myocardial Cx43 may be attributable to myocardial vulnerability to MIRI at different stages 
of diabetes and also to explore the potential interplay between Cx43 and ferroptosis in this pathology. 
Age-matched control and subgroups of Streptozotocin-induced diabetic mice were subjected to MIRI induced 
by 30 minutes coronary artery occlusion and 2 hours reperfusion respectively at 1, 2 and 5 weeks of diabetes. 
Rat cardiac H9C2 cells were exposed to high glucose (HG) for 48h in the absence or presence of Cx43 gene 
knockdown followed by hypoxia/reoxygenation (HR) respectively for 6 and 12 hours. Post-ischemic myocardial 
infarct size was reduced in 1 and 2 weeks DM mice concomitant with enhanced GPX4 and reduced cardiac 
Cx43 and ferroptosis as compared to control. By contrast, cardiac GPX4 was significantly reduced while Cx43 
increased at DM 5 weeks (D5w) which was correspondent to significant increases in ferroptosis and 
myocardial infarction. Post-ischemic cardiac function was improved in 1 and 2 weeks but worsened in 5w DM 
mice as compared with non-diabetic control. GAP19 (Cx43 inhibitor) significantly attenuated ferroptosis and 
reduced myocardial infarction in D5w mice. Erastin (ferroptosis activator) reversed the cardioprotective effect 
of GAP19. In vitro, HR significantly reduced cell viability accompanied with reduced GPX4 but elevated Cx43 
expression, MDA production and ferroptosis. Cx43 gene knockdown in H9C2 resulted in a significant increase 
in GPX4, reduction in MDA and ferroptosis, and subsequently reduced post-hypoxic cell viability. The 
beneficial effects of Cx43 gene knock-down was minified or eliminated by Erastin. It is concluded that Cx43 
overexpression exacerbates MIRI under diabetic conditions via promoting ferroptosis, while its 
down-regulation at early state of diabetes is attributable to enhanced myocardial tolerance to MIRI. 

 

Introduction 
Myocardial infarction is one of the most common 

causes of death worldwide[1]. Although restoration of 
blood flow through reperfusion is the recommended 
treatment for myocardial infarction, reperfusion itself 
can cause further damage, known as myocardial 

ischemia-reperfusion injury (MIRI)[2]. Clinical studies 
have shown that diabetic patients with ischemic heart 
disease are at a higher risk of developing MIRI[3]. 
Additionally, diabetes increases the susceptibility of 
the heart to ischemia/reperfusion injury (IRI), 
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resulting in larger infarct size and poorer recovery 
following acute myocardial infarction[4, 5]. However, 
studies on susceptibility and tolerance to MIRI in 
Type 1 diabetes (T1D) rodents have been inconsistent. 
Some studies have shown that early T1D mice (1-3 
weeks) may have better recovery of heart function 
and structure after myocardial ischemia-reperfusion 
than non-diabetic controls[6, 7]. This may be due to 
the fact that the hearts of early T1D mice have better 
antioxidant capacity and the ability to regulate 
inflammatory responses. For example, T1D mice may 
mitigate MIRI-induced oxidative stress and 
inflammatory damage by increasing the expression 
and activity of antioxidant enzymes, as well as by 
modulating the production of inflammatory 
mediators. However, the hearts of advanced T1D 
mice (over 5 weeks) had increased susceptibility to 
MIRI[8]. This may be due to changes in cardiac 
structure and function caused by chronic 
hyperglycemia, including cardiomyocyte apoptosis, 
fibrosis, and disturbance of cardiomyocyte energy 
metabolism. The susceptibility to this damage may be 
related to the abnormal distribution or expression of 
connexin (Cx) 43 (Cx43) in cardiomyocytes caused by 
diabetes[9].  

Gap junctions are composed of Cx, and six Cx 
monomers on the plasma membrane form linkers or 
half-channels, which are intercellular junctions that 
are widely present in various cell types within 
organs[9]. The Cx protein family contains nearly 20 
subtypes[10]. In the heart, gap junctions are primarily 
composed of Cx43[9]. Structural and functional 
changes in Cx43 can regulate the permeability and 
selectivity of gap junctions, thereby affecting 
intercellular substance exchange and signal 
transmission, leading to cellular dysfunction[10]. 
Cx43 is also involved in channel-independent 
functions, including regulating cell growth, cell 
apoptosis, cell cycle, gene transcription, 
mitochondrial homeostasis, autophagy, and more[11]. 
Recent study has shown that downregulation of Cx43 
can alleviate cisplatin-induced acute kidney injury by 
inhibiting ferroptosis[12]. However, the mechanism of 
the interaction between Cx43 and ferroptosis is 
unclear, especially in the context of MIRI in diabetes. 

Ferroptosis, a novel form of programmed cell 
death, has been identified as being associated with 
diabetes-related MIRI[13-16]. Increase in the 
generation of reactive oxygen species (ROS) and lipid 
peroxidation are one of the major initiators of 
ferroptosis[17]. The main characteristics of ferroptosis 
include depletion of reduced glutathione (GSH), 
reduction of the core antioxidant enzyme glutathione 
peroxidase 4 (GPX4), and increased levels of lipid 
peroxides[17]. Gao et al. found that inhibiting the 

catabolism of glutamine (an important component of 
ferroptosis) can reduce MIRI[18]. However, whether 
or not there may exist a link between the levels of 
ferroptosis and the extent of cardiac susceptibility to 
MIRI in diabetes is unclear. 

