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A B S T R A C T   

Myocardial ischemia-reperfusion (MI/R) injury is a common and serious complication following 
reperfusion treatment for myocardial infarction (MI). Increasing evidence has verified the crucial 
role of circular RNAs (circRNAs) in the MI/R injury processes. The objective of this study was to 
investigate the effects and potential regulatory mechanisms of circHMGA2 on MI/R injury. 
Hypoxia/reoxygenation (H/R) models were established using human cardiac myocytes (HCMs) 
and mice models were induced by MI/R. The level of circHMGA2 was detected by RT-qPCR. 
Myocardial function was evaluated by the hemodynamic parameters, the activity of serum 
myocardial enzymes, HE staining and TUNEL assays. Cell proliferation was measured by CCK-8 
assay. The ferrous ion (Fe2+) level was determined with an iron assay kit. Ferroptosis- and 
pyroptosis-related proteins were determined using western blotting. The levels of oxidative stress 
and inflammatory factors were analyzed using DCFH-DA staining or ELISA assays. CircHMGA2 
was upregulated in H/R-induced HCMs and myocardial tissues of MI/R mice. In vitro, circHMGA2 
knockdown attenuated the proliferation inhibition, restrained the ferroptosis and pyroptosis in H/ 
R-induced HCMs. This regulatory mechanism may be associated with the suppression of NLRP3 
pathway. In vivo, circHMGA2 depletion attenuated myocardial tissue damage of MI/R mice 
through inhibiting the oxidative stress and pyroptosis. Taken together, CircHMGA2 enhanced MI/ 
R injury via promoting ferroptosis and pyroptosis, providing new insights into the treatment of 
MI/R injury.   

1. Introduction 

Myocardial infarction (MI) is a cardiovascular diseases (CVD) that poses a significant threat to human health and life, which is 
usually caused by myocardial ischemia reperfusion injury resulting in cell necrosis due to insufficient blood supply to the heart [1]. 
Thrombolytic therapy or percutaneous coronary intervention (PCI) is an effective treatment for MI [2]. However, if the duration of the 
ischemic is prolonged before revascularization, the tissue injury becomes more severe and may result in irreversible damage. This 
process is known as myocardial ischemia-reperfusion (MI/R) injury [3]. MI/R injury has seriously impacts the prognosis of patients 
with ischemic CVD, and its mechanisms are complex and multifactorial, involving inflammation, oxidative stress and different types of 
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cell necrosis [4,5]. Therefore, it is crucial to clarify the pathogenesis of MI/R injury and explore novel therapeutic targets. 
Circular RNAs (circRNAs) are a kind of single-stranded and closed circular RNAs formed by reverse cleavage of precursor mRNA 

(pre-mRNA). They are widely present in the cytoplasm and are resistant to recognition and degradation by Ribonuclease R (RNase R) 
[6]. It is reported that circRNA exerts a vital regulatory effect in various organic diseases, including heart disease [7]. Some studies 
have reported that differential expressions of circRNAs are detected in the MI/R injury progression, suggesting that circRNAs may be 
associated with MI/R injury processed [8,9]. For instance, circRNA ACR is found to be lowly expressed in the MI/R mice and has been 
shown to mitigate MI/R injury by modulating Pink1/FAM65B pathway [10]. Moreover, circRNA TLK1 has been implicated in 
aggravating myocardial injury by targeting miR-214 through regulating TNF pathway [11]. CircHMGA2 is a newly discovered 
oncogenic RNA, arises from the back-splicing of high mobility group AT-hook2 (HMGA2) on chromosome 12:66221780–66232349 +
and has been extensively studied for its tumor-promoting effects in various of tumors, including lung adenocarcinoma [12,13]. 
However, the roles and regulatory mechanisms of circHMGA2 in diseases other than cancer, especially in MI/R injury, have not been 
well investigated. 

Pyroptosis and ferroptosis are the main forms of programmed cell death in cardiomyocytes [14,15], and several studies have 
demonstrated that these two forms of cell death also exist in the procession of MI/R injury [16]. Pyroptosis is a proinflammatory cell 
death activated by NLRP3 inflammasome and exerts a vital role in inflammatory and immunological responses [17]. Ferroptosis is a 
cell death caused by iron overload and accumulation of lipid peroxides dependent on reactive oxygen species (ROS) [18]. As two 
distinct forms of cell death, there is a certain association between pyroptosis and ferroptosis. In cancer, iron acts as a sensitizer 
amplifying ROS signaling to induce melanoma cell pyroptosis [19]. In type 2 diabetic cardiomyopathy, CD74 ablation inhibits cardiac 
dysfunction via pyroptosis-evoked regulation of ferroptosis [20]. However, few researches were performed on the regulation role of 
pyroptosis and ferroptosis in MI/R injury. 

