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Abstract

BACKGROUND: Ischemic heart disease remains a leading cause of death worldwide. In this 

study, we test the hypothesis that microRNA-210 protects the heart from myocardial ischemia-

reperfusion (IR) injury by controlling mitochondrial bioenergetics and reactive oxygen species 

(ROS) flux.

METHODS: Myocardial infarction in an acute setting of IR was examined via comparing loss 

vs. gain of function experiments in microRNA-210-deficient and wild type mice. Cardiac function 

was evaluated by echocardiography. Myocardial mitochondria bioenergetics was examined using a 

Seahorse XF24 Analyzer.

RESULTS: MicroRNA-210 deficiency significantly exaggerated cardiac dysfunction up to 6 

weeks after myocardial IR in male, but not female, mice. Intravenous injection of microRNA-210 

mimic blocked the effect and recovered the increased myocardial IR injury and cardiac 

dysfunction. Analysis of mitochondrial metabolism revealed that microRNA-210 inhibited 

mitochondrial oxygen consumption, increased glycolytic activity, and reduced mitochondrial ROS 

flux in the heart during IR injury. Consistently, inhibition of mitochondrial ROS with MitoQ 

reversed the effect of microRNA-210 deficiency. Mechanistically, we showed that mitochondrial 

glycerol-3-phosphate dehydrogenase (GPD2) is a novel target of microRNA-210 in the heart, 

and loss-of-function and gain-of-function experiments revealed that GPD2 played a key role in 

the microRNA-210-mediated effect on mitochondrial metabolism and ROS flux in the setting of 

heart IR injury. Knockdown of GPD2 negated microRNA-210 deficiency-induced increases in 

mitochondrial ROS production and myocardial infarction, and improved left ventricular fractional 

shortening and ejection fraction after the IR treatment.

CONCLUSIONS: MicroRNA-210 targeting GPD2 controls mitochondrial bioenergetics and 

ROS flux and improves cardiac function in a murine model of myocardial infarction in the setting 
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of IR injury. The findings suggest new insights into the mechanisms and therapeutic targets for 

treatment of ischemic heart disease.
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Introduction

Despite recent advances in treatment of acute myocardial infarction (AMI) and improvement 

of patient survival, ischemic heart disease remains a leading cause of death worldwide 

and the primary cause of chronic heart failure.1 Novel cardioprotective strategies are 

still required to attenuate the detrimental effects of AMI, and to improve adverse heart 

remodeling and cardiac dysfunction in patients with coronary heart disease. Animal studies 

have suggested microRNA 210 (miR-210) as a potential therapy for treatment of ischemic 

heart disease to improve cardiac function in a murine model of myocardial infarction.2,3 

Human clinical studies have revealed miR-210 as a biomarker in coronary artery disease.4–6 

Mature miR-210 of 22 nt is highly homologous across species and is identical among the 

human, pig and rodent, revealing a translational potential of preclinical study of miR-210 

in the rodent. MiR-210 is a master regulator of the cellular hypoxic response by targeting 

mitochondrial energy metabolism and ROS flux. Mitochondria constitute about 30% of total 

cardiomyocyte volume. In addition to being the main source of ATP for the contracting 

cell through oxidative phosphorylation, mitochondria are a key source of cellular ROS 

production. Reprogramming of mitochondrial metabolism and ROS flux in the setting of 

ischemia and reperfusion (IR) is a crucial driver of heart injury.7–12 Thus, inhibition of 

mitochondrial respiratory chain and reduction of mitochondrial oxygen consumption during 

IR afford protection of ischemic heart disease.9,10

In the present study, we seek to test the hypothesis that miR-210 protects the heart 

from myocardial IR injury by controlling mitochondrial bioenergetics and ROS flux via 
comparing gain vs. loss of function experiments in miR-210-deficient and wild type mice. 

We identify that mitochondrial glycerol-3-phosphate dehydrogenase (GPD2) is a highly 

conserved target of miR-210. GPD2 is an integral component of the mammalian respiratory 

chain and glycerophosphate (GP)-shuttle connecting mitochondrial and cytosolic processes, 

and is a crossroad of glycolysis, fatty acid metabolism and oxidative phosphorylation.13 In 

addition to ROS production at complex I and succinate dehydrogenase via reverse electron 

transport,9, 10 GPD2 contributes to overall mitochondrial ROS production.9,10,13–16 Levels 

of ROS production from GPD2 are high and comparable with maximum rates for complex 

III when inhibited with antimycin A, and it is an important ROS source in the heart.17,18 The 

findings of present study provide novel insights into the mechanistic link of miR-210 and 

GPD2 in controlling mitochondrial bioenergetics and ROS flux during IR in the heart, and 

present potential therapeutic targets for treatment of ischemic heart disease.
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Methods

Supporting data and methods can be found in the Supplementary material online. The 

authors declare that all supporting data are available within the article and its online 

supplementary files.

Animals

MiR-210 heterozygous mice on C57BL/6J genetic background were generously provided 

by Drs. Xin Huang and Yoel Sadovsky.19 STOCK mir210tm1Mtm/Mmjax female mice 

were first crossed with B6.129S4-Gt(ROSA)26Sortm1(FLP1)Dym/RainJ males to delete the 

Neo cassette, followed by crossing with B6.C-Tg(CMV-cre)1Cgn/J to delete miR-210.19 

Genotypes of wild type (WT) and miR-210 knockout (KO) offspring were confirmed 

by PCR. Mice were around 8 weeks old at the commencement of experiments. Animal 

experiments and surgical procedures were performed according to protocols approved by the 

Institutional Animal Care and Use Committee of Loma Linda University and followed the 

guidelines by the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals.