We hypothesized that Cx43 is involved in 
regulating the extent of cardiac ferroptosis in diabetes 
and that the extent of cardiac ferroptosis may be 
proportional to the susceptibility to MIRI at different 
stages of diabetes. Our hypothesis was tested in in 
vivo model of MIRI in mice with diabetes and in vitro 
in cultured cardiomyocytes subjected to HR under 
HG condition. 

Materials and methods 
Animal model establishment 

Male animals were selected as the research 
subject in this paper. Gender differences have been 
reported for diabetes epidemiology in clinical 
research, whereas type 1 diabetes has a slight 
predominance in male adults[19, 20]. In addition, the 
estrogen-mediated protection in MIRI of female mice 
is a significant interference factor[21, 22]. Male 
C57BL/6 mice (8 weeks old) were obtained from the 
Guangdong Medical Lab Animal Center and housed 
in the Laboratory Animal Service Center (Guangdong 
Medical University, Guangdong, China). The study 
was approved by the Institutional Ethics Committee 
of Guangdong Medical University. The diabetes 
model was established by injecting STZ (freshly 
dissolved in 0.1M citrate buffer, pH 4.5, Solarbio, 
China) intraperitoneally at the dose of 50 mg/kg per 
day for 5 consecutive days as previously 
described[23], while control mice were injected with 
equal volume of citrate buffer. Three days after STZ 
injection, glucose levels were measured using a 
glucose analyzer (Beckman Instruments, Fullerton, 
CA, USA) and mice with hyperglycemia (plasma 
glucose ≥ 16.7 mmol/L (mM)) were considered 
diabetic and used for the ensuing experiments. Mice 
were anesthetized by intraperitoneal injection of 2% 
pentobarbital (10mg/kg) and maintained at 1.5% 
isoflurane concentration after endotracheal 
intubation. I/R was achieved by occluding the left 
anterior descending (LAD) artery for 30 minutes 
followed by 2h reperfusion as described 
previously[24]. The sham group received the same 
surgical procedure without ligation. The mice were 
randomly divided into the following groups (n=6-8 
per group): Normal control (NC), D1w (Diabetic 1 
week), D2w (Diabetic 2 week), D5w (Diabetic 5 week), 
D1w+IR, D2w+IR, D5w+IR, D5w+GAP19+IR, 
D5W+Gap19+Erastin+IR groups, which were 
respectively participated in two parts of in vivo 
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studies as presented in the result sections. One week 
before myocardial I/R, D5w+GAP19+IR group mice 
were intraperitoneally injected with GAP19 1mg/kg 
for a week. The D5W+Gap19+Erastin+IR group mice 
were intraperitoneally injected with Erastin 20 mg/kg 
before inducing myocardial IR[25]. 

Echocardiographic assessment 
Mouse echocardiograms were monitored using 

VisualSonics Vevo 3100 imaging system from 
Fujiflim, Japan. Mice with left chest wall hair removal 
were placed into a pre-anesthesia box and anesthesia 
induction was subsequently performed with the 
volatile anesthetic isoflurane. Isoflurane concentration 
was set at 4% and oxygen flow rate was 0.5L/min. 
Subsequently, the mice were fixed in a supine position 
to the ultrasonic operating table and anesthetized 
with a nose cone. The operating table temperature 
was maintained at 37℃. The operating table was 
rotated to the level of the lower part of the mouse 
head and foot, and an appropriate amount of 
ultrasonic coupling agent was applied to the left chest 
wall. Isoflurane concentration was adjusted to 1% to 
maintain anesthesia, and the heart rate of each group 
of mice was controlled between 400 and 450bpm. The 
ultrasound probe was placed on the short-axis section 
of the exposed mouse heart. After turning on the M 
mode, yellow scale was adjusted to the maximum 
diameter of the heart cavity, and multiple 10s images 
were collected for evaluating ejection fraction (EF). 

Assessment of myocardial infarct size 
The area of myocardial infarction was 

determined by double staining with Evans-Blue 
(Solarbio, China) and 2,3,5-triphenyl tetrazolium 
chloride (TTC, Solarbio, China). The blue-stained area 
was considered a non-risk area, the unstained area by 
Evans Blue dye was defined as the area at risk (AAR), 
and the area not stained by TTC was regarded as the 
infarcted tissue. The size of myocardial infarction (IS) 
was calculated as the percentage of infarcted tissue 
divided by the AAR. 

Biochemical assessment 

At the end of reperfusion or reoxygenation, the 
myocardial tissue, serum samples and H9c2 cells were 
collected to measure the levels of L-Glutathione 
(GSH), L-Glutathione Oxidized (GSSG) levels, 
Total-superoxide dismutase (T-SOD), malonaldehyde 
(MDA) and labile iron, lactate dehydrogenase (LDH), 
and creatine kinase (CK)-MB (CK-MB). The levels of 
GSH, GSSG, T-SOD, MDA (Beyotime Biotechnology, 
China) and labile iron (BioVision, USA) were 
measured using assay kits according to the 
manufacturer’s instructions, and the levels of LDH 

and CK-MB (Donglin Biotechnology, China) were 
measured by automatic biochemical instruments 
(HITACHI, Japan). 