In this research, we successfully established both in vivo and in vitro models of MI/R injury and evaluated the impacts of circHMGA2 
in the progression of MI/R. For the first time we identified that circHMGA2 exacerbated MI/R injury by upregulating NLRP3 expression 
and promoting the occurrence of ferroptosis and pyroptosis. These results shed light on the potential use of circHMGA2 as a novel 
biomarker for the diagnosis of MI/R injury. 

2. Results 

2.1. CircHMGA2 was overexpressed in H/R-induced HCM model and MI/R-induced mice model 

To verify the functional roles of circHMGA2 in MI/R injury processes, we constructed H/R-induced HCM model in vitro and MI/R- 
induced mouse model in vivo. The expression of circHMGA2 were detected by RT-qPCR. PCR results manifested that the expression of 
circHMGA2 in H/R-induced HCMs was markedly than that in control HCMs (Fig. 1A). Moreover, circHMGA2 expression in myocardial 
tissues of MI/R mice was remarkable elevated than that in sham group (Fig. 1B). The substantially heightened expression of 
circHMGA2 in the model of myocardial hypoxic injury denoted that circHMGA2 may related with the MI/R injury progression. 

2.2. Depletion of circHMGA2 suppressed ferroptosis in H/R-induced HCMs 

Next, we explored the regulatory effects of circHMGA2 on the biological functions on H/R-induced HCMs. Firstly, the expression of 
circHMGA2 in H/R-induced HCMs was decreased by the transfection of sh-circHMGA2#1, #2, #3. Compared with control group, 
circHMGA2 expression in sh-circHMGA2#1 group was the lowest. Therefore, the H/R-induced HCMs transfected with sh- 
circHMGA2#1 were used in the follow-up experiments (Fig. 2A). Then, cell proliferation, iron ion content, oxidative stress factors 
(ROS, SOD, MDA) and ferroptosis-related proteins (SLC7A11 and GPX4) were detected by CCK-8, iron kit, DCFH-DA staining, ELISA 
and Western blot assays. CCK-8 results showed that circHMGA2 knockdown effectively alleviated the inhibitory effects on the pro-
liferative activity of H/R-induced HCMs (Fig. 2B). Results of iron assay kit showed that the circHMGA2 downregulation significantly 
attenuated the upregulation of Fe2+ level in H/R-induced HCMs (Fig. 2C). Results of DCFA-DA staining and ELISA assays showed that 

Fig. 1. CircHMGA2 was overexpressed in H/R-induced HCM model and MI/R-induced mice model. (A) The expression level of circHMGA2 in 
the H/R-induced HCMs were measured by RT-qPCR. ***p < 0.001 vs. con. (B) The expression level of circHMGA2 were measured by RT-qPCR in the 
myocardial tissues of MI/R mice. ***p < 0.001 vs. sham. 
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depletion of circHMGA2 led to a reduction in the upregulation of ROS and MDA, and the downregulation of SOD in H/R-induced HCMs 
(Fig. 2D–G). Western blotting showed that low circHMGA2 expression reversed the downregulation of SLC7A11 and GPX4 in H/R- 
induced HCMs (Fig. 2H). Furthermore, we observed that erastin reversed circHMGA2 knockdown-induced decreased Fe2+ level 
and upregulation of SLC7A11 and GPX4 in H/R-induced HCMs (Fig. 2I and H). In general, these above results suggest that knockdown 
of circHMGA2 mitigated the H/R-induced HCM cell injury by promoting cell proliferation, and inhibiting the levels of oxidative stress 
and ferroptosis. 

Fig. 2. Depletion of circHMGA2 suppressed ferroptosis in H/R-induced HCMs. (A) The efficiency of shRNA-mediated circHMGA2 knockdown 
(sh-circHMGA2#1, #2, #3) in H/R-induce HCMs was detected by RT-qPCR. *p < 0.05 and **p < 0.01 vs. sh-NC. (B) Effect of circHMGA2 
knockdown on the proliferative ability in H/R-induced HCMs was detected by CCK-8 assay. **p < 0.01 vs. con; ##p < 0.01 vs. H/R + sh-NC. (C) 
Effect of circHMGA2 knockdown on the ferrous ion (Fe2+) content in H/R-induced HCMs was detected by iron assay kit. **p < 0.01 vs. con; ##p <
0.01 vs. H/R + sh-NC. (D–E) Effect of circHMGA2 knockdown on ROS levels in H/R-induced HCMs was detected by DCFH-DA staining. Quanti-
fications were as described in (D) and the staining was shown in (E). ***p < 0.001 vs. con; ##p < 0.01 vs. H/R + sh-NC. (F–G) Effect of circHMGA2 
knockdown on the levels of MDA (F) and SOD (G) in H/R-induced HCMs was detected by ELISA assays. **p < 0.01 vs. con; #p < 0.05 vs. H/R + sh- 
NC. (H) Effect of circHMGA2 knockdown on the levels of ferroptosis-related proteins (GPX4 and SLC7A11) in H/R-induced HCMs was detected by 
western blotting. **p < 0.01 vs. con; ##p < 0.01 vs. H/R + sh-NC. (I) Effect of erastin (ferroptosis inducer) on the ferrous ion (Fe2+) content in H/R- 
induced HCMs transfected with sh-circHMGA2 was detected by iron assay kit. **p < 0.01 vs. H/R + sh-NC; #p < 0.01 vs. H/R + sh-circHMGA2. (J) 
Effect of erastin on the levels of ferroptosis-related proteins (GPX4 and SLC7A11) was detected by western blotting in H/R-induced HCMs trans-
fected with sh-circHMGA2. **p < 0.01 vs. H/R + sh-NC; #p < 0.01 vs. H/R + sh-circHMGA2. 
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2.3. Depletion of circHMGA2 attenuated pyroptosis in H/R-induced HCMs 

