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Abstract
Background. Acute myocardial infarction (AMI) is a common cardiovascular disease worldwide. Circular 
RNAs (circRNAs) have been shown to exert essential roles in the progression of AMI. However, it remains 
unclear whether circANKIB1 protects cardiomyocytes from hypoxia-induced injury.

Objectives. The aim of the study was to elucidate the function and mechanisms of circANKIB1 in AMI.

Materials and methods. The expression of RNA was estimated using a quantitative real-time polymerase 
chain reaction (qPCR) assay, and the level of protein was determined with the use of western blot analysis. 
Methyl thiazolyl tetrazolium (MTT) assay was introduced to test cell viability, and a terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay was used to detect apoptosis. The relative levels of ferrous ion 
(Fe2+), reactive oxygen species (ROS) and malondialdehyde (MDA) were measured with their corresponding 
detection kits. The potential target of circANKIB1 and miR-452-5p was predicted using the StarBase database 
and verified by employing a dual luciferase reporter assay.

Results. This study showed a significant decrease in circANKIB1 in hypoxia-treated H9c2 cells. Hypoxic 
exposure significantly reduced the viability of H9c2 cells and the expression of GPX4, and increased the con-
tent of Fe2+, ROS and MDA. These effects were reversed by the overexpression of circANKIB1. Additionally, 
miR-452-5p was found to be a direct target of circANKIB1, and the miR-452-5p mimic significantly eliminated 
the protective effect of circANKIB1 overexpression in hypoxia-induced cells. In addition, miR-452-5p could 
bind to SLC7A11 and negatively regulate its expression. The knockdown of SLC7A11 abolished the effect 
of circANKIB1 overexpression on hypoxia-induced cardiomyocyte injury.

Conclusions. This investigation revealed for the first time that circANKIB1 regulated signaling of the miR-
452-5p/SLC7A11 axis, thereby ameliorating hypoxia-induced cardiomyocyte injury. These findings suggest 
that circANKIB1 might be a useful adjunct in the treatment of AMI.
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Background

Acute myocardial infarction (AMI), as a cardiovascular 
disease, is associated with cardiomyocyte injury caused 
by acute ischemia and hypoxia. Acute myocardial infarc-
tion causes severe damage to the myocardium, resulting 
in high mortality.1,2 Previous findings suggest that AMI 
could induce oxidative stress in cardiomyocytes, ultimately 
leading to their dysfunction.3,4 Exploring the molecular 
network of  cardiomyocyte injury and revealing target 
genes that protect them from acute ischemia and hypoxia 
are essential for the treatment of AMI patients.

Circular RNA (circRNA) is highly stable and displays 
a novel circular structure without 5’ or 3’ ends.5–7 CircRNAs 
are involved in the regulation of various intracellular ac-
tivities8 and are considered markers in a variety of human 
diseases. Additionally, scientists have demonstrated that 
multiple circRNAs play an important role in the progres-
sion of AMI.9,10 For example, Ren et al. demonstrated that 
circ_0023461 knockdown mitigated hypoxia-induced cardio-
myocyte injury by mediating the miR-370-3p/PDE4D signal-
ing axis.11 Wang et al. discovered that circUBXN7 improved 
hypoxia/reoxygenation (H/R)-induced apoptosis and the in-
flammatory responses in cardiomyocytes by modulating 
the miR-622/MCL1 axis signaling.12 The circRNA ankyrin 
repeats and IBR domain containing 1 (circANKIB1) have 
been reported to be a splicing product of ANKIB1 mRNA 
that regulate the development of multiple cells.13,14 Mao et al. 
revealed that circANKIB1 was closely related to the process 
of peripheral nerve injury.15 However, the role of circANKIB1 
in hypoxia-induced cardiomyocyte injury remains unclear.

MicroRNAs (miRNAs) are another widely studied 
non-coding RNAs that have been implicated in diverse 
biological functions, such as cell proliferation.16 Current 
investigations have verified that circRNAs could serve 
as competitive endogenous RNA (ceRNAs) of miRNAs 
to influence the expression of downstream mRNA.17 Here, 
we examined the connection between circANKIB1 and 
miR-452-5p and explored the effects of circANKIB1/miR-
452-5p in hypoxia-induced cardiomyocyte injury.

Iron accumulation has been reported to increase the risk 
of cardiovascular disease (CVD).18 Ferroptosis is a recently 
discovered mode of cell death characterized by iron-de-
pendent lipid peroxides increased into the toxic range.19,20 
In addition, Fang et al. reported that ferroptosis can mod-
ulate ischemia–reperfusion-induced cardiomyopathy.19 
Therefore, revealing the regulators of ferroptosis is crucial 
for finding the appropriate therapeutic measures for AMI. 
The SLC7A11 is a multichannel transmembrane protein 
that prevents the development of ferroptosis by increasing 
glutathione (GSH) synthesis and reducing the accumu-
lation of  lipid oxide.21,22 Our previous study found that 
SLC7A11 is an important potential target for miR-452-5p. 
However, whether circANKIB1/miR-452-5p mediates 
ferroptosis of cardiomyocytes under hypoxia conditions 
by SLC7A11 is yet to be explored.