Cell culture 
H9c2 cells were purchased from the Center for 

Excellence in Molecular Cell Science (Shanghai, 
China). The growth medium for the cells consisted of 
Dulbecco's modified eagle medium (DMEM), 10% 
fetal bovine serum (FBS) and 100 U/ml penicillin and 
100mg/ml streptomycin (Gibco, USA). The cells were 
divided into four groups: Normal control (NC) group, 
HG group, HG+HR group, HG+siCx43+HR group, 
HG+siCx43+Erastin+HR group. Cells were cultured 
in normal glucose (5.5mM) medium to approximately 
50% density and then transferred into high glucose 
(HG, 35mM) medium. After being exposed to HG for 
24h, cells were subjected to hypoxia using a hypoxic 
incubator (37°C, 94% N2, 5% CO2 and 1% O2) with 
culture medium deprived of glucose and serum as 
previously described. After 6h of hypoxia, cells were 
reoxygenated for 12 h in hyperglycemia medium.  

Cell transfection of siRNA  
To block the expression of Cx43, H9c2 cells were 

added with Cx43 specific small interfering RNAs 
(siCx43), which were designed and provided by 
GenePharma as well as their peculiar control. In 
accordance with the manufacturer's instructions, cell 
transfection was proceeded with Lipofectamine 3000 
(Invitrogen, USA). Six hours (h) later, the previous 
medium was changed and carried out for further 
procedures. Silencing of Cx43 were confirmed by 
western blot or RT-PCR. 

Cell Counting Kit-8 assay 
Cells were inoculated in a 96-well plate (8x10³ 

cells/well) and cultured following the above 
treatment. Cell viability was assessed by the CCK-8 
kit (Dojindo, Japan). Then, 10 µl of CCK-8 solution 
was added to each well and incubated for 1h at 37°C. 
The absorbance was measured at 450 nm with a micro 
plane reader. The cells culture supernatant was taken 
to a 96-well plate, and then fully mixed with lactate 
dehydrogenase (LDH) reaction buffer at room 
temperature according to the procedures of the 
relevant manufactures (Roche, Switzerland). When 
the reaction was stopped, the absorbance was 
measured at 450 nm. 

Fe2+ fluorescence assay 
Cells were collected and washed with serum-free 

medium for 3 times. FerroOrange (1μmol/l) was 
added to the cells for 30 min. Thereafter, the 
fluorescence intensity of each sample was detected 
using a multifunctional enzyme labeler (Biotek, USA). 
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Flow cytometry  
The intracellular ROS levels were measured 

using a 2,7-dichlorodihydrofluorescein diacetate 
(DCFH-DA). Annexin V-FITC/PI apoptosis detection 
kit (Beyotime Technology, China) was utilized to test 
H9C2 cell apoptosis. Cells were gathered in line with 
the experimental groups and analyzed according to 
the manufacturer’s description. The ROS level and 
apoptotic index was detected by flow cytometry. 

Western blotting 
Western blot analysis was performed as 

described previously[26] using antibodies against 
Cx43(Proteintech, China), Tubulin (Cell Signaling 
Technology, USA), GPX4 (Proteintech, China) at 4°C 
for 12-16 hours then the band intensity was quantified 
and analyzed by ImageJ. 

Statistical analysis 
Statistical analyses were performed using 

GraphPad Prism (10.1.2). Data were shown as mean ± 
standard deviation (S.D.). The sample size for each 
experiment and the replicate number of experiments 
are reported in the text, Figures or Figure Legends. 
Continuous variables are presented as mean ± 
standard deviation (mean ± SD) and assumed to 
follow a normal distribution. Student's t-test 
(Student-t) was used for comparisons between two 
groups, while one-way analysis of variance (One-way 
ANOVA) was used for comparisons among multiple 
groups, followed by Tukey's post-hoc test if data were 
normally distributed and variances were 
homogeneous. If data did not follow a normal 
distribution, comparisons between two groups were 
performed using the Wilcoxon rank-sum test, and 
comparisons among multiple groups were performed 
using the Kruskal-Wallis rank-sum test, with 
Bonferroni correction for pairwise comparisons. P 
values of 0.05 or less were considered to indicate a 
statistically significance. 

Results  
Basic characteristics of diabetic mice at the 
end of experiment 

As shown in Table 1, the basic characteristics of 
STZ-treated mice showed obvious symptoms of 
diabetes, such as increased blood glucose, water 
intake, and weight loss, compared with the NC group. 