Given the strong correlation between H/R injury and inflammation [21], we conducted further investigations into the relationship 
between circHMGA2 and pyroptosis in H/R-induced HCMs. Western blot and ELISA assays were adapted to measure the expression of 
pyroptosis-related proteins (NLRP3, cleaved caspase-1, IL-1β and GSDMD-N) and inflammatory cytokines (TNF-α, IL-1β, IL-10 and 
IL-18) in each cell group. Results presented that the expression levels of NLRP3, cleaved caspase-1, IL-1β and GSDMD-N in 
H/R-induced HCMs were significantly increased, which could be mitigated by circHMGA2 knockdown (Fig. 3A and B). Furthermore, 
as expected, circHMGA2 downregulation attenuated the suppressive effects on pro-inflammatory cytokines (TNF-α, IL-1β and IL-18) 
levels and enhanced the levels of anti-inflammatory cytokine (IL-10) levels in H/R-induced HCMs (Fig. 3C–F). Taken together, these 
findings indicate that circHMGA2 knockdown could effectively alleviate the pyroptosis in H/R-HCMs. 

2.4. CircHMGA2 knockdown repressed the ferroptosis and pyroptosis in H/R-induced HCMs through downregulating NLRP3 expression 

Based on the aforementioned results, we continued to explore the regulatory mechanism of circHMGA2 on ferroptosis and 
pyroptosis in H/R-induced HCMs. Initially, we constructed the NLRP3 overexpression plasmid (pcDNA-NLRP3) to enhance NLRP3 
expression in H/R-induced HCMs. Western blotting showed that the expression of NLRP3 in H/R-induced HCMs transfected with 
pcDNA-NLRP3 was significantly increased (Fig. 4A). In the subsequent cell function experiments, in H/R-induced HCMs, we once again 
found that circHMGA2 knockdown could alleviate the upregulation of pyroptosis-related proteins (cleaved caspase-1, NLRP3, IL-1β 

Fig. 3. Depletion of circHMGA2 attenuated pyroptosis in H/R-induced HCMs. (A) Effect of circHMGA2 knockdown on the expression of 
pyroptosis-related proteins (NLRP3, cleaved caspase-1, IL-1β and GSDMD-N) was detected by western blotting. (B) Effect of circHMGA2 knockdown 
on the expression of inflammatory factors (TNF-α, IL-1β, IL-10 and IL-10) H/R-induced HCMs was detected by western blotting. (C–F) Effect of 
circHMGA2 knockdown on the expression of inflammatory factors, including IL-1β (C), TNF-α (D), IL-18 (E) and IL-10 (F) was detected by ELISA 
assays in H/R-induced HCMs. **p < 0.01 vs. H/R; #p < 0.05 and ##p < 0.01 vs. H/R + sh-NC. 
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and GSDMD-N) (Fig. 4B), the decrease of cell proliferative activity (Fig. 4C), the increase of Fe2+ content (Fig. 4D), the increase of ROS 
level (Fig. 4E and F), the increase levels of IL-1β and the decrease levels of IL-10 (Fig. 4G). However, these aforementioned alterations 
were reversed by NLRP3 overexpression (Fig. 4B–G). Consequently, these findings collectively suggested that circHMGA2 knockdown 
may alleviate the H/R injury of HCMs by inhibiting NLRP3-related pathway. 