Statistical Analysis

Data are expressed as means ± standard deviation or medians and interquartile ranges 

(IQRs) obtained from the number of experimental animals. Data were analyzed with 

GraphPad Prism (GraphPad Software, San Diego, CA, USA). Differences were evaluated 

for statistical significance (P<0.05) by two-way, two-way repeated-measures or three-way 

analysis of variance (ANOVA) followed by Tukey test, Independent-Samples t test, or 

non-parametric Kruskal–Wallis test followed by Dunn’s test or Mann-Whitney U test where 

appropriate.

Results

MiR-210 deficiency exaggerates IR-induced cardiac dysfunction in male mice in a sex-
dependent manner

MiR-210 KO and their WT littermate control mice with C57Bl/6 background at 2 months 

old underwent myocardial infarction (MI) induced by in vivo heart IR treatment via 
ligation of the mid-left anterior descending (LAD) coronary artery for 30 min followed 

by reperfusion. Sham-operated animals without ligation of LAD coronary artery served as 

naïve controls. Hearts were isolated after 4 h or 24 h reperfusion and miR-210 in the heart 

was measured. As shown in Figure 1, A, miR-210 was significantly increased in the heart 

at both time points in WT, but not KO, mice. No significant differences between female 

and male baselines and between female and male IR treatments were found in miR-210 

levels. Cardiac function was evaluated by echocardiography prior to and up to 6 weeks 

after in vivo IR treatment. As shown in Figure 1, B–E and Supplemental Figure I, A–G, 

there were no significant differences in echocardiography between miR-210 KO and WT 

mice at baseline and in sham-operated animals. In male WT mice, IR caused a decrease in 

IVSd, IVSs, LVPWd, LVPWs, EF, FS, and an increase in LVIDd, LVIDs, EDV and ESV. 

In female WT mice, IR decreased EF and FS, and increased LVIDs and ESV. Of great 
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interest, miR-210 deficiency revealed a striking sex-difference and significantly exaggerated 

IR-induced cardiac dysfunction in male mice without affecting female animals.

MiR-210 mimic rescues the effect of miR-210 deficiency on IR-induced MI and cardiac 
dysfunction

Given the finding that miR-210 deficiency affected males only, our following studies were 

focusing on male animals. We first examined whether and to what extent miR-210 mimic 

might rescue the effect of miR-210 deficiency on IR-induced MI and cardiac dysfunction. 

We observed that intravenous administration of miR-210 mimic (10 nmol/kg) increased 

miR-210 levels in hearts from both miR-210 KO and WT mice 4 h and 24 h after the 

injection (Supplemental Figure II). Thus, miR-210 mimic (10 nmol/kg) or the negative 

control was intravenously administered 1 h prior to the IR treatment in miR-210 KO or 

WT mice, and MI and functional echocardiography were evaluated 72 h after IR. We found 

that miR-210 deficiency increased MI volume in the setting of acute IR injury compared 

with WT controls, and miR-210 mimic rescued the effect of miR-210 deficiency on MI 

(Figure 2, A and B). Likewise, miR-210 deficiency enhanced dysfunction of left ventricular 

ejection fraction (EF) and fractional shortening (FS), and miR-210 mimic blocked the 

exaggerated dysfunction in miR-210 KO mice (Figure 2, C and D). Other systolic and 

diastolic parameters such as IVSd, IVSs, LVPWd, LVPWs, LVIDd, LVIDs, EDV, ESV, and 

SV were not or slightly altered by miR-210 mimic in WT and miR-210 KO mice 3 days 

after IR (Supplemental Figure III).

MiR-210 controls mitochondrial bioenergetics in the acute heart IR

The mitochondrion is a major target of miR-210 in cellular hypoxic response. Inhibition 

of mitochondrial oxygen consumption and bioenergetics during IR affords protection 

of ischemic heart disease. We thus investigated the role of miR-210 in controlling 

mitochondrial bioenergetics in the setting of acute heart IR. In concert, we performed 

Seahorse flux analysis to assess the oxygen consumption rate (OCR, an index of oxidative 

phosphorylation) and lactate production as assessed by the extracellular acidification rate 

(ECAR; an index of glycolysis) in isolated cardiac muscle fiber bundles. Supplemental 

Figure IV illustrates the flow charts for the measurement of OCR and ECAR using a 

Seahorse XF24 Analyzer. Real-time traces and averaged data of OCR and ECAR measured 

by Seahorse are shown in Figure 3, A and G. After 30 min of myocardial ischemia and 

24 h reperfusion, we observed significant and reproducible increases in basal OCR and 

maximal respiration capacity in the heart of miR-210 KO mice, as compared to WT 

animals (Figure 3, B and C). However, oxygen usage devoted to ATP production was 

significantly decreased (Figure 3, D), companied with a significant increase in OCR linked 

to proton leak (Figure 3, E), resulting in significantly reduced coupling efficiency of energy 

production (Figure 3, F). In concert, we observed decreases in basal ECAR and glycolytic 

capacity in miR-210 KO mice (Figure 3, H and I). These effects of miR-210 deficiency 

on mitochondrial bioenergetics in the heart were recovered by miR-210 mimic (Figure 3, 