Early type I diabetic mice were tolerant to 
MIRI 

The previous study has reported the 
cardioprotective effects of acute diabetes[6]. In order 
to confirm the protective role of acute diabetes and 

gain a clearer understanding of its underlying 
mechanisms, we investigated the impact of the 
duration of diabetes on myocardial tolerance to IRI in 
STZ-induced diabetes at 1, 2, and 5 weeks after 
diabetes induction. At early phases of diabetes (i.e., 
diabetes at 1 week or 2 weeks), the post-ischemic 
cardiac damage was significantly milder, 
characterized by smaller myocardial infarct size (Fig. 
1C,D), better cardiac function (Fig. 1E,F), and lower 
plasma levels of CK-MB (Fig. 1B) as compared to that 
in NC group mice (all p<0.05, D1w+IR or D2w + IR 
vs. NC + IR). However, in contrast to the D2w and 
D1w groups, mice at D5w exhibited the largest area of 
cardiac infarction (Fig. 1C, D), poorer cardiac function 
(Fig. 1E, F), higher plasma levels of CK-MB (Fig. 1B). 
At baseline, the expression of Cx43 was significantly 
decreased in the D1w and D2w groups compared to 
the NC group, while the cardiac Cx43 in the D5w 
group of mice was significantly increased as 
compared to either the control group or to the D1w 
and D2w groups (Fig. 1G, H). Cx43 in the NC+IR 
group was significantly increased as compared to NC 
group (Fig. 1J). It is worth noting that after I/R, levels 
of cardiac Cx43 expression in D1w and D2w groups 
were significantly lower than that in the NC+IR 
group, while Cx43 expression in D5w group was 
significantly higher than both the NC+IR group or the 
D1w and D2w groups (Fig. 1I, J). These findings 
indicated that the heart is protected during the first 
and second weeks of diabetes, resulting in attenuated 
IRI, but the damage is exacerbated when facing IR at 
the 5th week.  

 

Table 1. Basic characteristics of diabetic mice at the end of 
experiment. 

Group Body weight 
(g) 

Food intake 
(g/d) 

Water intake 
(ml/kg/d) 

Blood glucose 
(mmol/L) 

NC 24.79 ± 2.49 6.72 ± 1.84 418.39 ± 30.02 6.29 ± 1.64 
D1w 23.34 ± 1.75 8.66 ± 2.07* 677.28 ± 95.46* 25.54 ± 4.75** 
D2w 21.57 ± 2.62* 8.53 ± 1.54* 726.17 ± 106.65* 24.72 ± 5.28** 
D5w 20.23 ± 2.74* 9.30 ± 1.78* 739.97 ± 186.41* 24.19 ± 6.86** 

Data are shown as mean ± SD. n = 15 per group, water intake and food 
consumption values were the average value of corresponding weeks. Body weight 
and plasma glucose were measured on the day of execution or surgery. *p < 0.05 vs 
NC group, **p < 0.01 vs NC group. 

 

Decreased ferroptosis was associated with 
enhanced tolerance to MIRI in early type I 
diabetic mice 

Existing study has shown an association between 
ferroptosis and diabetes-associated MIRI[6]. In this 
study, we investigated the extent of ferroptosis after 
ischemia/reperfusion (IR) in mice at 1, 2, and 5 weeks 
after intraperitoneal injection of STZ. As shown in 
Figure 2, both normal control and diabetic mice 
exhibited ferroptosis-related damage after IR.  
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Figure 1. Early type I diabetic mice were tolerant to MIRI. (A) 6w mice were injected with STZ at 50 mg/kg/d for 5 consecutive days to induce T1DM. Ischemia 
reperfusion (I/R) was achieved by 30-minute ischemia followed by 2-hour reperfusion. (B) Levels of serum CK-MB, measured after reperfusion using the CK-MB ELISA kit. (C) 
Infarct size (IS) expressed as a percentage of the area at risk (AAR). (D) Quantitative data for infarct size. (E) Representative cardiac ultrasound image after IR. (F) EF. (G) 
Expression of Cx43 in mice with type I diabetes at different stages of diabetes. (H) Expression and quantification of Cx43. Quantification of western blots was performed using 
Image J. (I) Myocardial Cx43 protein expression after I/R. (J) Quantification of the expression of Cx43. Data are shown as the mean ± SD, n = 6 per group. #p < 0.05 vs NC group, 
##p < 0.01 vs NC group, ###p < 0.001 vs NC group, ####p < 0.0001 vs NC group, &p < 0.05 vs NC+IR group, $p < 0.05 vs D1w+IR group, $$p < 0.01 vs D1w+IR group, @p < 0.05 
vs D2w+IR group, @@p < 0.01 vs D2w+IR group, **p < 0.01 vs D1w group, ^^p < 0.01 vs D2w group. 
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Figure 2. Decreased ferroptosis was associated with enhanced tolerance to MIRI in early type I diabetic mice. (A) Cardiac levels of MDA. (B) Alterations of GSH. 
(C) Labile iron levels. (D)Typical morphological changes of Ferroptosis in cardiomyocytes were observed using transmission electron microscopy (2 μm). (E) Histopathological 
pictures of heart tissue sections were stained with HE (80 nm). (F) Myocardial GPX4 protein expression in mice with type I diabetes at different periods. (G) Expression of GPX4, 
Quantification of western blots was performed using Image J. (H) Myocardial GPX4 protein expression after I/R. (I) Quantification of GPX4 protein expression. Data are shown 
as the mean ± SD, n = 6 per group. #p < 0.05 vs NC group, ##p < 0.01 vs NC group, ###p < 0.001 vs NC group, &p < 0.05 vs NC+IR group, $p < 0.05 vs D1w+IR group, **p < 0.01 
vs D1w group, ^p < 0.05 vs D2w group, @p < 0.05 vs D2w+IR group, ns means no significance. 

