
J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 3 , N O . 3 , 2 0 1 8

ª 2 0 1 8 T H E A U T H O R S . P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E AM E R I C A N

C O L L E G E O F C A R D I O L O G Y F O UN DA T I O N . T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R

T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .
PRECLINICAL RESEARCH
Diabetes Exacerbates Myocardial
Ischemia/Reperfusion Injury by
Down-Regulation of MicroRNA and
Up-Regulation of O-GlcNAcylation

Dandan Wang,a Xiaoyue Hu, MD,b Seung Hee Lee, PHD,b Feng Chen, BS,a Kai Jiang, BS,a Zizhuo Tu, BS,a

Zejian Liu, PHD,c Jing Du, MD, PHD,b Li Wang, PHD,d Chaoying Yin, PHD,d Yu Liao, MD,e Hongcai Shang, PHD,f

Kathleen A. Martin, PHD,b Raimund I. Herzog, MD,c Lawrence H. Young, MD,b Li Qian, PHD,d John Hwa, MD, PHD,b

Yaozu Xiang, MD, PHDa

VISUAL ABSTRACT
IS

F

U

C

ic

L

Wang, D. et al. J Am Coll Cardiol Basic Trans Science. 2018;3(3):350–62.
SN 2452-302X

rom the aShanghai East Hospital, School of Life Sciences and Technology, Advanced Institut

niversity, Shanghai, China; bSection of Cardiovascular Medicine, Department of Internal Med

enter, Yale University School of Medicine, New Haven, Connecticut; cSection of Endocrinol

ine, Yale University School of Medicine, New Haven, Connecticut; dMcAllister Heart Instit

aboratory Medicine, University of North Carolina, Chapel Hill, North Carolina; eDepartment
HIGHLIGHTS

� Optimal treatment for patients with

diabetes and myocardial infarction

remains a challenge.

� Hyperglycemia- and hyperinsulinemia-

induced miR-24 reduction and

O-GlcNAcylation in the diabetic heart

contributes to poor survival in diabetic

myocardial I/R and increased infarct size

post-I/R.

� Overexpression of miR-24 in murine hearts

significantly reduces myocardial infarct size.

� miR-24 targets multiple key proteins

including O-GlcNac transferase, ATG4A

(a key protein in autophagy), and BIM

(a pro-apoptosis protein) to protect the

myocardium from I/R injury.

� miR-24 is a promising therapeutic

candidate for diabetic I/R injury.
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SUMMARY
AB B
AND ACRONYM S

ATG4A = autophagy-related

gene 4a

BIM = Bcl-2-like protein 11

CVD = cardiovascular disease

DM = diabetes mellitus

I/R = ischemia/reperfusion

MI = myocardial infarction

OGT = O-GlcNac transferase
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Management for patients with diabetes experiencing myocardial infarction remains a challenge. Here the authors

show that hyperglycemia- and hyperinsulinemia-induced microRNA-24 (miR-24) reduction and O-GlcNAcylation in

the diabetic heart contribute to poor survival and increased infarct size in diabetic myocardial ischemia/reperfusion

(I/R). In a mouse model of myocardial I/R, pharmacological or genetic overexpression of miR-24 in hearts significantly

reduced myocardial infarct size. Experimental validation revealed that miR-24 targets multiple key proteins, including

O-GlcNac transferase, ATG4A, and BIM, to coordinately protect the myocardium from I/R injury. These results

establish miR-24 as a promising therapeutic candidate for diabetic I/R injury. (J Am Coll Cardiol Basic Trans Science

2018;3:350–62) ©2018TheAuthors.PublishedbyElsevieronbehalfof theAmericanCollegeofCardiologyFoundation.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
D iabetes mellitus (DM) is of growing concern,
with a prevalence approaching 400 million
worldwide and 30 million in the United

States (1). Type 2 diabetes mellitus (T2DM), account-
ing for approximately 95% of DM, is particularly
increasing due to insulin resistance from obesity (1).
Both type 1 diabetes mellitus (T1DM) and T2DM
enhance the risk for cardiovascular disease (CVD) by
2- to 6-fold (2), with mortality arising predominantly
from acute thrombotic cardiovascular events (3).
Intensive glycemic control appears to reduce the
risk of CVD in T1DM (4). In contrast, whether there
is a beneficial role for intensive glycemic control on
CVD in T2DM remains unclear (5–13).
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Over the past several years it has become clear that
alterations in the expression of microribonucleic acid
(microRNA or miRNA) contribute to the pathogenesis
of diabetes (14–18). MicroRNAs are small (w22 nt)
regulatory ribonucleic acid (RNA) molecules that
functionally modulate the activity of specific
messenger RNA targets involved in a wide range of
physiological and pathological processes (19).
Profiling of microRNA expression in patients with
diabetes has identified signatures associated with
diagnosis, progression, prognosis, and response to
treatment (14). We recently reported that miR-24 is
significantly reduced in both T1DM (glycated
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hemoglobin [HbA1c] >6.5% with absent C-peptide
levels) and T2DM (HbA1c >6.5% with normal or
higher C-peptide levels) due to hyperglycemia,
contributing to endothelial dysfunction (20). In the
present study, we have uncovered a possible unifying
mechanism that reconciles the disparate glucose
control and cardiovascular disease results between
T1DM and T2DM. Excessive insulin in T2DM patients,
from the use of insulin therapy on a background of
increased insulin, leads to dysregulation of a key
protective miRNA: miR-24. These results may present
a significant therapeutic dilemma in treating patients
with both T2DM and MI (21–23). Our study suggests
that therapeutic strategies leading to reduced insulin
usage, and thus up-regulating miR-24, potentially
protect against acute cardiovascular events in T2DM.