2.5. CircHMGA2 knockdown inhibited myocardial injury in MI/R mice 

In addition to in vitro cell function verification, we also constructed the MI/R mice model in mice bearing HCMs stably transfected 
with circHMGA2 shRNA lentivirus or control shRNA lentivirus. PCR results revealed a significant increase in circHMGA2 expression in 
the myocardium of MI/R mice, while the additionally stably transfection of sh-circHMGA2 inhibited the expression of circHMGA2 in 
the myocardium of MI/R mice (Fig. 5A). Subsequently, the extent of myocardial injury in MI/R mice was assessed using echocardi-
ography, HE staining and ELISA assay. Echocardiographic results showed that circHMGA2 knockdown alleviated the decrease of 
ejection fraction (EF) and fraction shortening (FS) levels in MI/R mice (Fig. 5B), and circHMGA2 knockdown alleviated the increase of 
left ventricular anterior wall diastole (LVAWd) and left ventricular posterior wall diastole (LVPWd) levels in MI/R mice (Fig. 5C and 

Fig. 4. CircHMGA2 knockdown repressed the ferroptosis and pyroptosis in H/R-induced HCMs through downregulating NLRP3 expres-
sion. (A) The efficiency of pcDNA-mediated NLRP3 overexpression (pcDNA-NLRP3) in H/R-induced HCMs was detected by RT-qPCR. **p < 0.01 vs. 
vector. (B) Effect of circHMGA2 knockdown on the expression of pyroptosis-related proteins (NLRP3, cleaved caspase-1, IL-1β and GSDMD-N) was 
detected by western blotting in H/R-induced HCMs transfected with pcDNA-NLRP3. **p < 0.01 vs. H/R + sh-NC; #p < 0.05 and ##p < 0.01 vs. H/R 
+ sh-circHMGA2. (C) Effect of circHMGA2 knockdown on the proliferative activity was detected by CCK-8 assay in H/R-induced HCMs transfected 
with pcDNA-NLRP3. *p < 0.05 vs. H/R + sh-NC; #p < 0.05 vs. H/R + sh-circHMGA2. (D) Effect of circHMGA2 knockdown on the ferrous ion (Fe2+) 
content in H/R-induced HCMs transfected with pcDNA-NLRP3 was detected by iron assay kit. **p < 0.01 vs. H/R + sh-NC; #p < 0.05 vs. H/R + sh- 
circHMGA2. (E–F) Effect of circHMGA2 knockdown on ROS levels in H/R-induced HCMs transfected with pcDNA-NLRP3 was detected by DCFH-DA 
staining. The staining was shown in (E) and quantifications were as described in (F). **p < 0.01 vs. H/R + sh-NC; #p < 0.05 vs. H/R + sh- 
circHMGA2. (G) Effect of circHMGA2 knockdown on the expression of inflammatory factors, including IL-1β and IL-10 was detected by ELISA assays 
in H/R-induced HCMs transfected with pcDNA-NLRP3. *p < 0.05 vs. H/R + sh-NC; #p < 0.05 vs. H/R + sh-circHMGA2. 
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D). In addition, ELISA assay showed that circHMGA2 knockdown reduced the upregulation of serum myocardial injury markers (CK- 
MB and LDH) in MI/R mice (Fig. 5E and F). HE staining assay revealed that circHMGA2 knockdown attenuated the inflammatory cell 
infiltration and rupture dissolution of myocardial tissues in MI/R mice (Fig. 5G). TUNEL assay showed that circHMGA2 down-
regulation inhibited the elevated levels of apoptosis in myocardial of MI/R mice (Fig. 5H). Overall, these above results confirmed that 
circHMGA2 knockdown could effectively protected myocardial injury in vivo. 

2.6. CircHMGA2 knockdown alleviated myocardial injury in MI/R mice by inhibiting oxidative stress and pyroptosis 

Finally, we explored the regulatory roles of circHMGA2 on MI/R injury in vivo. ELISA assay results showed that transfection of sh- 
circHMGA2 significantly alleviated the upregulation of MDA and downregulation of SOD in serum of MI/R mice (Fig. 6A). Further-
more, circHMGA2 downregulation inhibited the increase of serum TNF-α and IL-1β levels, and restored the decreased IL-10 levels in 
myocardial of MI/R mice (Fig. 6B). Western blotting revealed that circHMGA2 knockdown reversed the increased expression of 
pyroptosis-related proteins (cleaved caspase-1, NLRP3, IL-1β and GSDMD-N) in the myocardium of MI/R mice (Fig. 6C). To sum up, 
circHMGA2 deletion may protect the myocardium ischemic injury in MI/R mice via inhibiting oxidative stress and pyroptosis. 

