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Objective: Cardiomyocyte apoptosis critically contributes to ischemia reperfusion injury (IRI), which lacks effective therapeutic
strategies. Circular RNAs (circRNAs) serve as novel diagnostic and therapeutic targets in various cardiovascular diseases. CircRNA
Fbxl5 is one of the abundantly expressed circRNAs in the heart and its role in myocardial IRI remains elusive.
Materials and Methods: Wild-type (WT) mice and neonatal mice ventricular myocytes (NMVMs) were used and subjected to
myocardial IRI and anoxia reoxygenation (AR), respectively. Molecular and histological analyses and echocardiography were used to
determine the extent of apoptosis, infarct size, and cardiac function.
Results: We found that circRNA Fbxl5 was significantly upregulated in the myocardium, as well as in NMVMs subjected to AR.
Knockdown of circRNA Fbxl5 ameliorated cardiomyocyte apoptosis, thereby decreasing infarct size and preserving cardiac function.
Additionally, in vitro knockdown of circRNA Fbxl5 in NMVMs subjected to AR recapitulated the in vivo findings. Mechanistically,
we identified that circRNA Fbxl5 directly sponged and suppressed the endogenous microRNA-146a (miR-146a), thereby weakening
its inhibitory effect on MED1, which could further promote the apoptosis of cardiomyocytes.
Conclusion: Our findings revealed a novel and critical role for circRNA Fbxl5 in regulating cardiomyocyte apoptosis, and added
additional insight into circRNAs mediated during myocardial IRI. The underlying miR-146a-MED1 signaling serves as an important
cascade in regulating the apoptosis of cardiomyocytes.
Keywords: myocardial ischemia reperfusion injury, circular RNA, microRNA-146a, cardiomyocyte apoptosis

Introduction
Acute myocardial infarction is the leading cause of death worldwide. Timely myocardial reperfusion is the top priority
for limiting infarct size and preserving cardiac functions.1 However, reperfusion per se can further lead to cardiomyocyte
death, termed as ischemia reperfusion injury (IRI).2 At present, there is no effective therapeutic strategy for myocardial
IRI.3 Therefore, revealing novel molecular mechanisms underlying IRI is of great significance.

Circular RNAs (CircRNAs) represent one of the widely expressed noncoding RNAs that form covalently closed
continuous loops.4 In contrast to previous viewpoint that circRNAs are merely by-product of eukaryotic transcriptomes,
recent studies have shown that some circRNAs regulate gene expression mainly through acting as endogenous sponge
RNAs to interact with microRNAs (miRNAs) and influence the expressions of miRNA target genes.5 A previous study
demonstrated that circRNA ciRS-7 acts as a miRNA-7 sponge to suppress miRNA-7 activity, resulting in the increased
levels of miRNA-7 targets.6 Another study showed that circRNA CDR1as functions to bind miRNA-7 in neuronal tissues
and sequesters away the miRNA-7 from its target sites.7 In addition, dysregulated circRNAs were associated with
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cardiovascular diseases, including heart failure,8 myocardial IRI9,10 and myocardial infarction and ventricular
remodeling,11,12 indicating that they play important roles under these pathological conditions.

Our previous study demonstrated that miR-146a was protective against myocardial IRI and attenuated cardiomyocyte
apoptosis via directly targeting MED1, which might mediate the apoptosis through regulating p53 signaling pathway.13 In
the present study, we identified circRNA Fbxl5, one of the abundantly expressed circRNAs in the heart, which could
function as miR-146a sponge. We aimed to investigate the role of circRNA Fbxl5 in myocardial IRI. Mechanistically, we
attempted to indicate whether the miR-146a-MED1 cascade could contribute to the regulatory role of circRNA Fbxl5 in
myocardial IRI.