A–I). Non-mitochondrial respiration, spare respiratory capacity and glycolytic reserve were 

not significantly affected (Supplemental Figure V). These findings explicitly demonstrate 

that miR-210 promotes mitochondrial metabolic switch from oxidative phosphorylation to 

glycolysis in fine-tuning heart response to acute IR and MI development.
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MiR-210 suppresses mitochondrial ROS in acute heart IR injury and cardiac dysfunction

In the setting of heart IR, it is likely that increased miR-210 acting as a homeostatic 

mechanism to inhibit mitochondrial bioenergetics and oxygen consumption relieves the 

mismatch of electron transport and oxygen concentration and decreases mitochondrial 

ROS (mtROS) flux. We next examined a mechanistic link of miR-210 in the regulation 

of mtROS production in the heart during IR with the approaches of gain-of-function and 

loss-of-function using miR-210 mimic and miR-210 KO mice. MiR-210 KO and WT 

control mice were subjected to 30 min of ischemia followed by 24 h reperfusion, and 

mitochondria-derived ROS in the heart were measured using a specific mtROS fluorescence 

probe, MitoSOX.20 We found that mtROS were significantly increased in the heart of KO 

mice, which was blocked by miR-210 mimic administered intravenously 1 h prior to the IR 

treatment (Figure 4, A). In agreement, we observed that mitochondria-specific antioxidant, 

MitoQ (4 mg/kg) given intravenously 15 min prior to the IR treatment decreased mtROS 

in the heart of WT mice and negated the increased mtROS in miR-210 KO mice (Figure 

4, B). We then examined whether and to what extent MitoQ might recover the effect 

of miR-210 deficiency on IR-induced MI and cardiac dysfunction. We found that MitoQ 

reduced IR-induced MI in WT mice and negated the effect of miR-210 deficiency on 

IR-mediated MI (Figure 4, C and D). In concert, we observed that MitoQ rescued the effect 

of miR-210 deficiency on exaggerated dysfunction of left ventricular EF and FS in miR-210 

KO mice 3 days after IR (Figure 4, E and F). The other systolic and diastolic parameters 

such as IVSd, IVSs, and LVPWd were increased, while LVIDd, LVIDs, EDV, and ESV were 

decreased. LVPWs and SV were not or slightly altered by mitoQ in WT and miR-210 KO 

mice exposed to 3 d of IR (Supplemental Figure VI).

We next examined the effect of inhibition of mtROS production by MitoQ on mitochondrial 

respiration and glycolysis in the heart of WT and miR-210 KO mice. We observed that 

MitoQ had no significant effect on basal mitochondrial OCR and maximal respiration 

capacity in WT mice in the setting of acute IR, but blocked the effect of miR-210 deficiency 

on mitochondrial OCR (Figure 5, B and C). Of interest, MitoQ significantly increased 

oxygen usage devoted to ATP production and decreased OCR linked to proton leak in the 

heart of WT animals, and negated the effect of miR-210 deficiency (Figure 5, D and E). 

In concert, despite inhibition of mitochondrial respiration, MitoQ significantly increased 

coupling efficiency of energy production (Figure 5, F). In addition, we found that MitoQ 

decreased basal ECAR and glycolytic capacity in WT mice and negated the effect of 

miR-210 deficiency on glycolysis in the heart in the setting of acute IR (Figure 5, H and 

I). Non-mitochondrial respiration, spare respiratory capacity and glycolytic reserve were not 

significantly affected (Supplemental Figure VII). Together, these findings suggest that the 

protective effects of MitoQ are mediated by its effects on mitochondrial respiration and 

mtROS production and releasing glycolysis stress in the heart in the setting of acute IR.

GPD2 is a novel target of miR-210 controlling mitochondrial ROS in cardiomyocytes

We first examined the role of miR-210 in targeting 3’UTR of GPD2 transcript. Figure 6, A 

depicts sequences of GPD2 3’UTR with miR-210 targeting sites and a schematic illustration 

of miR-210 silencing GPD2 mRNA translation. We identified a potential miR-210 

complementary binding site in GPD2 3’UTR using the sequence alignment program 
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MultAlin (http://multalin.toulouse.inra.fr/multalin/multalin.html), and demonstrated using a 

RISC-IP assay that GPD2 3’UTR was enriched by ~5-fold in miR-210 mimic-transfected 

mouse neonatal cardiomyocytes, compared to negative control-treated cells (Figure 6, B), 

indicating that GPD2 is a direct target of miR-210. We then evaluated the role of GPD2 

in miR-210 mediated cardiomyocyte protection in an oxygen-glucose-deprivation (OGD) 

model in vitro. We first confirmed that 2 h of OGD with 1% O2 and 24 h of reoxygenation 

markedly upregulated the level of miR-210 in cardiomyocytes, which was blocked by 

miR-210 LNA (Figure 6, C). We found that inhibition of miR-210 with miR-210 LNA 

upregulated GPD2 protein abundance in OGD-treated cardiomyocytes, which was negated 

by GPD2 siRNA treatment (Figure 6, D). Importantly, miR-210 LNA significantly enhanced 

OGD/reoxygenation-induced cardiomyocyte injury and LDH release, which was negated by 

knocking down GPD2 with siRNAs (Figure 6, E), revealing a role of GPD2 downregulation 

in miR-210-mediated cardiomyocyte protection to hypoxic injury. Next, we observed that 

compared with the normal controls, the presence of miR-210 LNA increased mtROS in 

OGD/reoxygenation-treated cardiomyocytes (Figure 6, F). We found that knockdown of 