Objectives

We  hypothesized that circANKIB1 plays a  key role 
in  hypoxia-induced cardiomyocyte injury by  regulat-
ing SLC7A11-associated ferroptosis, which would pro-
vide a promising therapeutic network for the treatment 
of AMI.

Materials and methods

Cell culture

Rat H9c2 cardiomyocytes (BNCC337726) were ob-
tained from the BeNa Culture Collection (Beijing, China) 
and maintained in Dulbecco’s modified Eagle’s medium 
(DMEM; SH30022.LS; Hyclone, Logan, USA) with 10% 
fetal bovine serum (FBS; F8318; Sigma-Aldrich, St. Louis, 
USA) and 1× Penicillin-Streptomycin (P1400; Solarbio, 
Beijing, China) at 37°C and 5% CO2.23

Hypoxia model

The  hypoxia model was completed as  described 
in the previous report.11 The H9c2 cells were subjected 
to hypoxic conditions (O2:CO2:N2 = 1:5:94) for 24 h, 48 h 
and 72 h, and then cultured under normoxia conditions 
(O2:CO2:N2 = 21:5:74) for an additional 6 h to simulate 
AMI in vitro. The H9c2 cells cultured for 30 h under nor-
moxia conditions (O2:CO2:N2 = 21:5:74) were considered 
control cells.

Cell transfection

The  vector with circANKIB1 (oe-circANKIB1) and 
the  empty vector (vector) were obtained from Hunan 
Fenghui Biotechnology Co. Ltd. (Hunan, China). Small 
interfering RNA (siRNA) targeting the SLC7A11 sequence 
(si-SLC7A11) and the corresponding scrambled control 
(si-NC) were synthesized by Sangon Biotech (Shanghai, 
China). The miR-452-5p mimic/inhibitor and its control 
(mimic/inhibitor)-NC were obtained from Guangzhou 
Ruibo Biotechnology Co. Ltd. (Guangzhou, China). Lipo-
fectamine™ 2000 Transfection Reagent (L7800; Solarbio) 
was used to transfect all vectors (4 µg) and oligonucleotides 
(50 nM) into H9c2 cells.24

qPCR assay

Total RNA was extracted from H9c2 cells using Trizol™ 
reagent (Invitrogen, Waltham, USA). NanoDrop™ 
2000 nucleic acid analyzer (Thermo Fisher Scientific, 
Waltham, USA) was used to detect the concentration 
and purity of RNA to confirm that the A260/A280 ratio 
was 1.9–2.1, according to the Minimum Information for 
Publication of Quantitative Real-Time PCR Experiments 
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(MIQE) guidelines.25 The RNA was reverse-transcribed 
into complementary DNA (cDNA) utilizing the  Evo 
M-MLV RT Master Mix (AG11706; Accurate Biology, 
Hunan, China). Then, a quantitative polymerase chain 
reaction (qPCR) analysis was performed using the qPCR 
kit (RK02001; BioMarker Technologies, Beijing, China) 
on the QuantStudio 5 RT fluorescence qPCR instrument 
system (BJ005277; ABI, Hunan, China). The following 
parameters were used for qPCR: 1 cycle at 98°C for 3 min, 
followed by 40 cycles for 15 s at 94°C, 30 s at 60°C and 
1 min at 72°C. The U6 served as the internal reference 
for miR-452-5p, while glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) was the  internal reference for 
circANKIB1. The 2−ΔΔCt method was utilized to estimate 
the levels of miR-452-5p and circANKIB1.23 All primers 
(synthesized by BGI Group, Shenzhen, China) are shown 
in Table 1.

RNase R assay

The  extracted RNA was treated with 1  U/μg RNase 
R (14606ES72; YESEN, Shanghai, China) for 30 min, fol-
lowed by quantitative real-time polymerase chain reaction 
(qPCR) analysis to detect the expression of circANKIB1 
and liner ANKIB1. A sample of non-processed RNA was 
considered the control group.26

Subcellular localization assay

A PARIS kit (AM1921; Invitrogen) was used to isolate cy-
toplasmic and nuclear RNA from H9c2 cells. The qPCR was 
then performed to determine the content of circANKIB1 
distributed in  the cytoplasm or nucleus in H9c2 cells. 
The GAPDH and U6 served as the housekeeping genes 
for the cytoplasm and nucleus, respectively.27

Methyl thiazolyl tetrazolium (MTT) assay

Cell viability was tested by employing the MTT Cell 
Proliferation Assay Kit (40206ES76; YESEN). Briefly, 
the transfected H9c2 cells were cultured overnight in 96-
well plates (3×103 cells/well), and cell transfection was per-
formed for 48 h. Then 10 μL of MTT was added to each well 
for 4 h. The optical density (OD) was recorded at 570 nm 
with a microplate reader (SpectraMax Mini; Molecular 
Devices Ltd., Shanghai, China).28