Materials and Methods
Male adult C57BL/6 mice (age, 8–10-week-old) were purchased from Shanghai SLAC Experimental Animal Co., Ltd.
(Shanghai, China). Mice were kept under standard housing conditions (temperature,at 21±1 °C; humidity, 55–60%) in the
division of Laboratory Animal Resources of Shanghai Ninth People’s Hospital, according to the guidelines for the
welfare of laboratory animals.14 Throughout the experiments, mice were fed with a standard chow diet and tap water. The
animal room was cleaned regularly during the housing period. All animal experiments were approved by the Institutional
Ethics Committee of the Shanghai Ninth People’s Hospital (Approval No. HKDL2017300), and were performed in
accordance with the international ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines for animal
experiments.15

Animal Model of Myocardial IRI
Myocardial IRI was surgically induced in mice as described previously.9 Briefly, for detecting the variation of miR-146a
after myocardial IRI, mice were randomly divided into two groups, including sham and IRI groups, and the latter was
further divided into four subgroups according to different durations of IRI (eg, 0.5, 1, 2, and 3 h; n=6 mice per group).
All mice except for those in sham group were subjected to ischemia (45 min), followed by different durations of IRI.
Mice in the sham group underwent the same procedure except that the snare was left untied. In order to further evaluate
the effects of circRNA Fbxl5 on myocardial IRI, mice were divided into two groups, including sham and IR groups. Two
weeks before surgery, mice in the sham group received AAV9 vectors (vehicle), while mice in the IR group received
AAV9-TnT-si-circRNA (si-circ) or negative control (si-NC) or vehicle through tail vein. Mice in the IR group were
subjected to ischemia (45 min), followed by IRI. Hearts were harvested for histological experiments and Western blotting
1 day after IRI, and echocardiography was performed 1 week after IRI.

After IRI, Evans blue/2,3,5-triphenyltetrazolium (TTC; Sigma-Aldrich, St. Louis, MO, USA) staining was performed
as previously described.10 The infarct size, myocardial area at risk (AAR), and nonischemic left ventricle (LV) were
assessed using the Image J 1.48 software.

Adeno-Associated Virus Serotype 9 (AAV9) Mediated Gene Delivery in the Heart
AAV9 expressing green fluorescent protein (GFP) alone or harboring siRNA targeting circRNA Fbxl5 (si-circ) or
negative control (si-NC) could be synthesized and produced by Zorin Co., Ltd. (Shanghai, China) according to the
manufacturer’s protocol. For the experiment protocol, mice were randomly divided into four groups, including sham
(n = 6), IRI (n = 6), AAV9-si-circ (n = 6), and AAV9-NC (n = 6) groups. One hundred microliters of each AAV9
(2×1011 vector genomes) in phosphate-buffered saline (PBS) solution was loaded into a 1-mL syringe attached to
a 29G needle. The AAV9 solution was injected into tail vein as described previously.16 The circRNA Fbxl5
knockdown in myocardium was identified after 2 weeks of injection, and thereafter myocardial IRI was induced.
Mice in the sham and IRI groups received an equal volume of AAV9 vectors.

Echocardiography
Echocardiography was carried out one week after myocardial IRI using a 30-MHz ultrasound probe (Vevo3100, Box 66
Toronto, ON, Canada). Heart rate, left ventricular end-systolic diameter (LVESD), and left ventricular end-diastolic
diameter (LVEDD) were measured. The left ventricular ejection fraction (LVEF) and fractional shortening (FS) were
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calculated as follows: LVEF (%) = [(LVEDD3-LVESD3)/LVEDD3] × 100%; FS (%) = [(LVEDD-LVESD)/LVEDD] ×
100%. All parameters were measured by one experienced echocardiographer who was blinded to the study groups.

Histology
To evaluate cardiomyocyte apoptosis, the sections of myocardial tissues were stained with terminal deoxynucleotidyl
transferase dUTP nick end-labeling (TUNEL) using a kit (#11,684,795,910; Roche, Basel, Switzerland), according to the
manufacturer’s instructions. At least four slides per heart tissue were chosen to evaluate the number and percentage of
TUNEL-positive cells. For each slide, five randomly selected fields were selected and the cardiomyocytes per field were
counted.

Isolation and Culture of Neonatal Mice Ventricular Myocytes (NMVMs) and Cardiac
Fibroblasts (CFs)
NMVMs and CFs were isolated from neonatal mice that aged 1–2 days as described previously.17 Briefly, heart tissues of
neonatal mice were quickly rinsed in 75% ethanol and decapitated. After dissection, ventricles were washed with PBS at
4 °C. The heart tissues were then digested with 0.25% trypsin at 37 °C. The cell suspension was collected and centrifuged
at 200 g for 5 min, and the pellet was re-suspended in a Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), streptomycin (100 µg/mL), and penicillin (100 U/mL) at 37 °C under 5% CO2. The
resuspension was pre-plated onto a culture flask at 37 °C for 90 min, in which CFs were attached to the bottom of the
flask. The supernatant was collected and plated in 10 µg/mL laminin-coated culture dishes. CFs from passages 2–4 were
used for subsequent experiments.