GPD2 reduced OGD/reoxygenation-induced mtROS and negated the effect of miR-210 

LNA on OGD/reoxygenation-mediated increase in mtROS (Figure 6, F). Since GPD2 

knockdown negated the effect of miR-210 inhibition on the increase in mtROS production 

and injury in cardiomyocytes to OGD/reoxygenation, we then investigated the effect of 

GPD2 knockdown on mitochondrial respiration and glycolysis in cardiomyocytes. We 

observed that GPD2 knockdown had no significant effect on non-mitochondrial respiration 

and spare respiratory capacity in cardiomyocytes exposed to OGD/reoxygenation (data not 

shown), but blocked the effect of miR-210 inhibition on mitochondrial OCR (Figure 6, 

G–I). Moreover, GPD2 knockdown significantly increased oxygen usage to ATP production, 

decreased OCR linked to proton leak, increased coupling efficiency of mitochondrial energy 

production in OGD/reoxygenation-treated cardiomyocytes and negated the effect induced 

by miR-210 LNA (Figure 6, J–L). Likewise, we found that GPD2 knockdown reduced 

glycolysis and glycolytic capacity in cardiomyocytes exposed to OGD/reoxygenation and 

negated the effect of miR-210 inhibition (Figures 6M–O).

We next investigated the specific effect of MitoQ on the mitochondrion underlying miR210-

GPD2-mtROS signaling in cardiomyocyte hypoxic injury. We found that inhibition of 

miR-210 with miR-210 LNA significantly increased ROS in the mitochondrion in OGD-

treated cardiomyocytes, which was specifically blocked by MitoQ (Figure 7, A and B). In 

accordance, MitoQ negated the miR-210 LNA-mediated increase in cardiomyocyte injury 

induced by OGD/reoxygenation (Figure 7, C), revealing a mechanistic link of MitoQ 

acting on mitochondrial ROS in the miR-210 signaling pathway in cardiomyocytes. Given 

that miR-210 LNA upregulated GPD2 protein abundance in OGD-treated cardiomyocytes, 

we then evaluated the specific effect of GPD2 overexpression on mitochondrial ROS 

in cardiomyocytes. We observed that in the way similar to miR-210 LNA, GPD2 

overexpression increased ROS in the mitochondrion and cardiomyocyte injury induced 

by OGD/reoxygenation, which were blocked by MitoQ (Figure 7, D–F). In addition, we 

found that GPD2 overexpression enhanced mitochondrial OCR, decreased oxygen usage 

to ATP production, increased OCR linked to proton leak, decreased coupling efficiency of 

mitochondrial energy production, and decreased glycolysis and glycolytic capacity in OGD/
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reoxygenation-treated cardiomyocytes. Of importance, MitoQ negated the effects induced 

by GPD2 overexpression (Supplemental Figure VIII). Thus, both loss-of-function and gain-

of-function findings provide explicit evidence that GPD2 is a key player in the effect of 

miR-210 on mitochondrial ROS generation in cardiomyocytes.

Knockdown of GPD2 protects the heart and negates the effect of miR-210 deficiency on IR 
injury

We then determined whether and to what extent endogenous miR-210 regulates GPD2 in 

the heart. We found that GPD2 protein abundance was significantly increased in the heart of 

miR-210 KO mice, as compared to WT mice (Figure 8, A). Increased GPD2 was maintained 

and enhanced in the heart of miR-210 KO mice after IR at 4 h and 24 h, respectively 

(Figure 8, B). We verified that GPD2 is a target of miR-210 in MI and demonstrated the 

binding of endogenous miR-210 to GPD2 3’UTR in vivo in the heart after ischemia for 

30 min and reperfusion for 24 h. In agreement with the increase in miR-210 binding to 

GPD2 3’UTR in miR-210 mimic-transfected cardiomyocytes, IR significantly increased the 

binding of miR-210 to GPD2 3’UTR in the heart, which was not observed in miR-210 KO 

mice (Figure 8, C). In concert, intravenous administration of miR-210 mimic prior to the 

IR treatment decreased GPD2 protein abundance in the heart of WT mice and blocked the 

effect of miR-210 deficiency on GPD2 protein in the setting of acute heart IR (Figure 8, D).

We further determined whether and to what extent knockdown of GPD2 inhibits IR-induced 

mtROS production and MI in WT and miR-210 KO mice. We first validated that GPD2 

siRNAs knockdown GPD2 protein expression in the heart of both WT and miR-210 KO 

mice underwent acute IR treatment (Figure 8, E). We then observed that knockdown of 

GPD2 protein abundance decreased IR-induced mtROS production and MI in WT and KO 

mice, and negated the effect of miR-210 deficiency on increased mtROS production and 

MI (Figure 8, F–H). In concert, knockdown of GPD2 in the heart recovered exaggerated 

dysfunction of left ventricular EF and FS observed in miR-210 KO mice 3 days after IR 

(Figure 8, I and J). Other systolic and diastolic parameters were not or slightly altered by 

GPD2 knockdown in WT and miR-210 KO mice exposed to IR (Supplemental Figure IX).

Discussion

The present finding with loss-of-function and gain-of-function in miR-210 KO mice and 

using miR-210 mimic provides cause-and-effect evidence that endogenous miR-210 in the 

heart serves a compensatory mechanism and protects the heart in IR-induced AMI and 

resultant cardiac dysfunction. The observation of the sex-specific effect in male animals is 

of great interest, albeit the mechanisms remain elusive. Epidemiological data show that 

pre-menopausal females have reduced risk and death rates for coronary heart disease. 