 
It is worth noting that the degree of 

post-ischemic ferroptosis was significantly attenuated 
in the D1w+IR and D2w +IR groups as compared to 
that in the NC+IR group, as evidenced by decreased 
levels of plasma MDA (Fig. 2A) and labile iron (Fig. 
2C), along with increased levels of GSH (Fig. 2B), 
which were consistent with the levels of injury 
observed after IR. Transmission electron microscopy 
images also revealed varying degrees of 
mitochondrial swelling, blurred cristae, and 

vacuolization in all groups of mice following IR, but 
the damage was less pronounced in the D1w and D2w 
groups compared to the NC group, while more severe 
in the D5w group (Fig. 2D). H&E staining of 
myocardial sections revealed that after IR, 
non-diabetic mice exhibited a reduction in myocardial 
cells, enlarged nuclei, and increased intercellular 
spaces, while the diabetic groups at 1 and 2 weeks 
showed lower levels of myocardial cell injury 
compared to the NC group (Fig. 2E). GPX4 is one of 
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the core enzymes of the antioxidant system (GSH 
system). We found that at baseline, GPX4 expression 
was elevated in the D1w and D2w groups compared 
to the non-diabetic control group, while the trend was 
completely reversed in the D5w group (Fig. 2F, G). 
Compared with non-diabetic mice, the expression of 
GPX4 was up regulated in D1w and D2w groups and 
decreased in D5w group after I/R (Fig. 2H, I). These 
findings suggest that the enhanced tolerance of the 
heart to MIRI during the first and second weeks of 
diabetes may be attributable to the alleviation of 
ferroptosis. 

Protective effect of Cx43 inhibitor GAP19 on 
MIRI in diabetic mice  

To further investigate the potential interaction 
between Cx43 and cardiac ferroptosis in MIRI under 
diabetic conditions, we administered the Cx43 
inhibitor GAP19 via continuous intraperitoneal 
injection in mice for one week. Erastin is an 
established iron apoptosis inducer that specifically 
inhibits GPX4 activity, promoting ferroptotic cell 
death. Bai, et al.’s study[27] shows that Erastin causes 
significant ferroptosis in H9C2 at concentrations vary 
from 2.5 to 10 uM. Our preliminary study also 
revealed that Erastin could cause significant 
ferroptosis in H9C2 cells at the concentration of 5 uM 
(data not shown), thus we used Erastin at 5uM in our 
ensuring studies with the aim to see if Erastin could 
partially revert the effects of Cx43 inhibition with 
GAP19. As shown in Figure 3, compared to the 
D5w+IR group, the D5w+GAP19+IR group exhibited 
milder damage, characterized by a smaller 
myocardial infarct size (Fig. 3A, B), higher left 
ventricular EF (Fig. 3C, D), and lower plasma levels of 
CK-MB (Fig. 3E) and LDH (Fig. 3F). However, in the 
D5w+GAP19+Erastin+IR group, the damage was 
aggravated once again (Fig. 3A-F). In addition, 
compared with the control group, Cx43 expression 
was significantly increased in the D5w+IR group and 
significantly decreased after GAP19 treatment, while 
Erastin had no significant effect on Cx43 expression 
(Fig. 3G, H) which is indicative that Erastin reversed 
Cx43 inhibition-mediated protection against MIRI and 
that inhibition of ferroptosis is a major mechanism 
whereby GAP19 conferred therapeutic effects against 
diabetic MIRI. 

Cx43 inhibitor attenuated ferroptosis in MIRI 
in type I diabetic mice 

As shown in Figure 4, compared to the D5w+IR 
group, the D5w+GAP19+IR group exhibited 
significantly attenuated ferroptosis, characterized by 
higher levels of serum GSH (Fig. 4B) and reduced 
labile iron (Fig. 4C) and MDA levels (Fig. 4A). 

Ultrastructural analysis of cardiac tissue revealed that 
in the D5w+IR group, most of the mitochondrial 
cristae were completely lost and the mitochondrial 
membranes were incomplete, whereas in the 
D5w+GAP19+IR group, these abnormalities were 
reduced (Fig. 4D). Furthermore, compared to the 
D5w+GAP19+IR group, the D5w+GAP19+Erastin+IR 
group showed higher levels of serum MDA (Fig. 4A) 
and labile iron (Fig. 4C), lower GSH levels (Fig. 4B), 
and more severe mitochondrial damage in cardiac 
tissue (Fig. 4D). H&E staining of cardiac tissue 
sections revealed more severe injury in the 
D5w+GAP19+Erastin+IR group compared to the 
D5w+GAP19+IR group (Fig. 4E). In addition, 
compared with the control group, GPX4 expression 
was significantly decreased in the D5w+IR group, and 
significantly increased after GAP19 treatment, while 
GPX4 expression was again suppressed in the 
D5w+IR+GAP19+Erastin group (Fig. 4F, G). These 
results suggest that GAP19 mitigates MIRI in diabetic 
mice by inhibiting ferroptosis.  