An in vitro AR Model for NMVMs and CFs
An in vitro AR model was established using an anoxic chamber pre-filled with saturated water content of gases,
containing 5% CO2 and 95% nitrogen. NMVMs and CFs were cultured under anoxic conditions for 2 h, and then
subjected to reoxygenation (95% O2 and 5% CO2) for 6 h. The negative control cells were cultured in a normoxic
chamber (21% O2 and 5% CO2) supplemented with 10% FBS (Gibco, New York, NY, USA). TUNEL staining was
performed by an in situ cell death detection kit (Roche, Basel, Switzerland) to evaluate cardiomyocyte apoptosis.

Dual-Luciferase Reporter Assay
Wild-type (WT) or mutated (MUT) circRNA Fbxl5 binding sequences and miR-146a mimics (including negative
control) were constructed by Zorin Co., Ltd. (Shanghai, China) according to the manufacturer’s instructions. Briefly,
293T cells were seeded into 24-well plates (density, 2×104 cells/well). Then, 293T cells were transfected with plasmid
(500 ng) and miR-146a mimics or negative control (50 nM) using Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions. Cells were collected after 24 h for detecting firefly luciferase and Renilla
luciferase activities using a Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) according to the
manufacturer’s instructions.

RNA Immunoprecipitation (RIP) Assay
A Magna RIP RNA-Binding Protein Immunoprecipitation kit (Millipore, Burlington, MA, USA) was used for AGO2
protein-based RIP assay. Experimental process was performed according to the manufacturer’s instructions. Anti-AGO2
antibody was purchased from Abcam (Cambridge, UK; ab32381).

Quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR)
Total RNA was extracted from NMVMs and CFs using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. RNA concentration was quantified using NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, DE,
USA). A Color Reverse Transcription kit (EZBioscience, Roseville, MN, USA) was utilized to perform the reverse
transcription of cDNA. The expression level of circRNA Fbxl5 was measured using a PrimerScriptTM RT reagent kit
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(TaKaRa, Shiga, Japan; Cat. No. RR037A) using α-tubulin as an internal control. The forward primer sequence of
circRNA Fbxl5 was GATGAGAAGGCAGATACAGAAGGA. The reverse primer sequence of circRNA Fbxl5 was
TACTTGAGAACTTTCTGTCGCTCC. The miR-146a level was quantified by the Bulge-Loop mmu-miR-146a-5p
Primer system (Cat. No. MQPS0002462-1) using U6 as an internal control. All qRT-PCR analyses were performed on
an ABI 7500 System (Applied Biosystems, Waltham, MA, USA).

Eligibility Criteria for Predicting circRNAs
TargetScan and miRanda were used to predict circRNAs that most likely sponge miR-146a. Predictions were ranked
based on the predicted efficacy of targeting as calculated using cumulative weighted context scores of the sites. We
selected top 10 circRNAs that most likely sponge miR-146a for further validation, as shown in Table 1.

Western Blotting
Western blotting was performed as previously described.18 In brief, total protein was extracted from frozen ventricular
tissues, NMVMs and CFs using the RIPA lysis buffer (Beyotime, Shanghai, China). A total of 15 µg of protein was
subjected to 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE), and then, transferred onto
0.45-µm polyvinylidene difluoride (PVDF) membranes (Millipore). After that, the blots were blocked with a rapid
blocking buffer (Shanghai EpiZyme Biotechnology Co., Ltd., Shanghai, China), followed by overnight incubation with
primary antibodies at 4 °C. All primary antibodies were diluted (1:1000) in 5% bovine serum albumin (BSA). After
thrice washing with TBST, the membranes were incubated for 1 h in secondary horseradish peroxidase (HRP)-conjugated
antibodies (goat anti-rabbit IgG (H&L); Cat. No. ab81053; Abcam) diluted (1:5000) in 5% BSA. The blots were
visualized using the ECL reagent kit (Millipore). ImageJ 1.48 software was used to quantify the intensity of the protein
blots. The antibodies used in the current study are listed in Table 2.