Although female sex hormones may be beneficial in protecting the heart, a large clinical 

trial failed to show cardioprotection for postmenopausal women on estrogen-progestin 

replacement,21 highlighting the complexity of gender-based differences in mechanisms 

of protection in myocardial IR injury. Among other mechanisms, an intricate interplay 

of sex-biased miRNA networks and intrinsic sex differences in mitochondrial genotype 

and phenotype may contribute to gender differences in cardiovascular disease.22–24 The 
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discovery of novel regulatory mechanisms of miRNA in the pathogenesis of heart disease 

has presented new opportunities.5,25–27 Several studies revealed cardioprotective effects 

of miR-199a, miR-210, miR-499, antimiR-21 and antimiR-92a in treatment of AMI and 

adverse infarct remodeling in rodent and pig models.2,28–31 Yet, a certain causal role for 

miRNA in cardioprotection is still controversial. In this study, we demonstrate explicitly 

in miR-210 KO mice a causative effect of endogenous miR-210 on protecting the heart 

and improving cardiac function in a murine model of myocardial infarction. Indeed, the 

role of miR-210 in regulating oxidative stress and hypoxic response is in clinical trials 

for peripheral artery disease (ClinicalTrials.gov Identifier: NCT04089943) and diabetes 

(ClinicalTrials.gov Identifier: NCT02629406).

In this study we provide evidence that the stress response of miR-210 in the heart presents 

a compensatory mechanism of inhibiting mitochondrial oxygen consumption during IR 

and protects the heart from IR injury. MiR-210 is robustly induced by hypoxia, and is a 

master regulator of the cellular hypoxic response by targeting mitochondria and inhibiting 

complex I activity and mitochondrial oxygen consumption.32–34 We found that miR-210 

deficiency significantly increases mitochondrial oxygen consumption in the heart after 

myocardial ischemia and during reperfusion, which is accompanied by an increase in 

IR-induced mtROS and AMI. Of importance, we observed that miR-210 mimic negates 

the effect of exaggerated mitochondrial respiration, mtROS production and MI in miR-210 

KO mice. These findings of loss-of-function and gain-of-function provide explicit evidence 

that miR-210 is necessary and sufficient in controlling mitochondrial bioenergetics and 

ROS generation in the setting of heart IR injury. The observation that despite an increase 

in mitochondrial oxygen consumption, the coupling efficiency of energy production is 

significantly decreased with a reduction of ATP generation and an increase in proton leak 

in miR-210 KO mice, is of great interest. Although proton leak contributes to the reduction 

of mtROS generation and facilitates exertion of the protective loop that helps to reduce 

the effects caused by ROS on biological systems, excessive proton leak promotes ROS 

production, damage of mitochondria and cell viability in the heart.35–37 Mitochondrial 

dysfunction and energy deficiency have been strongly implicated in the development of heart 

failure with reduced ejection fraction (HFrEF).38–40 MiR-210 deficiency-mediated decrease 

in ATP production through oxidative phosphorylation in conjunction with reduced glycolytic 

activity during IR is likely to contribute to exaggerated dysfunction of left ventricular 

ejection fraction and fractional shortening observed in miR-210 KO mice and promote 

the development of HFrEF in ischemic heart disease. Increasing glycolysis contributes to 

slowing ATP depletion and maintaining higher free energy from ATP hydrolysis, which 

positively affects systolic and diastolic function during IR.41 The finding that miR-210 

mimic rescued the effect of miR-210 deficiency on reduced energy production and 

ejection fraction/fractional shortening supports a beneficial role of miR-210 in preserving 

cardiomyocyte energy and fine-tuning heart response to IR and development of heart failure.

Despite the large body of evidence supporting the critical role of ROS production and 

oxidative stress in ischemic heart disease, large clinical trials with untargeted antioxidants 

failed to deliver clinically significant benefits.42,43 Inhibition of mtROS generation on 

reperfusion by antioxidants targeting mitochondria may provide better clinical outcomes. 

MitoQ is a mitochondria-targeted antioxidant and has been shown to be cardioprotective in 
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a rat model of cardiac ischemia-reperfusion injury.44 In the present study, we observed that 

MitoQ decreases mtROS in the heart of WT and KO mice and negates the increased mtROS 

in miR-210 KO mice. Of importance, MitoQ reduces IR-induced AMI and improves left 

ventricular EF and FS in WT and KO mice, and negates the effect of miR-210 deficiency 

on IR-mediated AMI and left ventricular dysfunction. These findings support a therapeutic 

potential of MitoQ in ischemic heart disease and provide evidence of a causal role of mtROS 

in exaggerated AMI and heart dysfunction observed in miR-210 KO mice in the setting of 

IR. The mitochondrion is not only the main source of ROS but also a primary target of ROS 

damage. We found that MitoQ blocks the effect of miR-210 deficiency on mitochondrial 

respiration and significantly improves the coupling efficiency of energy production in the 

heart of both WT and miR-210 KO mice, revealing a mechanistic link of inhibition of 

mtROS and improvement of mitochondrial bioenergetics during heart IR. This is consistent 

with the observation of improvement of left ventricular EF and FS in both WT and miR-210 

KO mice. The intricate effect of MitoQ on increasing coupling efficiency of ATP production 

through oxidative phosphorylation without significantly increasing mitochondrial oxygen 

consumption during IR is of great interest and may be of a significant benefit in treatment of 

heart failure. Indeed, MitoQ improves mitochondrial dysfunction and increases β-oxidation 

and ATP generation in heart failure induced by pressure overload.45 Of importance, MitoQ 

has now been in multiple clinical trials including that of heart failure.46

From a therapeutic perspective, blocking the excessive ROS production that occurs on 

ischemia and reperfusion at its source of mitochondria rather than scavenging ROS after 

it has been produced presents a more effective strategy, which may alleviate the potential 

harmful effect of antioxidant treatment on physiological ROS in cellular homeostasis. In 

addition to succinate dehydrogenase-dependent ROS production in mitochondria during 