High glucose exacerbated hypoxia-reoxygena-
tion induced H9C2 cardiomyocyte ferroptosis 

Subsequently, we established an in vitro model 
using H9C2 cardiomyocytes exposed to HG prior to 
inducing HR injury at the cellular level. As shown in 
Figure 5, compared to the control group, cell viability 
was significantly reduced after exposure to HG or HR, 
and the HG and HR in combination further 
exacerbated the decrease in cell viability (Fig. 5A). 
Additionally, compared to NC group, the HG+HR 
group exhibited significantly elevated levels of LDH 
(Fig. 5B), MDA (Fig. 5C), Fe2+ levels (Fig. 5G), cell 
apoptosis (Fig. 5K, L), and lipid peroxidation (Fig. 5M, 
N), along with decreased levels of GSH (Fig. 5D), 
GSH/GSSG ratio (Fig. 5E), and T-SOD (Fig. 5F). 
Furthermore, compared to the control group, Cx43 
expression was increased in both the HG and the HR 
groups, and significantly elevated in the HG+HR 
group, while the expression of GPX4 was decreased in 
the HG and HR groups, and significantly decreased in 
the HG+HR group (Fig. 5H-J). These results indicate 
that ferroptosis is a major form of cell injury in H9C2 
cells exposed to HG and/or HR in the current 
experimental settings. 

Cx43 gene knock-down attenuated ferroptosis 
in H9C2 cells exposed to HG/HR 

To further validate the potential interaction 
between Cx43 and ferroptosis in cardiomyocytes 
under HG/HR, we used specific siRNA to knock 
down Cx43 in H9C2 cells and performed subsequent 
experiments. As shown in Figure 6, compared to the 
HG+HR group, post-hypoxic cell viability was 



Int. J. Med. Sci. 2024, Vol. 21 

 
https://www.medsci.org 

2372 

significantly increased after Cx43 knockdown (Fig. 
6A). In comparison to the HG+HR+siCx43 group, cell 
viability was significantly reduced in the 
HG+HR+siCx43+Erastin group (Fig. 6A), accompa-
nied by significant increases in levels of LDH (Fig. 
6B), MDA (Fig. 6C), Fe2+ levels (Fig. 6G), cell 
apoptosis (Fig. 6K,L), and lipid peroxidation (Fig. 
6M,N), as well as significant decreases in levels of 
GSH (Fig. 6D), GSH/GSSG ratio (Fig. 6E), and T-SOD 

(Fig. 6F). Protein imprinting experiments revealed 
that in the HG+HR+siCx43+Erastin group, Cx43 
levels did not significantly change, while GPX4 levels 
were significantly decreased compared to the 
HG+HR+siCx43 group (Fig. 6H-J). These results 
indicated that Erastin reversed the protective effect of 
Cx43 downregulation on HG+HR-induced injury in 
H9C2 cardiomyocytes. 

 

 
Figure 3. Effect of Cx43 inhibition on MIRI in diabetic mice. (A) Representative images for infarct size were detected using TTC and evens blue staining. (B) Quantitative 
data for infarct size. (C) Cardiac ultrasound and changes of EF after IR. (D) EF. (E) Concentrations of CK-MB. (F) Leakage of LDH. (G) Representative images of protein 
expression. (H) Quantification of Cx43 protein expression. Data are shown as the mean ± SD, n = 6 per group. #p < 0.05 vs NC group, ##p < 0.01 vs NC group, ###p < 0.001 vs 
NC group, ####p < 0.0001 vs NC group, &p < 0.05 vs D5w+IR group, $p < 0.05 vs D5w+GAP19+IR group, ns means no significance. 
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Figure 4. Cx43 inhibitor GAP19 attenuated ferroptosis in MIRI in type I diabetic mice. (A) Degree of MDA. (B) Alterations of GSH. (C) Labile iron levels. (D) 
Transmission electron microscopy (2 μm). (E) Histopathological pictures of heart tissue sections were stained with HE (80 nm). (F) Representative images of protein expression. 
(G) Quantification of Gpx4 protein expression. Data are shown as the mean ± SD, n = 6 per group. #p < 0.05 vs NC group, ##p < 0.01 vs NC group, ###p < 0.001 vs NC group, 
&p < 0.05 vs D5w+IR group, $p < 0.05 vs D5w+GAP19+IR group, ns means no significance. 