Fig. 5. CircHMGA2 knockdown inhibited myocardial injury in MI/R mice. (A) The expression of circHMGA2 was detected by RT-qPCR in the 
myocardial tissues of MI/R mice injected with HCMs stably expressing sh-circHMGA2. (B) The levels of EF and FS was detected by echocardiography 
in MI/R mice injected with HCMs stably expressing sh-circHMGA2. (C–D) The levels of LVAWd (C) and LVPWd (D) were detected by echocardi-
ography in MI/R mice injected with HCMs stably expressing sh-circHMGA2. (E–F) The serum myocardial injury markers, including CK-MB (E) and 
LDH (F) was detected by ELISA assays in MI/R mice injected with HCMs stably expressing sh-circHMGA2. (G) The degree of myocardial injury in the 
myocardial tissues was detected by HE staining in MI/R mice injected with HCMs stably expressing sh-circHMGA2. (H) Apoptosis of myocardial 
tissues was detected by TUNEL staining in MI/R mice injected with HCMs stably expressing sh-circHMGA2. **p < 0.01 and ***p < 0.001 vs. sham; 
#p < 0.05 and ##p < 0.01 vs. MI/R + sh-NC. 

P. Feng et al.                                                                                                                                                                                                            



Heliyon 9 (2023) e17849

7

3. Discussion 

MI is a leading cause of disability and death worldwide, with MI/R injury being a major contributor to death in patients with MI 
[22]. CircRNA has complex biological functions and exerts critical roles in processed of multiple heart diseases [23]. In this research, 
we verify that circHMGA2 was enrichment in the ischemia-reperfusion model in vivo and in vitro, and circHMGA2 knockdown could 
alleviate the MI/R injury by suppressing ferroptosis and pyroptosis. These findings highlight the importance of circHMGA2 in the 
pathogenesis of MI/R injury and provide insights into potential therapeutic strategies for managing this condition. 

The regulatory effect of circRNAs on ischemia-reperfusion injury has been confirmed by extensively studied. Previous reports have 
demonstrated that circRbms1 inhibited ischemia-reperfusion injury by regulating miR-92a/BCL2L11 pathway in H/R-induced H9c2 
cells and MI/R mice [24], circ-NNT aggravated H/R-induced myocardial injury through upregulating USP46 expression by targeting 
miR-33a-5p [25], and circFoxo3 attenuated MI/R injury by modulating autophagy and HMGB1 expression in mice [26]. In our present 
study, we have, for the first time, confirmed that circHMGA2 could exacerbate ischemia-reperfusion injury in vivo and in vitro. 
CircHMGA2 is a kind of RNA with less research, and previous related researches were limited to the field of oncology. For example, 
circHMGA2 exacerbated the malignant proliferation of lung adenocarcinoma cells by promoting epithelial-mesenchymal transition 
(EMT) and metastasis [12]. In addition, in non-small cell lung cancer (NSCLC) cells, circHMGA2 enhanced tumor progression by acting 
as a sponge for miR-331-3p and regulating glycolysis [13]. Notably, circHMGA2 could promote the growth of malignant tumors 
through miR-129-5p/CLDN1 axis in thyroid papillary carcinoma [27]. However, until now, no studies have investigated the role of 

Fig. 6. CircHMGA2 knockdown alleviated myocardial injury in MI/R mice by inhibiting oxidative stress and pyroptosis. (A) The expression 
of oxidative stress factors (SOD and MDA) was detected by ELISA assays in the serum of MI/R mice injected with HCMs stably expressing sh- 
circHMGA2. (B) The expression of inflammatory cytokine (TNF-α, IL-1β and IL-10) was detected by ELISA assays in the serum of MI/R mice 
injected with HCMs stably expressing sh-circHMGA2. (C) The expression of pyroptosis-related proteins (NLRP3, cleaved caspase-1, IL-1β and 
GSDMD-N) was detected by ELISA assays in the myocardial tissues of MI/R mice injected with HCMs stably expressing sh-circHMGA2. **p < 0.01 
vs. sham; #p < 0.05 vs. MI/R + sh-NC. 
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circHMGA2 in viscera injury processes. In this study, we found significantly elevated expression of circHMGA2 in H/R-induced HCMs 
and the myocardium of MI/R mice. Knockdown of circHMGA2 effectively inhibited the decreased proliferative activities of 
H/R-induced HCMs and myocardial injury of MI/R mice. These above findings underscored the potential significance of circHMGA2 as 
a key factor involved in the regulation of MI/R injury. 