IR9,47, we identified GPD2 as a novel target of miR-210 in the heart undergoing IR-

induced MI. GPD2 is a membrane-bound protein to the outer face of mitochondrial inner 

membrane, and together with cytosolic GPD1 regulates GP-shuttle between cytosolic and 

mitochondrial energy production and redox balance. GPD2 was the first of mitochondrial 

dehydrogenases to be characterized as ROS producer.13, 48,49 Indeed, GPD2 produces high 

amounts of ROS, accounting for ~39%−52% of the total H2O2 generating capacity in mouse 

heart mitochondria.50 The most likely source of GPD2-dependent ROS production is the 

Q-binding pocket of GPD2 and superoxide is produced on both sides of the mitochondrial 

inner membrane in the matrix and intermembrane space.51 ROS production by GPD2 is 

regulated by the expression level of GPD2, glycerol 3-phosphate (G3P) and calcium, and 

raised levels of G3P and calcium during ischemia increase superoxide production from 

GPD2. We demonstrate that GPD2 is a direct target of miR-210 and both loss-of-function 

and gain-of-function findings provide explicit evidence that downregulation of GPD2 plays 

a key role in the specific effect of miR-210 on mitochondrial ROS generation in protection 

of cardiomyocyte viability in response to OGD/reoxygenation. Of importance, we found 

that miR-210 deficiency markedly upregulates GPD2 protein abundance in the heart in 

the setting of IR, suggesting that endogenous miR-210 maintains low levels of GPD2 in 

the heart. Consistent with the findings in cardiomyocytes of OGD/reoxygenation model, 

we observed that knockdown of GPD2 protein abundance decreases IR-induced mtROS 

production and AMI in WT and KO mice and blocks the effect of miR-210 deficiency 
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on increased mtROS production and AMI. In concert, knockdown of GPD2 in the heart 

negates the exaggeration of left ventricular dysfunction in miR-210 KO mice after IR. 

Besides GPD2, both GPD1 and recently identified phosphoglycolate phosphatase acting as 

a G3P phosphatase (G3PP)52 are involved in regulation of the GP pathway. However, GPD2 

is a rate-limiting step in the GP-shuttle. In addition, G3PP has a significantly higher Km 

as compared to the G3P dehydrogenase. Rather than affecting the metabolic flux through 

the glycolytic or lipid biosynthetic pathways under normal cellular levels of G3P, G3PP 

may protect the heart by removing the excess G3P produced when glucose and lipid levels 

are high, thereby prevent glucotoxicity and glucolipotoxicity that have been implicated in 

diabetic cardiomyopathy and heart failure.53 Taken together, these findings reveal a novel 

mechanistic link of GPD2 in miR-210-mediated regulation of mtROS production in the 

heart during IR and present a new therapeutic target in treatment of ischemic heart disease 

and heart failure. Whereas it is out of scope in this study, it remains intriguing for future 

investigation whether GPD2-dependent ROS production may affect the mitochondrial inner 

membrane potential that contributes to post-ischemic arrhythmias.54,55

The limitations of this research have revolved around a small animal mode, i.e. the mouse. 

The findings must be validated in large animal models before further interpretation of 

clinically meaningful targets and interventions revealed in the study. Another limitation is 

that the study focuses on male animals based on the initial finding that miR-210 deficiency 

shows a sex-specific effect on cardiac dysfunction after AMI in male mice. Further study 

must involve female animals and examine in great detail the sex-difference in mechanisms 

of protection in myocardial IR injury, particularly the differences in miRNA networks 

and mitochondrial phenotype. In addition, the effect and mechanistic role of miR-210 in 

different cardiac cells such as myocardial cells, endothelial cells, and immune cells have 

not been thoroughly investigated since the study primarily covers the cytopathic metabolism 

phenotype in the heart tissue.

In conclusion, we demonstrate explicitly in miR-210 KO mice a causative effect of 

endogenous miR-210 on protecting the heart and improving cardiac function in a murine 

model of myocardial infarction. The findings of loss-of-function and gain-of-function 

provide clear evidence that miR-210 is necessary and sufficient in controlling mitochondrial 

bioenergetics and ROS generation, and support a beneficial role of miR-210 in preserving 

cardiomyocyte energy in the setting of heart IR injury. We identify a novel mechanistic link 

of GPD2 in miR-210-mediated regulation of mtROS production in the heart. The study also 

reveals the intricate effect of MitoQ on inhibiting mtROS and maintaining mitochondrial 

ATP production, and presents a therapeutic potential of MitoQ in treatment of ischemic heart 

disease and heart failure.
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Non-standard Abbreviations and Acronyms

IR ischemia-reperfusion

ROS reactive oxygen species

GPD2 glycerol-3-phosphate dehydrogenase

AMI acute myocardial infarction

miR-210 microRNA 210

WT wild type

KO knockout

IQRs interquartile ranges

ANOVA analysis of variance

LAD left anterior descending

PEI polyethylenimine

IVSd interventricular septal end diastole

IVSs interventricular septal end systole

LVIDd LV end-diastolic dimension

LVIDs LV end-systolic dimension

LVPWD left ventricular posterior wall thickness at end diastole

LVPWs left ventricular posterior wall thickness at end systole

EDV end-diastolic volume

ESV end-systolic volume

EF ejection fraction

SV stroke volume

FS fractional shortening

TTC 2,3,5-triphenylte-trazolium chloride

mtROS mitochondrial ROS

PBS phosphate buffer saline

OCR oxygen consumption rate

ECAR extracellular acidification rate

2-DG 2-deoxyglucose
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OGD oxygen-glucose-deprivation

RISC-IP RNA-induced silencing complex-immunoprecipitation

LDH lactate dehydrogenase

Adv-GPD2 adenoviral vector expressing GPD2

HFrEF heart failure with reduced ejection fraction

GP glycerophosphate

G3P glycerol 3-phosphate
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Clinical Perspective

What Is New?