 

Discussion 
Our research found that compared to the control 

group, STZ-induced diabetic mice at 1-2 weeks 
showed less damage after I/R, along with a decrease 
in the expression level of Cx43 with concomitant 
increase in the expression level of GPX4 and reduction 
in ferroptosis. By contrast, post-ischemic myocardial 

injury was more severe at 5-week diabetes, and the 
increased MIRI are associated with increases in 
cardiac Cx43 and ferroptosis. Subsequently, we used 
the Cx43 inhibitor GAP19 in 5-week diabetic mice, 
which reduced ferroptosis and decreased the size of 
myocardial infarction after IR. The protective effect of 
GAP19 was reversed when Erastin was applied.  
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Figure 5. Expose of H9C2 cardiomyocytes to hypoxia-reoxygenation (HR) under high glucose (HG) led to increased ferroptosis. (A) Cell viability. (B) Leakage 
of LDH. (C) Content of MDA. (D) and (E) Alterations of GSH and GSH/GSSG levels. (F) Level of T-SOD. (G) FerroOrange fluorescence intensity. (H) Representative images of 
Cx43 and Gpx4 protein expression. (I) Quantification of Cx43 protein expression. (J) Quantification of Gpx4 protein expression. (K) Counts of apoptotic cells by flow cytometry. 
(L) Quantification of apoptotic ratio. (M) lipid peroxidation measured by C11 BODIPY (100 µm). (N) Quantification of C11 BODIPY. Data are shown as the mean ± SD, n = 6 
per group. #p < 0.05 vs NC group, ##p < 0.01 vs NC group, ###p < 0.001 vs NC group, ####p < 0.0001 vs NC group. 
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Figure 6. Downregulation of Cx43 attenuated ferroptosis in H9C2 cells exposed to HG/HR. (A) Cell viability. (B) Leakage of LDH. (C) Contents of MDA. (D) and 
(E) Alterations of GSH and GSH/GSSG levels. (F) Level of T-SOD. (G) FerroOrange fluorescence intensity. (H) Representative images of protein expression. (I) Quantification 
of Cx43 protein expression. (J) Quantification of Gpx4 protein expression. (K) Counts of apoptotic cells assessed by flow cytometry. (L) Quantification of apoptotic ratio. (M) 
lipid peroxidation measured by C11 BODIPY (100 µm). (N) Quantification of of C11 BODIPY. Data are shown as the mean ± SD, n = 6 per group. &p < 0.05 vs HG+HR group, 
$p < 0.05 vs HG+HR+siCx43 group, ns means no significance. 



Int. J. Med. Sci. 2024, Vol. 21 
 

 
https://www.medsci.org 

2376 

Given the previous findings on the ability of 
Erastin to induce ferroptosis, we conducted further 
investigation into its role under our specific 
experimental conditions. Although we did not have a 
dedicated experimental group for Erastin alone, the 
available data sufficiently support our conclusion that 
ferroptosis induction with Erastin can counteract the 
protective effects of Cx43 inhibition. Furthermore, in 
an in vitro H9C2 cell model, silencing the expression 
of Cx43 alleviated ferroptosis induced by high 
glucose, hypoxia, and reoxygenation. This study is the 
first to report that the downregulation of Cx43 
expression is associated with reduced ferroptosis and 
enhanced tolerance to MIRI in early-stage type 1 
diabetic rodents while increased Cx43 and subsequent 
increase in ferroptosis at late-stage diabetes (i.e., 
5-week diabetes in the current study) are attributable 
to increased myocardial susceptibility to MIRI in 
diabetes.  

Some previous animal experiments have also 
indicated that the early-stages diabetic heart exhibits a 
certain degree of tolerance to IR, and the relationship 
between ferroptosis and the susceptibility to MIRI in 
diabetes remains to be explored[6]. In this study, we 
assessed the vulnerability of mouse myocardium at 
different stages of diabetes to MIRI. Our experimental 
results demonstrated that early-stage diabetes (1-2 
weeks) enhances the tolerance of mouse myocardium 
to IR, reducing myocardial infarct size, inhibiting 
serum levels of CK-MB and LDH, and suppressing 
inflammation and lipid peroxidation induced by 
MIRI. During this process, ferroptosis in myocardial 
tissue is alleviated. In vitro experiments revealed 
reduced cell viability and significant increased 
ferroptosis in H9C2 cardiomyocytes subjected to 
HG+HR, similar to the situation seen in 5-week 
diabetic mice. 

Ferroptosis is a newly discovered iron- 
dependent programmed cell death mode and is one of 
the mechanisms underlying diabetes-related MIRI[15, 
28]. One of the main mechanisms of ferroptosis is the 
reduction of GPX4, a core regulatory enzyme in the 
antioxidant system (GSH system)[29]. When lipid 
peroxides accumulate to a certain extent in cells, the 
insufficient activity of GPX4 leads to the ineffective 
clearance of lipid peroxides[29]. Insufficient GPX4 
activity increases oxidative stress within cells, further 
promoting the accumulation of iron ions and the 
diffusion of lipid peroxidation. This process leads to 
cell membrane damage, impaired mitochondrial 
function, and abnormal function of other organelles, 
ultimately resulting in cell death[30]. Our 
experimental results demonstrate that the application 
of GAP19 in IR mice at D5w reduces oxidative stress 
and myocardial injury, while increasing GPX4 protein 

expression. Erastin is a small molecule that induces 
ferroptosis through the xc/GPX4 mechanism. 
Therefore, Erastin reverses the protective effect of 
GAP19 on the myocardium. Furthermore, in in vitro 
experiments, we found that Erastin can reverse the 
protective effects of Cx43 knockdown on 
HG/HR-induced H9C2 cardiomyocytes. 