Then we delved into the regulatory effects of circHMGA2 on MI/R injury, with a specific focus on ferroptosis, which has been 
implicated in previous studies as closely associated with MI/R injury [28,29]. Iron metabolism disorder and lipid peroxidation are 
fundamental mechanisms underlying ferroptosis. Most iron binds closely to the transferrin or ferritin under the normal physiological 
conditions, but during the period time of ischemia, a large amount of iron is released from ferritin, resulting in iron overload [30]. A 
Clinical trial reported that infusion of deferoxamine in patients undergoing coronary artery bypass grafting could effectively control 
iron overload and reduce MI/R injury [31]. Iron overload, in turn, contributes to elevated levels of ROS, thereby exacerbating MI/R 
injury. High expression of iron and ROS in HFR gene knockout mice were more likely to be MI/R injury and cardiomyocyte apoptosis 
[32]. Therefore, how to effectively alleviate ferroptosis during MI/R injury process may be a potential treatment strategy [33]. To date, 
no research has yet reported the regulatory effects of circRNAs on ferroptosis in MI/R injury. In this study, we found that circHMGA2 
knockdown resulted in reduced Fe2+ content in H/R-induced HCMs. Meanwhile, the downregulation of circHMGA2 reduced the 
upregulation of ROS and MDA, and the downregulation of SOD in H/R-induced HCMs. Additionally, as central regulators of ferrop-
tosis, GPX4 and SLC7A11 are always considered indicators of ferroptosis, and suppression of GPX4 and SLC7A11 causes ferroptosis 
[34,35]. Consistent with expectations, our results confirmed that circHMGA2 knockdown suppressed the downregulation of GPX4 and 
SLC7A11 in H/R-induced HCMs. Collectively, these results proved that circHMGA2 may exacerbate HCM cell ischemic injury by 
promoting ferroptosis. 

In addition to ferroptosis, pyroptosis has been confirmed to be associated with MI/R injury by multiple reports recently [16,36]. As 
we all know, apoptosis is considered to be the main way of MI/R injury-mediated programmed cell death. With the deepening of 
research, inflammatory cell death mediated by NLRP3/caspase-1 could compete with the classical apoptosis pathway mediated by 
caspase-8/-9 to induce cell death, which is called pyroptosis [37]. Unlike non-inflammatory cell death seen in apoptosis, pyrolysis 
could induce the formation of NLRP3 inflammasome which consisted of NLRP3, pro-caspase-1 and apoptosis-related speck-like protein 
(ASC). Afterwards, cleave pro-caspase-1 promoted the secretion of downstream cytokines including TNF-α, IL-1β and IL-18. Addi-
tionally, it triggers the expression of Gasdermin D (GSDMD) in the cytoplasm, resulting in sterile inflammation [38]. Excessive 
inflammation can further induce cardiomyocyte death in the early stage of MI/R injury, and long-term inflammatory cell infiltration 
can also cause tissue fibrosis and aggravate the deterioration of cardiac function [37]. Sandanger et al. reported that knockdown of 
caspase-1 or NLRP3 reduced early mortality of MI mice, while inhibiting inflammatory response could protect the left ventricular 
function, suggesting that caspase-1 and NLRP3-mediated pyroptosis may play a crucial role in MI/R injury [39]. In addition, Qiu et al. 
found that compared with normal rats, the expression levels of NLRP3 and caspase-1 in MI/R injury rats were significantly increased, 
accompanied by more extensive inflammatory cell infiltration [40]. In this study, we found that circHMGA2 knockdown inhibited 
oxidative stress and inflammatory factor-mediated pyroptosis in H/R-induced HCMs and MI/R mice, which was characterized by the 
downregulation of pyroptosis-related proteins (cleaved caspase-1, NLRP3, IL-1β and GSDMD-N) and pro-inflammatory cytokines 
(TNF-α, IL-1β and IL-18), and upregulation of anti-inflammatory cytokines IL-10. Furthermore, NLRP3 overexpression partially 
reversed the protective effect of circHMGA2 knockdown on H/R-induced HCM cell injury, and other mechanisms need to be further 
explored. One last point that deserves explicit mention is that transfection of pcDNA-NLRP3 plasmid enhances NLPR3 expression 
through the expected transcription and translation pathway. But the interference of NLPR3 expression caused by sh-circHMGA2 
plasmid transfection suggests the involvement of additional mechanisms, such as post-transcriptional regulation. These mecha-
nisms could involve interactions with transcription factors, formation of RNA-RNA complexes and so on, all contributing to the 
modulation of NLRP3 expression. However, the specific mechanisms require to be further investigated. Overall, these findings 
highlight the potential role of circHMGA2 in modulating pyroptosis and its contribution to the pathogenesis of MI/R injury. 

This is the first study to partly disclose the regulatory roles of circHMGA2 in MI/R injury. Of note, the limitations of our study 
should not be overlooked. First, the competitive endogenous RNA (ceRNA) network based on the effects of circHMGA2 in MI/R injury 
model was not explored. Second, the clinical implication of circHMGA2 expression has not been summarized. These issues should be 
clarified in the further work. Finally, given the experimental focus, we primarily concentrate on the role of circHMGA2 in myocardial 
injury and did not cover the signaling pathways of pyroptosis or ferroptosis. We intend to explore the specific signaling pathways that 
circHMGA2 may be involved in future studies. 

In conclusion, our study provides evidence that circHMGA2 knockdown effectively mitigates MI/R injury in vivo and in vitro by 
inhibiting ferroptosis, pyroptosis and oxidative stress, which may be tied with the suppression of NLRP3-related pathway. Based on our 
findings, circHMGA2 holds promise as a potential diagnostic marker for MI therapy. Further investigations are warranted to explore 
the underlying mechanisms and evaluate the therapeutic potential of targeting circHMGA2 in the treatment of MI/R injury. 