Table 1 Top 10 circRNAs That Most Likely Sponge miR-146a

circRNA TargetScan miRanda

Context+ Context Structure Energy

mmu_circ_0000713 −0.345 −0.398 142 −14.35
mmu_circ_0001288 −0.332 −0.399 142 −14.3
mmu_circ_0000714 −0.331 −0.388 142 −14.35
mmu_circ_0000961 −0.328 −0.366 164 −19.02
mmu_circ_0000960 −0.328 −0.366 164 −19.02
mmu_circ_0000361 −0.319 −0.367 293 −44.14
mmu_circ_0001287 −0.307 −0.382 142 −14.3
mmu_circ_0001346 −0.303 −0.385 140 −14.84
mmu_circ_0000855 −0.296 −0.355 144 −19.21
mmu_circ_0000854 −0.296 −0.355 144 −19.21

Table 2 Antibodies Used for Western Blotting

Antibodies Cat. No. and Company Dilution Ratio

Bcl-2 ab196495, Abcam 1:1000

Bax #2772, CST 1:1000

Cleaved caspase 3 #9664, CST 1:1000
GAPDH #5174, CST 1:1000

TRAP220/MED1 #51,613, CST 1:1000
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Statistical Analysis
Data were expressed as mean ± standard deviation (SD) of at least three independent experiments. Continuous variables
were compared between groups using two-tailed Student’s t-test or one-way analysis of variance (ANOVA), followed by
the least significant difference t-test and Dunnett’s t-test via SPSS 19.0 software (IBM, Armonk, NY, USA). Normality
and homogeneity of variance of all data were examined before making comparisons between groups. GraphPad Prism 6.0
software (GraphPad Software Inc., San Diego, CA, USA) was used to carry out statistical analysis. P < 0.05 was
considered statistically significant.

Results
IR Significantly Downregulated the Expression Level of miR-146a and Upregulated the
Expression Level of circRNA Fbxl5
MiR-146a was demonstrated to protect the myocardium from IRI in our previous study.13 To further explore the variation
of miR-146a after IR, we first examined its expression level at sham group and at 30 min, 1 h, 2 h, and 3 h after IRI in the
mouse model. As shown in Figure 1A, it was revealed that the expression level of miR-146a in myocardium of mice
significantly decreased after IR, and the lowest expression level was detected at 1 h after IR. In order to indicate whether

Figure 1 Ischemia reperfusion (I/R) significantly downregulated the expression of miR-146a and upregulated the expression of circRNA Fbxl5. (A) Expression profile of
miR-146a after I/R, with the lowest expression level occurring at 1 h after reperfusion; ****P<0.0001 compared with sham, n=6 per group. (B) CircRNA Fbxl5 was
significantly upregulated at 1 h after reperfusion; ****P<0.0001 compared with sham, n=6 per group. (C) The expression variation of circRNA Fbxl5 in neonatal mice
ventricular myocytes (NMVMs) and cardiac fibroblasts (CFs) between normoxia and anoxia reoxygenation (A/R); *P<0.05 compared with control group (Ctrl), n=5 per
group. (D) Sanger sequencing of the amplified products indicated that circRNA Fbxl5 was produced from the Fbxl5 gene and demonstrated the head-to-tail splicing of the
latter half of exon 4 (100nt). (E) Divergent primers amplify circRNAs in cDNA but not genomic DNA (gDNA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
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circRNA functions as miR-146a sponge, we predicted the top 10 circRNAs that most likely sponge miR-146a using
TargetScan and miRanda (Table 1). Then, we used qRT-PCR to detect these circRNAs after 1 h of IRI in the mouse
model. Among these circRNAs, we identified circRNA Fbxl5, which was significantly upregulated at 1 h after IR
(Figure 1B). Subsequently, we explored the expression level of circRNA Fbxl5 in NMVMs and CFs exposed to anoxia/
reoxygenation (A/R). As displayed in Figure 1C, circRNA Fbxl5 was equally expressed in NMVMs and CFs, whereas it
was significantly upregulated in NMVMs after A/R. Sanger sequencing of the amplified products indicated that circRNA
Fbxl5 was produced from Fbxl5 gene and demonstrated the head-to-tail splicing of exon 4 (100-nt) (Figure 1D).
Divergent primers only amplified circRNA Fbxl5 in cDNA, rather than genomic DNA (gDNA) (Figure 1E).