METHODS

HUMAN STUDIES. Clamp study . A total of 5 in-
dividuals with T1DM participated in the study and
underwent hyperinsulinemic (2 mU/kg/min) hypo-
glycemic (glucose w2.8 mmol/l) clamp studies, as
previously described (24). Subjects had no medical
problems other than T1DM and had a normal physical
examination and electrocardiogram. Blood tests
confirmed normal liver and renal function, but absent
C-peptide levels. Briefly, an intravenous catheter
was inserted into an antecubital vein; a primed
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continuous infusion of insulin (regular human
insulin, Novo Nordisk, Bagsvaerd, Denmark) was
then initiated and maintained at a constant rate of
2.0 mU/kg/min, and a variable rate of 20% dextrose
was infused concomitantly.

Blood miRNA analys i s . Blood samples were drawn
from consenting volunteers (healthy and DM sub-
jects) with overnight fasting at Yale University School
of Medicine (Human Investigation Committee
1005006865). Written informed consent was obtained
from all participating individuals. A total of 40 sub-
jects with DM (27 T2DM and 13 T1DM, American Dia-
betic Association definition) and 10 healthy control
subjects (HCs) were consecutively recruited for the
studies (Supplemental Table 1). A glucose tolerance
test was utilized to exclude participants with pre-
diabetes (impaired glucose tolerance). Platelet-rich
plasma (PRP) was prepared from blood by venipunc-
ture into 3.8% trisodiumcitrate (weight/volume). PRP
was obtained by centrifugation of blood at 250 g
(or 1,200 revolutions/min) at 25�C for 15 min. Platelet-
poor plasma (PPP) was obtained by centrifugation of
the PRP at 1,400 g at 25�C for 10 min (or 1,800 revo-
lutions/min for 5 min). The supernatant PPP was
stored at �80�C. PPP was used to determine levels of
miR-24 as described in the previous text.

ANIMALS. All mouse studies were approved by Yale
Institutional Animal Care and Use Committee. Wild-
type (WT) (C57BL/6J background) and diabetic mice
(BKS.Cg-Dock7m1/1 Lepr d/b/j) were purchased from
The Jackson Laboratory (Farmington, Connecticut).
Streptozotocin (STZ)-induced diabetic mice in the
C57BL/6J background were purchased from The
Jackson Laboratory and were injected with STZ
(50 mg/kg) intraperitoneally for 5 consecutive days to
induce recurrent episodes of acute hyperglycemia.
Four weeks after STZ administration, diabetic mice
were injected with insulin (lantus), and the whole
hearts were harvested. To generate the Myh6-miR-24
mice, a cDNA construct containing a 400-bp mouse
genomic region encompassing the miR-24-2 locus was
cloned downstream of the mouse cardiac myosin
heavy chain (aMHC/Myh6) promoter. Transgenic
mice were produced by microinjection of the
Myh6-miR-24 construct into fertilized mouse em-
bryos (C57BL/6 background), as previously described.
Transgenic mice were identified by polymerase chain
reaction (PCR) analysis of tail genomic DNA.

PLASMA ANALYSIS. Glucose was measured from the
tail-tip with a glucometer. The total RNA, including
miRNAs, was extracted and purified using QIAzol
lysis reagent and kits according to the manufacturer’s
instructions (Qiagen, Hilden, Germany). Plasma
insulin levels were measured using an ultrasensitive
mouse insulin enzyme-linked immunosorbent assay
kit (Crystal Chem, Downers Grove, Illinois).

miRNA MIMICS DELIVERY IN VIVO. The mirVanamiR-24
mimic and mimic controls (Life Technologies,
Waltham, Massachusetts) were complexed with
Invivofectamine 3.0 reagent (Invitrogen, Waltham,
Massachusetts) to form nanoparticles for in vivo
applications. miRNA oligonucleotides (5 mg/ml in
water, 250 ml) were mixed with manufacturer’s
complexation buffer (250 ml), and then Invivofect-
amine 3.0 reagent was added (500 ml). After a 30-min
incubation at 50�C, filtration was performed in 15 ml
phosphate-buffered saline to remove excessive salts
and solvents. The final concentration of miRNA oli-
gonucleotides was 1.25 mg/ml and was intravenously
delivered to db/db mice at a concentration of 5 mg/kg
body weight. Mice were euthanized 2 weeks after
in vivo delivery for detailed assessment.