Reactive oxygen species and 
malondialdehyde detection

For the detection of reactive oxygen species (ROS), cells 
were incubated with a 2’-7’-dichlorofluorescin diacetate 
(DCFH-DA) probe (10  μM; Beyotime Biotechnology, 
Shanghai, China) for 30 min in darkness at room tem-
perature. Then, the cells were rinsed twice with phos-
phate-buffered saline (PBS) and imaged with a fluorescent 
microscope (Leica DM1000; Leica Camera, Wetzlar, Ger-
many). The fluorescence intensity was examined using 
a fluorescent microplate reader (Epoch2; BioTek, Vermont, 
USA; excitation/emission 488/525 nm). The level of ROS 
and malondialdehyde (MDA) in H9c2 cells was estimated 
using the ROS assay kit (CA1410; Solarbio) or the MDA 
assay kit (BC0025; Solarbio), respectively.29

Iron detection

The ferrous ion (Fe2+) in H9c2 cells was monitored using 
a Fe2+ assay kit (BC5415; Solarbio), following the manufac-
turer’s protocol. Briefly, supernatants of conditioned media 
from cells were placed onto 96-well plates and then incu-
bated with a 5-microliter iron reducer at 25°C for 30 min 
to detect total iron content. Then, in a dark environment, 
samples were incubated with 100 μL of the iron probe for 
60 min at 25°C. Finally, the OD was measured at 594 nm 
with a microplate reader (SpectraMax Mini; Molecular 
Devices Ltd.).29

Luciferase activity

The  circANKIB1 or SLC7A11 fragments containing 
wild-type (WT) or mutant-type (MUT) binding sites with 
miR-452-5p were cloned into pmirGLO vectors (VT1439; 
YouBio, China). Four luciferase vectors (circANKIB1-WT, 
circANKIB1-MUT, SLC7A11-WT, and SLC7A11-MUT) 
were then obtained. The H9c2 cells (4×105 cells/well) were 
transfected with miR-452-5p mimic/NC (25 nM final 
concentration) and circANKIB1-WT/circANKIB1-MUT 
(2 µg) or SLC7A11-WT/SLC7A11-MUT (2 µg) using Li-
pofectamine™ 2000 Transfection Reagent (L7800; Solar-
bio). Then, the luciferase activity of Renilla (normalized 
as the control) and Firefly was tested with a Dual-Lucy 
Assay Kit (D0010; Solarbio) on a microplate reader (Spec-
traMax Mini; Molecular Devices Ltd.).23

Table 1. Quantitative real-time polymerase chain reaction (qPCR) primers 

Genes Primers (forward) Primers (reverse)

circANKIB1 5’-AGACCGCAGACATGCTCC-3’ 5’-AGTCCCTAATATCCTATTCATTCCA-3’

miR-452-5p 5’-GCGCAACTGTTTGCAGAG-3’ 5’-GTGCAGGGTCCGAGGT-3’

SLC7A11 5’-GCTGACACTCGTGCTATT-3’ 5’-ATTCTGGAGGTCTTTGGT-3’

U6 5’-CTCGCTTCGGCAGCACA-3’ 5’-AACGCTTCACGAATTTGCGT-3’

GAPDH 5’-GGGAGCCAAAAGGGTCAT-3’ 5’-GAGTCCTTCCACGATACCAA-3’
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Western blotting analysis

The total protein of H9c2 cells was collected using ra-
dioimmunoprecipitation assay (RIPA) lysis buffer (R0020; 
Solarbio) and isolated on a sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and then transferred 
to polyvinylidene fluoride (PVDF) membranes (YA1701; 
Solarbio). The membranes were treated using Tris-buffered 
saline (TBS) containing 3% skim milk (T476445-10EA; Alad-
din, Shanghai, China) at 4°C for 1 h and then incubated 
with the primary antibodies, including anti-GPX4 (1:1000, 
14432-1-AP; Proteintech, Rosemont, USA), anti-SLC7A11 
(1:1000, 26864-1-AP; Proteintech) and anti-β-actin (1:1000, 
ab8227; Abcam, Cambridge, UK). Finally, the membrane was 
treated with the secondary antibody (1:2000, goat anti-rabbit 

IgG antibody, bs-0295G; Bioss, Beijing, China) for 2 h and 
enhanced chemiluminescence (ECL) detection solutions 
(HR0340, E266188; Aladdin) to observe the protein bands.24

TUNEL assay

Cells were fixed in 4% paraformaldehyde for 30 min, 
followed by incubation with 0.3% Triton X-100 for 5 min. 
Then, the cells were incubated using terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) 
detection buffer (Beyotime Biotechnology) for 1  h. 
The 4’,6-diamidino-2-phenylindole (DAPI) was applied 
to counterstain the nuclei. The cells were observed under 
a fluorescence microscope (Leica DM1000; Leica Camera), 
and the TUNEL-positive cells were counted.30