CircRNA Fbxl5 Acted as an Efficient miR-146a Sponge
Given that circRNA Fbxl5 was abundantly expressed in cardiomyocytes and its expression level in ventricular
myocardium after IRI was opposite to that of miR-146a, we investigated the ability of circRNA Fbxl5 to bind to miR-
146a. Using miRBase, we found that miR-146a contained circRNA Fbxl5 binding site. As measured by the dual-
luciferase reporter system, we noted that overexpression of miR-146a suppressed the activity of luciferase reporter
encompassing circRNA Fbxl5 3’-UTR-WT rather than circRNA Fbxl5 3’-UTR-MUT (Figure 2A and B), in which the
AGTTCTCA was replaced with CTGGAGAC. A previous study showed that miRNAs suppress translation and degrade
mRNA in an AGO2-dependent manner via binding to their targets.19 Anti-AGO2 immunoprecipitation was conducted in
NMVMs overexpressing miR-146a and circRNA Fbxl5, respectively, using anti-AGO2 antibodies or control IgG. It was
found that circRNA Fbxl5 was significantly enriched in the biotin-coupled miR-146a-captured fraction, and vice versa

Figure 2 CircRNA Fbxl5 sponges miR-146a. (A) Graphical illustration showing the predicted sites of miR-146a for binding to circRNA Fbxl5 and the corresponding
mutation. (B) Dual luciferase reporter assay showing the interaction of miR-146a and circRNA Fbxl5; ***P<0.001 compared with miR-NC, n=3 per group. (C and D) AGO2
protein-based RNA immunoprecipitation assay for the interaction between miR-146a and circRNA Fbxl5; ***P<0.001 compared with IgG, n=3 per group.
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(Figure 2C and D). These results demonstrated that circRNA Fbxl5 could function as an efficient miR-146a sponge in
cardiomyocytes of mice.

Downregulation of circRNA Fbxl5 Protected Myocardium Against IRI and Cell Death
and Preserved Cardiac Function
To further indicate whether downregulation of circRNA Fbxl5 has cardioprotective effects in vivo, we adopted an
adenoviral-associated vector (AAV9)-troponin T (TnT)-mediated cardiac gene delivery approach, which has been
validated in numerous studies. Through tail vein injection of AAV9-TnT-si-circRNA Fbxl5 in the mouse model, we
identified significant downregulation of circRNA Fbxl5 in myocardium of mice at the second week after injection. The
efficiency of adenovirus transduction was quantified by GFP-positive myocytes, as shown in Supplementary Figure 1.
The timeline of the in vivo experiment is shown in Figure 3A. TUNEL staining revealed a significant reduction of
apoptosis in IR ventricular myocardium expressing AAV9-TnT-si-circRNA Fbxl5 (Figure 3B). Additionally, Evans blue/
TTC staining of ventricular myocardium after IR and echocardiographic analysis showed a smaller infarct size in
myocardium and improved cardiac functions expressing AAV9-TnT-si-circRNA Fbxl5 compared with the vehicle and si-
NC groups, respectively (Figures 3C-E and J-L). Moreover, Western blotting further validated the increased expression
level of Bcl-2 and the decreased expression levels of Bax and cleaved caspase-3 in ventricular myocardium expressing
AAV9-TnT-si-circRNA Fbxl5 (Figures 3F-I), which further suggested that knockdown of circRNA Fbxl5 could amelio-
rate cell death after IR. These results suggest that knockdown of circRNA Fbxl5 attenuated apoptosis and improved
cardiac functions induced by IR in vivo.