• MiR-210 deficiency induces an ischemic sensitive phenotype and exaggerates 

AMI and cardiac dysfunction after MI in males in a gender-dependent pattern 

in a murine model of myocardial infarction.

• The study identifies a novel mechanism of miR-210 targeting GPD2 in 

controlling mitochondrial energy metabolism and ROS flux and improving 

cardiac function in the setting of acute IR injury.

• MiR-210 mimic and MitoQ negate the increase in mtROS and exert a 

protective effect of AMI and resultant cardiac dysfunction in heart IR.

What Are the Clinical Implications?

• Ischemic heart disease remains the most common cardiovascular disease and 

the leading cause of death globally.

• Novel cardioprotective strategies are still required to attenuate the detrimental 

effects of AMI and to improve adverse heart remodeling and cardiac 

dysfunction in patients with coronary heart disease.

• The present findings reveal new insights into the mechanisms and therapeutic 

targets for treatment of ischemic heart disease.
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Figure 1. MiR-210 deficiency exaggerates cardiac dysfunction after myocardial infarction in 
male mice.
MiR-210 knockout (KO) and their wild-type (WT) littermate control mice with C57Bl/6 

background at 2 months old underwent myocardial infarction (MI) induced by in vivo heart 

ischemia and reperfusion (IR) treatment via ligation of the mid-left anterior descending 

coronary artery for 30 min followed by reperfusion. Sham-operated animals without ligation 

of LAD coronary artery served as naïve controls. Hearts were isolated after 4 h or 24 h 

reperfusion and miR-210 in the heart was measured (A). Cardiac function was evaluated 

by echocardiography prior to or up to 6 weeks after in vivo IR treatment (B-E). Data are 

means ± SD, with n=5–6 animals per group, and analyzed by three-way ANOVA (A) or 

two-way repeated-measures ANOVA (B-E) followed by Tukey’s test. P values are shown in 

the Figure.
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Figure 2. MiR-210 mimic exerts a protective effect on IR-induced MI and cardiac dysfunction.
Male miR-210 knockout (KO) and their wild-type (WT) littermate control mice with 

C57Bl/6 background at 2 months old underwent myocardial infarction (MI) induced by 

in vivo heart ischemia and reperfusion (IR) treatment via ligation of the mid-left anterior 

descending coronary artery for 30 min followed by reperfusion. MiR-210 mimic (10 

nmol/kg) or negative control was intravenously administered 1 h prior to the IR treatment. 

MI (A, B) and functional echocardiography (C, D) were evaluated 72 h after IR. Data are 

means ± SD, with n=5–8 animals per group, and analyzed by two-way ANOVA followed by 

Tukey’s test. P values are shown in the Figure.
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Figure 3. MiR-210 controls mitochondrial bioenergetics in the acute heart IR.
Male miR-210 knockout (KO) and their wild-type (WT) littermate control mice with 

C57Bl/6 background at 2 months old underwent myocardial infarction (MI) induced by 

in vivo heart ischemia and reperfusion (IR) treatment via ligation of the mid-left anterior 

descending coronary artery for 30 min followed by reperfusion. MiR-210 mimic (10 

nmol/kg) or negative control was intravenously administered 1 h prior to the IR treatment. 

The hearts were harvested 24 h after IR and mitochondrial oxygen consumption rate (OCR) 

(A-F) and extracellular acidification rate (ECAR) (G-I) were analyzed by Seahorse XFe24 

Analyzer in isolated cardiac muscle fiber bundles. Seahorse real-time traces and averaged 

data for OCR (A) and ECAR (G) including the chemical agents that dissect the metabolic 

responses are shown. Data are means ± SD, and analyzed by two-way ANOVA followed by 

Tukey’s test (A-E) or median and IQRs with non-parametric Kruskal–Wallis test followed 

by Dunn’s test (F, G), with n=5–6 animals per group. P values are shown in the Figure.
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Figure 4. MiR-210 suppresses mitochondrial ROS in acute heart IR injury and cardiac 
dysfunction.
Male miR-210 knockout (KO) and their wild-type (WT) littermate control mice with 

C57Bl/6 background at 2 months old underwent myocardial infarction (MI) induced by 

in vivo heart ischemia and reperfusion (IR) treatment via ligation of the mid-left anterior 

descending coronary artery for 30 min followed by reperfusion. MiR-210 mimic (10 

nmol/kg) or negative control was intravenously administered 1 h prior to the IR treatment. 