Table 2. The results of t-test and ANOVA

Figure Method F (DFn, DFd) t df pSk pL

Figure 1A ANOVA F (3,8) = 230.4 – – >0.1 0.6704

Figure 1B ANOVA F (3,8) = 123.3 – – >0.1 0.9921

Figure 1C ANOVA F (1,8) = 494.8 – – >0.1 0.8131

Figure 1D ANOVA F (2,12) = 939.9 – – >0.1 0.7471

Figure 2A Student’s t-test – 57.88 4 >0.1 0.9988

Figure 2B ANOVA F (3,8) = 148.2 – – >0.1 0.9846

Figure 2C ANOVA F (3,8) = 230.3 – – >0.1 0.9163

Figure 2D ANOVA F (3,8) = 358.5 – – >0.1 0.9535

Figure 2E ANOVA F (3,8) = 342.0 – – >0.1 0.9003

Figure 2F ANOVA F (3,8) = 131.7 – – >0.1 0.9024

Figure 3B Student’s t-test – 35.18 4 >0.1 0.9968

Figure 3C ANOVA F (1,8) = 168.1 – – >0.1 0.6943

Figure 3D ANOVA F (3,8) = 294.2 – – >0.1 0.7502

Figure 3E ANOVA F (3,8) = 164.1 – – >0.1 0.9279

Figure 4A ANOVA F (3,8) = 202.4 – – >0.1 0.7200

Figure 4B ANOVA F (3,8) = 427.5 – – >0.1 0.9888

Figure 4C ANOVA F (3,8) = 291.3 – – >0.1 0.9603

Figure 4D ANOVA F (3,8) = 240.9 – – >0.1 0.8582

Figure 4E ANOVA F (3,8) = 147.3 – – >0.1 0.9645

Figure 5B ANOVA F (1,8) = 197.4 – – >0.1 0.6893

Figure 5C ANOVA F (3,8) = 60.41 – – >0.1 0.9097

Figure 5D ANOVA F (3,8) = 57.63 – – >0.1 0.9688

Figure 5E ANOVA F (3,8) = 164.7 – – >0.1 0.9932

Figure 5F ANOVA F (3,8) = 215.5 – – >0.1 0.8702

Figure 6A Student’s t-test – 13.63 4 >0.1 0.8026

Figure 6B ANOVA F (3,8) = 234.7 – – >0.1 0.8439

Figure 6D ANOVA F (3,8) = 182.8 – – >0.1 0.8641

Figure 7B ANOVA F (3,8) = 242.3 – – >0.1 0.6751

Figure 7C ANOVA F (3,8) = 87.08 – – >0.1 0.4217

Figure 7D ANOVA F (3,8) = 126.6 – – >0.1 0.3352

Figure 7E ANOVA F (3,8) = 91.43 – – >0.1 0.9008

ANOVA – analysis of variance; df – degrees of freedom; t – Student’s t-test results; pSK – Shapiro–Wilk test; pL – Levene’s test; DFd – degrees of freedom 
denominator; DFn – degrees of freedom numerator.
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Statistical analyses

The analysis was conducted using GraphPad Prism v. 8.0 
software (GraphPad Software, San Diego, USA), and all 
data were presented as mean ± standard deviation (M ±SD). 
Student’s t-test or one-way analysis of variance (ANOVA) 
followed by Tukey’s post hoc test were used to analyze dif-
ferences between 2 groups or multiple groups, respectively. 
The normality of the data and the homogeneity of variance 
between groups were tested using the Shapiro–Wilk test 
and Levene’s test, respectively. The value of p > 0.05 indi-
cated that the assumption of normality of data and homo-
geneity of variance were consistent, and further parameter 
testing could be performed. Statistical significance was 
set at p < 0.05.13 The results of the statistical analyses are 
presented in Table 2 and Table 3.

Results

Overexpression of circANKIB1 ameliorates 
hypoxia-induced cardiomyocyte injury 
and ferroptosis

The expression levels of HIF1α, which is an indicator 
of hypoxia,31 were detected in H9c2 cells following hypoxia 
treatment. The expression of HIF1α was significantly in-
creased in H9c2 cells after hypoxia treatment for 24 h, 48 h 
and 72 h compared with normoxic H9c2 cells (Fig. 1A). 
The results indicated that the hypoxia‑induced cardio-
myocyte model was successfully established. As hypoxia 
treatment over a  long duration may result in  irrevers-
ible damage to H9c2 cells, 24 h timepoint was selected 
for subsequent experiments (Fig. 1A). We demonstrated 
that circANKIB1 expression was significantly decreased 
in a time‑dependent manner under hypoxic conditions 

Table 3. Tukey’s post hoc test results of ANOVA

Figure Method pS pT1 pT2 pT3

Figure 1A ANOVA 0.0001 0.0002 0.0001 0.0001

Figure 1B ANOVA 0.0001 0.0045 0.0001 0.0001

Figure 1C ANOVA 0.0001 0.0665 0.0001 –

Figure 1D ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 2B ANOVA 0.0001 0.0001 0.0001 –