Figure 3 CircRNA Fbxl5 promotes the deterioration of cardiac function after myocardial ischemia reperfusion (MI/R). (A) The timeline of the in vivo experiment. (B)
TUNEL-based evaluation of apoptosis in the ventricular myocardium; TUNEL positive cardiomyocytes were presented in green while nuclei were presented in blue by DAPI.
(C–E) Representative Evans blue/TTC staining of the cross section of the ventricles (C) and quantitative analysis of the infarct size (Inf) between groups (D–E), showing that
knockdown of circRNA Fbxl5 significantly reduced the infarct size after MI/R; ****P<0.0001 compared with vehicle, n=6 per group. (F–I) Representative Western blots (F)
and quantitative analysis of Bcl-2, Bax and cleaved caspase 3 proteins between groups (G–I), showing that knockdown of circRNA Fbxl5 significantly attenuated
cardiomyocyte apoptosis after MI/R; ***P<0.001 and ****P<0.0001 compared with sham; ##P<0.01, ###P<0.001 and ####P<0.0001 compared with vehicle; NS denotes
non-significance compared with vehicle, n=3 per group. (J–L) Representative echocardiography (J) and quantitative analysis of left ventricular ejection fraction (LVEF) and
fractional shortening (FS) between groups (K–L), showing that knockdown of circRNA Fbxl5 significantly improved cardiac function after MI/R; *P<0.05 compared with
vehicle; NS denotes not significance compared with vehicle, n=3 per group.
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Downregulation of circRNA Fbxl5 Protected Cardiomyocytes Against AR-Related
Cell Death
To explore the effect of circRNA Fbxl5 on cardiomyocyte viability in AR conditions, we manipulated the expression
level of circRNA Fbxl5 in NMVMs through siRNA-based knockdown. After transfection for 24 h, the cultured NMVMs
were subjected to AR. We found that knockdown of circRNA Fbxl5 attenuated cardiomyocyte apoptosis induced by AR,
as evidenced by Western blotting and immunofluorescence, respectively (Figure 4). These results suggested that knock-
down of circRNA Fbxl5 attenuated cardiomyocyte apoptosis induced by AR in vitro.

CircRNA Fbxl5 Modulated AR-Related Cell Death Through Regulating the miR-146a-
MED1 Axis
Our previous study demonstrated that miR-146a protected against myocardial IRI and attenuated cardiomyocyte
apoptosis via targeting MED1.13 In the present study, we identified circRNA Fbxl5, which could function as miR-
146a sponge, and aggravate IR-related cardiomyocyte apoptosis. In order to further indicate whether circRNA Fbxl5
could modulate cardiomyocyte apoptosis via regulating the miR-146a-MED1 axis, we manipulated the expression levels
of circRNA Fbxl5 and miR-146a in NMVMs through siRNA-based knockdown and miR-146a inhibitor, respectively. As
expected, knockdown of circRNA Fbxl5 significantly downregulated the expression level of MED1, and attenuated
cardiomyocyte apoptosis induced by AR. Inhibition of miR-146a reversed the effect of knockdown of circRNA Fbxl5 on
the expression level of MED1 and cardiomyocyte apoptosis (Figure 5). These results suggested that circRNA Fbxl5
modulated AR-related cell death through regulating the miR-146a-MED1 axis.

Figure 4 CircRNA Fbxl5 aggravates cardiomyocyte apoptosis after anoxia reoxygenation (A/R). (A–D) Representative Western blots (A) and quantitative analysis of Bcl-2,
Bax and cleaved caspase 3 proteins between groups (B–D), showing that knockdown of circRNA Fbxl5 significantly attenuated cardiomyocyte apoptosis after A/R; *P<0.05,
**P<0.01 and ***P<0.001 compared with A/R; NS denotes non-significance compared with A/R. (E) Representative TUNEL assay of apoptosis of cardiomyocytes between
groups, showing that knockdown of circRNA Fbxl5 significantly attenuated cardiomyocyte apoptosis after A/R.
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Discussion
Noncoding RNAs regulate gene expression post-transcriptionally in various biological processes, as well as cardiovascular
diseases. A growing body of evidence demonstrated that miRNAs are involved in gene silencing through degradation of post-
transcriptional mRNA or suppression of the protein expression, while circRNAs regulate gene expression mainly through
functioning as miRNA sponges.5,20 Studies showed that miR-146a could protect cardiomyocytes against ischemia-induced
cell death.21,22 Consistently, our previous research also demonstrated that miR-146a protected against myocardial IRI and
attenuated cardiomyocyte apoptosis via targeting MED1.13 However, when we further evaluated the variation of miR-146a in
myocardium of mice after IR, we found, for the first time, an interesting phenomenon, in which the expression level of
endogenous miR-146a significantly decreased as the duration of IR was prolonged, with the lowest expression level occurred
at 1 h after IR. Similarly, an in vitro ARmodel of NMVMs also recapitulated the results. Thus, we hypothesized that miR-146a
could be sponged by upregulating circRNA induced by myocardial IRI.