MitoQ (4 mg/kg) or vehicle control (DMSO, 1%) was intravenously applied 15 min prior to 

the IR. Mitochondria were isolated from the hearts 24 h after IR and mitochondria-derived 

ROS was analyzed with MitoSOX Red (A, B). MI (C, D) and functional echocardiography 

(E, F) were evaluated 72 h after IR. Data are means ± SD, with n=5 animals per group, and 

analyzed by two-way ANOVA followed by Tukey’s test. P values are shown in the Figure.
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Figure 5. MitoQ rescues the effect of miR-210 deficiency on mitochondrial bioenergetics.
Male miR-210 knockout (KO) and their wild-type (WT) littermate control mice with 

C57Bl/6 background at 2 months old underwent myocardial infarction (MI) induced by 

in vivo heart ischemia and reperfusion (IR) treatment via ligation of the mid-left anterior 

descending coronary artery for 30 min followed by reperfusion. MitoQ (4 mg/kg) or 

vehicle control (DMSO, 1%) was intravenously applied 15 min prior to IR. The hearts 

were harvested 24 h after IR and mitochondrial oxygen consumption rate (OCR) (A-F) and 

extracellular acidification rate (ECAR) (G-I) were analyzed by Seahorse XFe24 Analyzer 

in isolated cardiac muscle fiber bundles. Seahorse real-time traces and averaged data for 

OCR (A) and ECAR (G) including the chemical agents that dissect the metabolic responses 

are shown. Data are means ± SD, with n=5 animals per group, and analyzed by two-way 

ANOVA followed by Tukey’s test. P values are shown in the Figure.
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Figure 6. MiR-210 targeting GPD2 inhibits mitochondrial bioenergetics in modulating 
cardiomyocyte hypoxic injury.
Sequence of GPD2 3’UTR with miR-210 targeting sites and a schematic depiction of 

miR-210 silencing the GPD2 mRNA translation are shown in panel A. The binding 

of miR-210 to GPD2 3’UTR was assessed by RISC-IP assay in mouse neonatal 

cardiomyocytes (B). Mouse neonatal cardiomyocytes were treated with 50 nM miR-210-

LNA or scramble LNA (Neg. Ctrl) for 24 h, followed by subjecting to 2 h OGD and 

24 h reoxygenation. Control cells were cultured in the normoxic condition for the same 

durations. The levels of miR-210 were measured 24 h after reoxygenation (C). Mouse 

neonatal cardiomyocytes were treated with 100 nM GPD2 siRNA and 50 nM miR-210-LNA 

or scramble LNA (Neg. Ctrl) for 24 h, and then were subjected to OGD followed by 

reoxygenation (D-O). GPD2 protein abundance was determined with Western blots (D). 

Cell injury was measured with LDH release assay (E). Mitochondria-derived ROS was 

analyzed with MitoSOX Red (F). Mitochondrial oxygen consumption rate (OCR) (G-L) and 

extracellular acidification rate (ECAR) (M-O) were analyzed by Seahorse XFe24 Analyzer. 

Data are median and IQRs with Mann-Whitney U test (B), or means ± SD and analyzed 

by two-way ANOVA followed by Tukey’s test (C, E-O), with n=5 independent cultures per 

group. P values are shown in the Figure.
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Figure 7. MitoQ inhibits miR-210 LNA and GPD2 overexpression-induced mtROS generation 
and cardiomyocyte hypoxic injury.
Mouse neonatal cardiomyocytes were treated with miR-210 LNA (50 nM) or scramble 

LNA (Neg. Ctrl), Adv-GPD2 (1.6 × 107 pfu/ml) or Adv-null in the presence of MitoQ 

(250 nM) or vehicle control DMSO overnight, followed by subjecting to 2 h OGD and 

24 h reoxygenation. Mitochondria-derived ROS was visualized with MitoSOX Red and 

fluorescence was colocalized with mitochondria, as visualized with Mitochondria-GFP 

(mtGFP) using fluorescent confocal microscopy (A and D). Panels B and E show the 

quantitative data of mtROS. Cell injury was measured with LDH release assay (C and F). 
Data are means ± SD with n=5 independent cultures per group, and analyzed by two-way 

ANOVA followed by Tukey’s test. P values are shown in the Figure.
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Figure 8. Knockdown of GPD2 protects the heart and negates the effect of miR-210 deficiency on 
IR injury.
Male miR-210 knockout (KO) and their wild-type (WT) littermate control mice with 

C57Bl/6 background at 2 months old underwent myocardial infarction (MI) induced by 

in vivo heart ischemia and reperfusion (IR) treatment via ligation of the mid-left anterior 

descending coronary artery for 30 min followed by reperfusion. GPD2 protein abundance 

was measured in the heart before IR (A) and after IR (B) in WT and KO mice. Panel 

C shows the binding of endogenous miR-210 to GPD2 3’UTR in vivo in the heart after 

ischemia for 30 min and reperfusion for 24 h in WT and miR-210 KO mice. Panel D shows 

that intravenous administration of miR-210 mimic 1 h prior to the IR treatment decreases 

GPD2 protein abundance in the heart of WT mice and blocks the effect of miR-210 

deficiency on GPD2 protein in the setting of acute heart IR. GPD2 siRNAs (2 mg/kg) 

or control siRNAs were intravenously applied 24 h prior to the IR treatment, and hearts were 

isolated 24 h after IR. GPD2 protein abundance (E) was determined with Western blots and 
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mitochondria-derived ROS (F) was analyzed with MitoSOX Red. MI (G, H) and functional 

echocardiography (I, J) were evaluated 72 h after IR. Data are means ± SD, with n=5–8 

animals per group, and analyzed by t-test (A) and two-way ANOVA followed by Tukey’s 

test (B-J). P values are shown in the Figure.
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