Figure 2C ANOVA 0.0001 0.0001 0.0001 –

Figure 2D ANOVA 0.0001 0.0001 0.0001 –

Figure 2E ANOVA 0.0001 0.0001 0.0001 –

Figure 2F ANOVA 0.0001 0.0001 0.0001 –

Figure 3C ANOVA 0.0001 0.9425 0.0001 –

Figure 3D ANOVA 0.0001 0.0011 0.0001 0.0001

Figure 3E ANOVA 0.0001 0.0001 0.0001 –

Figure 4A ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 4B ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 4C ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 4D ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 4E ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 5B ANOVA 0.0001 0.0001 0.7740 –

Figure 5C ANOVA 0.0001 0.0193 0.0002 0.0001

Figure 5D ANOVA 0.0001 0.0001 0.0001 –

Figure 5E ANOVA 0.0001 0.0001 0.0001 –

Figure 5F ANOVA 0.0001 0.0001 0.0001 –

Figure 6B ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 6D ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 7B ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 7C ANOVA 0.0001 0.0001 0.0001 0.0002

Figure 7D ANOVA 0.0001 0.0001 0.0001 0.0001

Figure 7E ANOVA 0.0001 0.0001 0.0001 0.0001

ANOVA – analysis of variance; pS – p-value summary of ANOVA; PT – Tukey’s post hoc test results. The p-values of the comparison results between 
the different groups were divided into PT1/2/3, respectively.
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compared to  normoxic H9c2 cells (Fig. 1B). To  reveal 
the properties of circANKIB1, we carried out an RNase 
R assay and discovered that circANKIB1 effectively blocked 
the degradation of RNase R, implying that circANKIB1 
was more stable than liner ANKIB1 (Fig. 1C). Further-
more, subcellular localization assays demonstrated that 
circANKIB1 was localized in the cytoplasm of H9c2 car-
diomyocytes more than in the nucleus (Fig. 1D). These 
data indicated that circANKIB1 was a stable circRNA that 
might be involved in the progression of hypoxia-induced 
cardiomyocyte injury.

Overexpression of circANKIB1 inhibited 
hypoxia-induced cardiomyocyte injury 
and ferroptosis

To investigate the effect of circANKIB1 on hypoxia-trig-
gered cardiomyocyte injury, we performed overexpres-
sion experiments in H9c2 cells (Fig. 2A). Cell viability 
was estimated using the MTT assay, which showed that 
hypoxia suppressed the viability of H9c2 cells, which was 
notably restored by circANKIB1 overexpression (Fig. 2B). 
Interestingly, the level of iron was significantly reduced 
in H9c2 cells with circANKIB1 overexpression compared 
with control cells, which implied that circANKIB1 was 
likely to be associated with the progression of ferropto-
sis (Fig. 2C). Notably, the accumulation of ROS and lipid 
peroxidation (MDA) is considered an important factor 
in ferroptosis.32 Therefore, the levels of ROS and MDA 
in H9c2 cells after the overexpression of circANKIB1 were 
detected. The data demonstrated that hypoxia dramati-
cally increased the accumulation of ROS and MDA, which 
was effectively reversed by the overexpression of circAN-
KIB1 (Fig. 2D,E). The GPX4, an inhibitor of ferroptosis,33 
was also investigated. After H/R treatment, GPX4 was de-
creased in H9c2 cells, whereas overexpressed circANKIB1 
significantly upregulated GPX4 (Fig. 2F). Taken together, 

these data suggest that the overexpression of circANKIB1 
inhibited ferroptosis from alleviating hypoxia-induced 
cardiomyocyte injury.

miR-452-5p negatively interacts 
with circANKIB1 in hypoxic H9c2 cells

We used the  starBase database (http://starbase.sysu.
edu.cn/) to  predict the  target miRNA of  circANKIB1. 
We found that miR-452-5p contains binding sequences 
of circANKIB1 (Fig. 3A). The miR-452-5p mimics were 
obtained to upregulate miR-452-5p expression in H9c2 
cells, and functional analyses were performed (Fig. 3B). 
The luciferase assay showed that miR-452-5p mimics de-
creased the luciferase activity of circANKIB1-WT but not 
circANKIB1-MUT (Fig. 3C). Additionally, the expression 
level of miR-452-5p was significantly upregulated in hy-
poxia‑treated cells, compared with normoxic H9c2 cells 
(Fig. 3D). Furthermore, to observe the regulatory influ-
ence of circANKIB1 on miR-452-5p expression, H9c2 cells 
were transfected with oe-circANKIB1 or a vector, followed 
by the examination of miR-452-5p expression using qPCR. 
The results demonstrated a decrease in miR-452-5p expres-
sion after the overexpression of circANKIB1 in H9c2 cells 
under both normoxic and hypoxic conditions (Fig. 3E).

miR-452-5p mimic reversed the regulation 
of circANKIB1 on hypoxia-induced 
cardiomyocyte injury and ferroptosis