In addition, ROS are potent oxidative stress 
signals that can directly damage cells or tissues. 
Excessive ROS production leads to cellular oxidative 
damage and is associated with reduced levels of the 
core regulatory enzyme GPX4[29, 31]. During 
myocardial IR, the endogenous antioxidant capacity 
of the myocardium is insufficient, resulting in massive 
ROS production during the ischemic and reperfusion 
periods, leading to myocardial injury[32-34]. Diabetes 
further increases ROS release, inhibits GPX4, 
exacerbates IR-induced damage[15, 35]. These studies 
have shown that ROS is one of the main mechanisms 
of MIRI and is closely related to ferroptosis. 
Considering the continuous diffusion of ROS 
mediated by Cx43 channels between adjacent cells, we 
propose that Cx43-mediated ROS propagation 
directly damages neighboring cells or activates 
downstream pathways associated with ferroptosis, 
which may be one of the most important mechanisms 
underlying the abnormal susceptibility of diabetic 
myocardium to MIRI at different stages. In human 
heart tissue, the gap junction mainly relies on Cx43, 
which forms a normally closed half-channel[9]. When 
it is over-opened, it can transmit a "death signal" that 
amplifies and intensifies cytotoxicity[36, 37]. Our 
study confirmed that inhibition of Cx43-mediated 
ROS over production can alleviate the damage caused 
by diabetic myocardial ischemia-reperfusion. 

Cx43 is the most widely distributed connexin in 
the human body, and Cx43 channels have greater 
permeability to cell signals[9]. These characteristics 
determine the more significant role of Cx43 in 
regulating cellular life activities. For example, it has 
been reported that high blood glucose inhibits the 
expression of Cx43 in brain cells, which is related to 
impaired communication between astrocytes[38]. 
Previous studies have shown variability in the 
expression of Cx43 in the heart under diabetic 
conditions, including increased[39] , unchanged[40] , 
and decreased expression[41], but the mechanism that 
causes this phenomenon is still unknown. In this 
study, we examined the expression of Cx43 in 
streptozotocin-induced diabetes and found a 
reduction in Cx43 expression in the myocardium of 
early-stage diabetes (1-2 weeks) mice compared to the 
control group. The experimental results indicate that 
inflammation and lipid peroxidation in the 
myocardial tissue of early-stage diabetic mice are 
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significantly reduced when the myocardium 
undergoes ischemia-reperfusion (IR). Additionally, 
the levels of free iron in the myocardium decrease, 
and mitochondrial damage is reduced. These results 
suggest that early-stage diabetic mice may enhance 
the tolerance of myocardial tissue to IR by reducing 
the ROS propagation between adjacent cells through 
Cx43 channels and alleviating downstream pathways 
associated with ferroptosis. However, compared with 
early-stage diabetic mice (1-2 weeks), Cx43 expression 
and ROS production were significantly increased in 
myocardial tissue of 5-week diabetic mice, and the 
damage caused by ferroptosis was more pronounced. 

Additionally, in the early stage of type 1 and 
type 2 diabetes, the protective effect on myocardial 
ischemia-reperfusion injury has been observed in 
several studies, the underlying main mechanism 
involves a number of factors. Oxidative stress is 
commonly regarded as one of the important 
contributing factors in the pathogenesis of diabetes 
mellitus. Generally, oxidative stress is the result of an 
excessive production ROS, which could be 
counteracted by endogenous antioxidants under 
normal physiological conditions. Our team’s previous 
study found that at the first week of diabetes, some of 
endogenous antioxidants (such as SOD) 
complementarily increased[42], which is also in line 
with the clinical situation in early stages of type 1 
diabetes in children[43]. Studies also indicate that the 
nitric oxide (NO) synthase (NOS) activity and NO 
levels were increased in diabetic rats mainly after 14 
days of streptozotocin induced diabetes, providing 
the protective effect to the overall cardiovascular 
system[44, 45]. Besides, early diabetes affected the 
cardiac membrane phospholipid fatty acid 
composition by increasing the arachidonic acid and 
n-3 polyunsaturated fatty acids levels, which may 
help the heart to resist some sudden cardiac damage 
at this early phase of diabetes[46]. We attribute these 
to the consequence of body's own stress protection 
effect exerted by hyperglycemia, leading to the seen 
phenomenon of increased tolerance against 
ischemia-reperfusion injury during the first 2 weeks 
of streptozotocin-induced diabetes. Additional, 
metabolism shift between early and late stage in 
streptozotocin-induced diabetes has been found in rat 
kidney mitochondria[47]. Given that Cx43 also plays a 
key role in cardiac mitochondrial function[48], we 
believe that similar or even more complicated 
metabolic response exist during different stage of 
MIRI in subjects with diabetes. Knowing the 
metabolic process may be the next key point to better 
understand and apply treatment to diabetic patients 
who facing ischemic cardiac injury. 

Conclusion 
In the early stages of diabetic myocardium, the 

downregulation of Cx43 inhibits ferroptosis, thereby 
enhancing myocardial tolerance to MIRI. However, in 
the later stages of diabetes, the increased level of Cx43 
gradually diminishes this tolerance, eventually lead to 
reduced tolerance to MIRI. Cx43 may be a potential 
therapeutic target for clinical treatment of myocardial 
ischemia-reperfusion injury in patients with diabetes.  
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