4. Materials and methods 

4.1. Cardiomyocytes culture and treatment 

From the Shanghai Academy of Chinese Sciences, we obtained primary human cardiac myocytes (HCMs). HCMs were cultured in 
DMEM high-glucose medium (BeNa, China) added with 20% FBS (BeNa, China) at the 37 ◦C incubator supplemented with 5% CO2. To 
induce ischemia/reperfusion (I/R) model, HCMs were subjected to hypoxia under 37 ◦C. Specifically, these cells were cultured in 
DMEM without serum or glucose, and transferred to a hypoxic chamber containing 0.1% O2, 5% CO2, and 95% N2 for 7 h. 
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Subsequently, cells were reoxygenated for 2 h in complete DMEM high-glucose medium under normoxic conditions. 

4.2. Cell transfection 

Short hairpin RNAs (shRNAs) against HMGA2 (sh-circHMGA2#1, sh-circHMGA2# 2 and sh-circHMGA2#3), scrambled control 
(sh-NC), NLRP3 overexpression plasmid (pcDNA-NLRP3) and its corresponding control (pcDNA-NC) were all purchased by Geneseed 
(Guangzhou, China). For transfection, these oligonucleotides (50 nM) were introduced into HCMs using Lipofectamine 3000 (Invi-
trogen, USA). After transfection for 24 h, the expressions of circHMGA2 were checked by RT-qPCR to determine the transfection 
efficiency. Erastin, ferroptosis inducer, was obtained from Selleck (Shanghai, China) for in vitro experiments. In H/R-induced HCMs, 
erastin (25 μM) or free erastin was administered at 37 ◦C for subsequent experimentation 48 h after transfection. 

4.3. RT-qPCR 

Total RNAs from H/R-induced HCMs cells in different groups was extracted using Trizol reagent (Cwbio, China). With the use of 
PrimeScriptTM RT Master Mix (Takara, Japan), cDNA was synthesized from equal amount of total RNA, followed by PCR quantitative 
analysis using QuantiNova SYBR Green Kit (QIAGEN) according to the instruction. GAPDH was loaded as a normalization control for 
circRNA. The PCR amplification consisted of 40 cycles at 94 ◦C for 30 s (denaturation), 56 ◦C for 45 s (annealing) and 73 ◦C for 1 min 
(extension). The Ct value was obtained from QuantStudio 6 System (ABI, USA) and we used the 2− ΔΔCt method to analyze data. 
Sequences of primers used were as follows: circHMGA2, 5′-GACCTCCTCCTCTGTTGCAG-3′ (forward) and 5′-AGACCAGGGGTCACA-
CAA-3′ (reverse); GAPDH, 5′-CGACCACTTTGTCAAGCTCA-3′ (forward) and 5′-AGGGGTCTACATGGCAACTG-3′ (reverse). 

4.4. CCK-8 assay 

Cultured cells were maintained at 96-well plates (2 × 103 cells/well) for the indicated time. After 72 h, the cells were treated with 
CCK-8 reagent (Sigma-Aldrich, USA) at a volume of 10 μL per well and incubated for an additional 2 h. The absorbance of cells in each 
hole at 450 nm was examined using the microplate reader (Tecan, Germany). 

4.5. Measurement of ferrous ion (Fe2+) levels 

The levels of iron ion in H/R-induced HMCs were measured using iron assay kit (Beyotime, China) following the manufacturer’s 
instructions. Briefly, in the 5-10 X volumes of iron assay buffer, H/R-induced HMCs were homogenized. Cell supernatant were then 
added with iron reducer and incubated for 20 min, and the absorbance at 593 nm of each group was assessed by the microplate reader. 

4.6. DCFH-DA staining 

Intracellular ROS levels using DCFH-DA (Invitrogen, USA). The radicals inside H/R-induced HCMs were reacted with dye through 
deacetylation, resulting in its conversion into its fluorescent byproduct DCF. After 24 h, H/R-induced HCMs were resuspended in PBS 
for further analysis. Subsequently, a solution of 10 μM DCFH-DA was added into the suspension (3 × 105 cells/ml) and keep incubation 
at 37 ◦C for 15 min. Cells were cleansed and the fluorescence of cells were measured at 490–545 nm using SpectraMax M2 microplate 
reader (Molecular Devices, USA). 

4.7. ELISA assay 

As specified in the kit instructions, all steps were followed strictly. Expression levels of oxidative stress factors (SOD and MDA), as 
well as pyroptosis-related proteins (GPX4 and SLC7A11), and inflammatory cytokines (TNF-α, IL-1β, IL-10 and IL-10) in H/R-induced 
HCMs and serum of MI/R mice, were detected by the respective ELISA assay kits (all purchased Beyotime). 