To  verify whether miR-452-5p was associated with 
the  protective effect of  circANKIB1 in  cardiomyocyte 
injury, we  transfected a miR-452-5p mimic into H9c2 
cells with circANKIB1 overexpression and performed 
a series of functional experiments. The MTT assay in-
dicated that the miR-452-5p mimic effectively counter-
acted circANKIB1 overexpression regarding the viability 

Fig. 1. The overexpression of circANKIB1 ameliorates hypoxia-induced cardiomyocyte injury and ferroptosis. A. Hypoxia‑inducible factor (HIF)1α mRNA 
expression level in H9c2 cells was increased after hypoxia treatment for 24 h, 48 h or 72 h tested with quantitative real-time polymerase chain reaction 
(qPCR) assay (p = 0.001, n = 3, analysis of variance (ANOVA) test); B. CircANKIB1 expression level was decreased in H9c2 cells after hypoxia treatment 
for 0 h, 24 h, 48 h, or 72 h (p = 0.001, n = 3, ANOVA test); C. RNase R assay and qPCR assay were used to test the expression level of circANKIB1 or liner and 
it was found that there was no significant change in circANKIB1 expression, while liner ANKIB1 expression was decreased (p = 0.001, n = 3, ANOVA test); 
D. The distribution of circANKIB1 was confirmed using subcellular localization assay (p = 0.001, n = 3, ANOVA test)

http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
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Fig. 3. MiR-452-5p negatively 
interacts with circANKIB1 
in hypoxic H9c2 cells. 
A. The binding sequences 
between circANKIB1 and 
miR-452-5p were forecast 
using the starBase database; 
B. The increased miR-452-5p 
expression was tested 
with quantitative real-time 
polymerase chain reaction 
(qPCR) assay (p = 0.001, 
n = 3, Student’s t-test); 
C. The interaction between 
circANKIB1 and miR-452-5p 
was verified using luciferase 
activity assay (p = 0.001, n = 3, 
analysis of variance (ANOVA) 
test); D. MiR-452-5p expression 
was increased in H9c2 cells after 
hypoxia treatment for 24 h, 48 h 
or 72 h (p = 0.001, n = 3, ANOVA 
test); E. MiR-452-5p expression 
levels in hypoxia‑treated 
H9c2 cells transfected with 
oe-circANKIB1 were decreased 
and tested with qPCR assay 
(p = 0.001, n = 3, ANOVA test)

Fig. 2. The overexpression of circANKIB1 improved hypoxia-induced cardiomyocyte injury and ferroptosis. A. The expression level of circANKIB1 was 
increased and tested with quantitative real-time polymerase chain reaction (qPCR) assay (p = 0.001, n = 3, Student’s t-test); B. Methyl thiazolyl tetrazolium 
(MTT) assay monitored that cell viability was suppressed by hypoxia and could be restored by circANKIB1 overexpression (p = 0.001, n = 3, analysis 
of variance (ANOVA) test); C–E. The reduced expression of ferrous ion (Fe2+) (C), reactive oxygen species (ROS) (D) and malondialdehyde (MDA) (E) was 
analyzed using corresponding kits (p = 0.001, n = 3, ANOVA test); F. The increased GPX4 expression was examined with western blotting analysis (n = 3, 
ANOVA test)



G. Li, X. Tang, H. Tang. CircANKIB1 in acute myocardial infarction268

of  hypoxia-treated H9c2 cells (Fig. 4A). Furthermore, 
the inhibitory effect of overexpressed circANKIB1 on iron, 
ROS and MDA accumulation was notably reversed by miR-
452-5p mimics in hypoxia-induced H9c2 cells (Fig. 4B–D). 
Moreover, the  overexpression of  circANKIB1 elevated 
the expression of GPX4 in hypoxia-induced H9c2 cells, and 
this effect was significantly reduced by the miR-452-5p 
mimic (Fig. 4E). These data imply that circANKIB1 exerts 
its protective role in cardiomyocytes by mediating the ex-
pression of miR-452-5p.

SLC7A11 is a candidate target of miR-452-5p 
in hypoxia‑treated H9c2 cells

A further analysis predicted that miR-452-5p would be 
able to bind to the 3’UTR of SLC7A11 (Fig. 5A). Results 
collected from a dual-luciferase reporter gene assay sug-
gested that the miR-452-5p mimic decreased luciferase ac-
tivity in SLC7A11-WT, while the activity of SLC7A11-MUT 
was not affected (Fig. 5B). Furthermore, the expression 
level of SLC7A11 was significantly decreased by hypoxia 

treatment in a time‑dependent manner compared with nor-
moxic H9c2 cells (Fig. 5C). The qPCR and western blotting 
analyses showed that hypoxia reduced SLC7A11 mRNA 
and protein expression, which was effectively restored 
by a miR-452-5p inhibitor (Fig. 5D,E). Moreover, to observe 
the regulatory influence of circANKIB1 on SLC7A11 ex-
pression, H9c2 cells were transfected with oe-circANKIB1 
or vector, followed by an examination of SLC7A11 expres-
sion using western blot. The results highlighted that after 
the overexpression of circANKIB1 in H9c2 cells, the expres-
sion of SLC7A11 was elevated, and this could be effectively 
restored by the miR-452-5p inhibitor (Fig. 5F).