In order to indicate whether there is a circRNA that can function as miR-146a sponge under myocardial IRI, the following
criteria must be met. First, the sequence of this circRNAmust have a base-paired region that can target miR-146a; Second, this
circRNA must be abundantly expressed in myocardium; Third, myocardial IRI can induce the upregulation of circRNA. To
this end, we first predicted top 10 probable circRNAs that can function as miR-146a sponge through TargetScan and miRanda.
Then, we established a mouse model of myocardial IRI to evaluate the expression levels of circRNAs in the myocardium.
Among them, we identified mmu_circ_0001346, termed as circRNA Fbxl5, which was significantly upregulated at 1 h after
IR. Both in vivo and in vitro functional studies demonstrated that circRNA Fbxl5 promoted the apoptosis of cardiomyocytes
under IRI.Mechanistically, circRNAFbxl5 regulates cardiomyocyte apoptosis via targetingmiR-146a-MED1 cascade. This is
the first study to illustrate that myocardial IRI induces the upregulation of circRNA Fbxl5, acting a sponge for miR-146a to

Figure 5 Representative Western blots (A) and quantitative analysis (B–E) of TRAP220 (MED1), Bcl2, Bax and cleaved caspase 3, showing that inhibition of miR-146a
reversed the effect of circRNA Fbxl5 knockdown on the expression of MED1 and cardiomyocyte apoptosis; *P<0.05 and **P<0.01; NS=non-significance.
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suppress its expression level. The suppression of miR-146a expression level favors the upregulation of MED1, which could
further promote cardiomyocyte apoptosis, as shown in our previous study.22

Dysregulated circRNAs contribute to various cardiovascular disorders.23–25 Upregulated expression level of HRCR
protected the heart from pathological remodeling and heart failure via sponging miR-223 and increasing ARC expression
level.8 CircRNA Ttc3 was significantly induced in the heart after myocardial infarction (MI) and exerted protective
effects against cardiomyocyte apoptosis by sponging miR-15b.11 However, MFACR and circRNA ACAP2 promoted
cardiomyocyte death during IRI and after MI, respectively.9,23 The present study provided additional insight into the
circRNAs mediated during myocardial IRI, which showed for the first time that upregulation of endogenous circRNA
Fbxl5 promoted myocardial IRI and cell death by sponging cardioprotective miR-146a. However, further study is
required to address the mechanisms of the generation and upregulation of circRNA Fbxl5.

Recently, biocompatible drug delivery vehicles, such as exosomes and nanoparticles, have emerged as a promising
therapeutic strategy for alleviating myocardial IRI.26–29 However, due to low yields and complicated purification
processes of exosomes, their clinical translation has been hampered.30 Moreover, the onset of MI cannot be predicted
clinically. Besides, miR-146a seems to be a promising therapeutic target for ameliorating myocardial IRI, however, the
major challenges of RNA therapy are in vivo instability and a relatively low transfection efficiency.31–34 In the present
study, we showed that circRNA Fbxl5 was significantly upregulated after IR, which could further sponge the endogenous
cardioprotective miR-146a and promote the death of cardiomyocytes. Therefore, we speculate that circRNA sponge may
be one of the major pathways, contributing to the instability of both endogenous and exogenous miRNAs. Due to their
covalently closed loops, circRNAs exhibit degradation resistance and seems to be a promising biomarker and target for
therapeutic intervention. Therefore, targeting circRNA Fbxl5 to prevent the rapid degradation of miR-146a accompanied
by an exogenous delivery via biocompatible vehicles seems to be a promising strategy for alleviating myocardial IRI.

The present study has some limitations. First, due to various targets of noncodingRNA,we could not exclude the possibility of
the involvement of other circRNAs or other classes of noncoding RNAs in controlling the expression level of miR-146a. Second,
the molecular mechanisms responsible for the generation and upregulation of circRNA Fbxl5 need further in-depth studies.

Conclusions
In summary, our study identified for the first time that the expression level of circRNA Fbxl5 significantly increased after
myocardial IRI and contributed to the death of cardiomyocytes, thereby aggravating myocardial IRI. Mechanistically,
circRNA Fbxl5 sponged the endogenous miR-146a, thereby weakening its inhibitory effect on MED1, which could
further promote cardiomyocyte apoptosis. Further study is therefore required to address the mechanisms of the generation
and upregulation of circRNA Fbxl5.
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