4.8. TUNEL staining 

All operations strictly follow the instructions of the TUNEL staining kit (Mannheim, Germany). Briefly, myocardial tissues were 
sliced into slices and then antigen repair was performed for 5 min. Subsequently, the slices were treated with proteinase K (15 mg/ml) 
and incubated them with equilibration buffer for 10 min. Next, PBS and alkaline phosphatase were added to rinse the slices, followed 
by incubation. These slices were then stained with TUNEL regent and DAPI (Invitrogen, USA), and TUNEL-stained slices were observed 
under the fluorescence microscope (Olympus BX51, Zeiss, USA). 

4.9. Establishment of MI/R mice model 

Male C57BL/6 nude mice aged 8 weeks old (18–20 g) were procured from Vital River Laboratories (Beijing, China). The mice were 
acclimatized and randomly divided into four groups: sham, MI/R and MI/R + sh-NC and MI/R + sh-circHMGA2 (n = 5 per group). 
Lentivirus harboring sh-circHMGA2 and sh-NC were constructed by GenePharma (Shanghai, China). HCMs (1 × 106 cells) stably 
transfected with sh-circHMGA2 or sh-NC were injected subcutaneously into the axilla of mice. To establish the MI/R mice model, a left 
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anterior descending (LAD) ligation was performed with 6–0 silk suture on mice in the treatment group. During the I/R procedure, these 
mice experienced 1 h of ischemia followed by 8 h of reperfusion. Subsequently, oligonucleotides were injected into the mice in the 
treatment group, while mice in the sham group were not received any treatment. All mice were euthanized by intraperitoneal injection 
of 3% sodium pentobarbital at a dose of 50 mg/kg, and myocardial tissues of mice were collected for the next analysis. All animal 
experimental protocols were authorized by the animal ethics committee of the Second Affiliated Hospital of Air Force Medical 
University. 

4.10. Echocardiographic assessment 

One week after the ligation surgery, a two-dimensional echocardiogram was conducted using a 20 MHz probe and GE Vivid 7.0 
electrocardiogram machine (GE Company, Schenectady, NY), a two-dimensional electrocardiogram was performed. Five consecutive 
cardiac cycles were used to calculate all measured values. Computer algorithms were used to calculate the ejection fraction (EF), 
fraction shortening (FS), left ventricular end-diastolic anterior wall thickness (LVAWd) and left ventricular end-diastolic posterior wall 
thickness (LVPWd). 

4.11. HE staining 

The morphology of the myocardial tissues was examined using HE staining. Myocardial tissues were fixed in 10% formalin, 
dehydrated in a series of graded ethanol solutions, and embedded in paraffin to obtain continuous 5 μm-thick slices. Following staining 
with hematoxylin and eosin, slices were examined under a microscope to observe the tissue morphology. 

4.12. Western blotting 

Total proteins were extracted using RIPA reagent (Beyotime), and their concentrations were determined using BCA kit (Beyotime), 
proteins were loaded to 10% SDS-PAGE for band separation. Separated bands were transferred to PVDF membranes and then blocked 
with 5% skim milk at 37 ◦C for 1 h. After that, these membranes containing protein bands were exposed to the primary antibodies 
overnight at 4 ◦C environment, such as anti-GPX4 (ab262509, 1:1000; Abcam, USA), anti-SLC7A11 (ab275411, 1:1000), anti-NLRP3 
(ab263899, 1:1000), anti-cleaved caspase-1 (ab25901, 1:1000), anti-IL-1β (ab254360, 1:1000), anti-GSDMD-N (ab215203, 1:1000) 
and anti-GAPDH (ab8245, 1:1000). Next, these membranes were exposed to the corresponding secondary antibody conjugated with 
horseradich peroxidase (ab205718, 1:2000) at 37 ◦C for 2 h. Finally, the protein signaling was checked using the enhanced chem-
iluminescence (ECL) reagent (Beyotime, China), and the intensity of the protein bands was quantified using Image J software 10.0 
(Bethesda, USA). 

4.13. Statistical analysis 

Data from three independently repeated experiments were expressed as the mean ± standard deviation (SD) and analyzed using 
GraphPad Prism 8.0 (GraphPad, USA). Statistical difference in different groups was compared using Student’s t-test (for two groups) or 
one-way ANOVA with Tukey’s test (for multiple groups). A p-value of less than 0.05 was considered statistically significant. 

Ethics committee approval and patient consent 

This present study was performed based on the principles expressed in the Declaration of Helsinki. All animal experiments were 
approved by the Ethics Committee of the Second Affiliated Hospital of Air Force Medical University and conducted in accordance with 
the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. 
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