Silencing SLC7A11 reversed the decreased 
cell apoptosis effect of circANKIB1 
overexpression on hypoxia-induced 
cardiomyocyte injury

To confirm the role of SLC7A11 in hypoxia-treated car-
diomyocyte injury, we constructed a vector with a SLC7A11 
knockdown for rescue experiments (Fig. 6A). Cell viability 

Fig. 4. MiR-452-5p mimic reversed the regulation of circANKIB1 on hypoxia-induced cardiomyocyte injury and ferroptosis. A. Methyl thiazolyl tetrazolium 
(MTT) assay confirmed that cell viability induced in H9c2 cells by co-transfection with circANKIB1 overexpression was effectively counteracted by miR-452-5p 
mimic (p = 0.001, n = 3, analysis of variance (ANOVA) test); B–D. Corresponding kits showed that the reduced levels of ferrous ion (Fe2+) (B), reactive oxygen 
species (ROS) (C) and malondialdehyde (MDA) (D) were effectively counteracted by miR-452-5p mimic (p = 0.001, n = 3, ANOVA test); E. Western blotting 
analysis showed that GPX4 expression elevated by the overexpression of circANKIB1 was eliminated by the miR-452-5p mimic (p = 0.001, n = 3, ANOVA test)
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restoration through circANKIB1 overexpression was sig-
nificantly reduced by SLC7A11 silencing in hypoxic-treated 
H9c2 cardiomyocytes (Fig. 6B). Then, we explored the effect 
of SLC7A11 downregulation in H9c2 cells with various treat-
ments using si-SLC7A11. The number of TUNEL-postitive 
cells with transfected with si-SLC7A11 was markedly in-
creased when compared with circANKIB1 overexpression 
transfection in hypoxia-induced H9c2 cells (Fig. 6C,D).

Downregulation of SLC7A11 reversed 
the decreased ferroptosis effect 
of circANKIB1 overexpression on hypoxia-
induced H9c2 cardiomyocytes

The  suppressive roles of  overexpressed circANKIB1 
on the accumulation of iron, ROS and MDA were effec-
tively counteracted by SLC7A11 knockdown (Fig. 7A–C). 
In addition, the decreased Fe2+ level in circANKIB1 over-
expression in  H9c2 cells was markedly elevated after 
the transfection with si-SLC7A11 (Fig. 7D). Furthermore, 
the overexpression of circANKIB1 increased GPX4 ex-
pression in H9c2 cells under hypoxic conditions, which 
was notably reversed by SLC7A11 knockdown (Fig. 7E). 
Collectively, our findings demonstrated that circANKIB1 
protected cardiomyocytes from hypoxia-induced injury 
by mediating the miR-452-5p/SLC7A11 axis.

Discussion

Our research revealed that circANKIB1 was a stable cir-
cRNA that was mainly distributed in the cytoplasm and de-
creased in hypoxia-treated H9c2 cells. The overexpression 
of circANKIB1 significantly inhibited the progression of fer-
roptosis and protected H9c2 cardiomyocytes from hypoxia-
induced injury. In addition, miR-452-5p is considered a direct 
target of circANKIB1, and a miR-452-5p mimic notably re-
versed the effect of circANKIB1 overexpression on ferroptosis 
and injury in cardiomyocytes induced by hypoxia. Moreover, 
SLC7A11 was a potential target for miR-452-5p, and SLC7A11 
silencing abolished the protective role of circANKIB1 against 
hypoxia-induced cardiomyocyte injury.

Increasing evidence has shown that circRNAs exert vital 
roles in human CVDs.9,34,35 For example, circRbms1 is highly 
expressed in AMI, and the loss of circRbms1 effectively blocked 
H2O2-related cardiomyocyte apoptosis and ROS accumula-
tion by mediating the miR-92a/BCL2L11 axis.36 Therefore, 
targeting circRNAs may be a promising approach for the treat-
ment of AMI. In our previous study, we established a hypoxia 
model on H9c2 cardiomyocytes to simulate AMI in vitro, and 
tested the expression of several circRNAs associated with 
organ injury. The results suggested that hypoxia treatment 
increased the level of circANKIB1 in H9c2 cells. The circAN-
KIB1 has been reported to promote Schwann cell proliferation, 

Fig. 5. SLC7A11 is a candidate target of miR-452-5p in hypoxia‑treated H9c2 cells. A. The binding sites between miR-452-5p and SLC7A11 were forecast via 
the starBase database; B. The interaction between miR-452-5p and SLC7A11 was verified using luciferase activity assay (p = 0.001, n = 3, analysis of variance 
(ANOVA) test); C. Decreased SLC7A11 expression level in H9c2 cells after hypoxia treatment for 24 h, 48 h or 72 h was tested with quantitative real-time 
polymerase chain reaction (qPCR) assay (p = 0.001, n = 3, ANOVA test); D,E. Western blotting analysis and qPCR showed that hypoxia reduced SLC7A11 
mRNA and protein expression, which was effectively restored by miR-452-5p inhibitor (p = 0.001, n = 3, ANOVA test); F. The increased protein level of SLC7A11 
expression in hypoxia‑treated H9c2 cells transfected with circANKIB1 overexpression was effectively restored by the miR-452-5p inhibitor and tested using 
western blotting analysis (p = 0.001, n = 3, ANOVA test)
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thereby exerting a protective role in peripheral nerve injury.15 
However, whether circANKIB1 affects hypoxia-induced car-
diomyocytes remains unclear. This work demonstrated that 
circANKIB1 was mainly localized in the cytoplasm of H9c2 
cardiomyocytes and that the overexpression of circANKIB1 
effectively restored the viability of H9c2 cardiomyocytes that 
was reduced by hypoxia exposure.

Ferroptosis is a new cell death pattern, different from apop-
tosis, autophagy and pyrodeath, which is induced by iron-de-
pendent MDA,37 during which iron levels are notably elevated. 
An overload of ferrous ions causes ROS accumulation, which 
triggers the production of lipid peroxides such as MDA.38 
Furthermore, GPX4 acts as an effective terminator of ferrop-
tosis, capable of converting toxic lipids into non-toxic lipids.33 
Accumulating evidence highlights that ferroptosis is tightly 
correlated to the occurrence of CVDs, including AMI.37 In-
terestingly, the present study revealed that the overexpression 
of circANKIB1 decreased the level of iron, ROS and MDA, 
but increased GPX4 expression in hypoxia-induced H9c2 

cells. All these data indicated that circANKIB1 suppressed 
ferroptosis in our in vitro model.

The circRNAs are regarded as the sponge of miRNAs, 
regulating their functional role.39 Bioinformatics analysis 
illustrated that miR-452-5p was a potential miRNA target 
of circANKIB1, which was confirmed with luciferase ac-
tivity that validated the interaction between circANKIB1 
and miR-452-5p. The miR-452-5p is a vital miRNA that 
participates in various intracellular activities, including 
tumorigenesis40 and chronic contractile injury.41 The pres-
ent study demonstrated a significant upregulation of miR-
452-5p in H9c2 cardiomyocytes after hypoxia exposure. 
The overexpression of miR-452-5p effectively eliminated 
the effect of circANKIB1 on hypoxia-induced H9c2 cell in-
jury and ferroptosis, indicating that circANKIB1 protected 
cardiomyocytes from hypoxia by sponging miR-452-5p.

Recent studies have confirmed that miRNAs can block 
the expression of target genes by binding to the 3’UTR 
of mRNAs.42 This study showed that SLC7A11 was a direct 

Fig. 6. SLC7A11 silencing reversed the decreased apoptotic effects of circANKIB1 overexpression on hypoxia-induced cardiomyocyte injury. A. The decreased 
protein level of SLC7A11 was estimated via western blotting analysis (p = 0.001, n = 3, Student’s t-test); B. Methyl thiazolyl tetrazolium (MTT) assay revealed 
that cell viability restored through circANKIB1 overexpression was significantly reduced by SLC7A11 silencing (p = 0.001, n = 3, analysis of variance (ANOVA) 
test); C,D. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay indicated that cell apoptosis was markedly increased when 
compared with circANKIB1 overexpression transfection in hypoxia-induced H9c2 cells (p = 0.001, n = 3, ANOVA test)
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target of miR-452-5p. The SLC7A11 has previously been 
reported to inhibit oxidative stress and maintain GSH lev-
els, thereby eliminating the occurrence of ferroptosis.43 
Emerging evidence showed that SLC7A11 plays a positive 
role in protecting cardiomyocytes.43 Our study showed 
that hypoxia significantly reduced SLC7A11 expression 
in  cardiomyocytes, which was notably counteracted 
by miR-452-5p inhibitors or circANKIB1 overexpression. 
Additionally, the SLC7A11 knockdown effectively elimi-
nated the protective effect of circANKIB1 overexpression 
on cardiomyocyte injury and hypoxia-induced ferroptosis.

Limitations

There are some limitations to this study. First, there no 
animal experiments were conducted under the AMI model 
to verify whether circANKIB1 exerts cardioprotective effects 
in vivo. In addition, human and mouse cardiomyocytes need 
to be introduced to further validate these findings. In terms 
of data analysis, the Shapiro–Wilk test and Levene’s test have 
very low power at such a small sample size. In future studies, 
we will increase the sample size to ensure that the results 
of the statistical analysis are more accurate.

Conclusions

In conclusion, this study revealed that circANKIB1 allevi-
ates hypoxia-induced cardiomyocyte injury and ferroptosis 

by modulating miR-452-5p/SLC7A11 signaling, providing 
a potential therapeutic target for patients with AMI.
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