IN VIVO MYOCARDIAL ISCHEMIA AND REPERFUSION.

WT, db/db, and miR-24-tg mice were anesthetized
with pentobarbital (60 mg/kg intraperitoneal injec-
tion) and subjected to left coronary artery occlusion
for 20 min, followed by 3 h of reperfusion. Hearts
were then excised and stained with Evans blue
and triphenyl tetrazolium chloride to measure
the ischemic area at risk and the area of necrosis
(25), respectively. Serum troponin I was measured
by enzyme-linked immunosorbent assay (Life
Diagnostics, West Chester, Pennsylvania). In separate
mice, reperfusion was limited to 10 min, and hearts
were then removed to study early reperfusion cell
signaling.

VECTORS, PLASMIDS, AND LUCIFERASE ASSAYS.

The human Bcl-2-like protein 11 (BIM) 3ʹUTR
(NM_138621, 4216bp), O-GlcNac transferase (OGT)
3ʹUTR (NM_181672, 2103bp), and autophagy-related
gene 4a (ATG4a) 3ʹUTR (NM_052936, 959bp) were
amplified from human genomic DNA by PCR,
confirmed by sequencing, and cloned into the XhoI
and NotI sites of psiCHECK-2 (Promega, Madison,
Wisconsin). The sequence GAGC in the predicted seed
sequences of BIM/OGT/ATG4A was mutated to ACTA.
Luciferase assays were performed in 96-well plates.
293T cells were cotransfected with the 3ʹ UTR reporter
or the empty control reporter, and a single miRNA
construct or an empty construct in each well. After
2 days, luciferase assays were carried out using the
Dual-Glo Luciferase kit (Promega) according to the
manufacturer’s instructions.

miRNA TRANSFECTION ASSAYS. Transient lipo-
somal transfection of miRNAs was performed ac-
cording to the manufacturers’ instructions. Briefly,

https://doi.org/10.1016/j.jacbts.2018.01.005


FIGURE 1 Diabetes Exacerbates Myocardial Infarction and Ischemia/Reperfusion Injury

(A) Comparison of fasting blood glucose levels in diabetic mouse models (n ¼ 10 to 12). (B) Enzyme-linked immunosorbent assay analysis of

fasting plasma insulin levels in diabetic mouse models (n ¼ 8 to 10). (C to E) Comparison of infarct size between wild-type (WT) and db/db

(leptin receptor knockout) mice subjected to ischemia for 20 min and reperfusion for 3 h. (F) Survival curve (log-rank [Mantel-Cox] test) of

WT, streptozotocin (STZ)-induced type 1 diabetes (with or without insulin therapy), and db/db (with or without insulin therapy) subjected to

20 min ligation of left anterior descending coronary artery (LAD) followed by ischemia/reperfusion (I/R) for 4 weeks.
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cells were split 1 day before transfection to reach
60% to 70% confluence on the day of transfection.
miR-24 mimic (Ambion, Thermo Fisher Scientific,
Waltham, Massachusetts; Catalog #4464066, mir-
Vana, miRNA mimic) and negative control (Ambion)
and Lipofectamine RNAiMAX Transfection Reagent
were mixed separately and incubated for 5 min with
Opti-MEM I media. Complexes were added together
and incubated for 20 min. Media were changed to
antibiotic-free media before the addition of
liposomal/miRNA complexes (final concentration
100 nmol/l). Cells were incubated for 4 h before the
media were changed to fresh media. Silencing of
miRNA targets was monitored for 48 h after trans-
fection by quantitative PCR analysis or by Western
blot analysis.
CARDIOMYOCYTE CULTURE AND TREATMENT. Car-
diomyocytes were isolated from male mice (1 to 2
days). In brief, after dissection, hearts were
washed and minced in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid–buffered saline
solution. Tissues were then dispersed in a series



TABLE 1 Survival in WT and Diabetic Mice Subjected to MI or I/R

Mice Type

1-Week Survival 4-Week Survival

MI MI þ Insulin I/R I/R þ Insulin

WT (C57BL/6J) 58% NA 91% 100%

STZ (T1DM) 14%* 63%† 31%‡ 77%§

Db/db (T2DM) NA NA 69% 25%k

Survival curves were analyzed using GraphPad Prism 6 (GraphPad Software,
La Jolla, California) (a log-rank [Mantel-Cox] test).*MI, STZ vs. WT, 14% vs. 58%;
p ¼ 0.0099. †MI, STZ þ insulin vs. STZ, 63% vs. 14%; p < 0.0065. ‡I/R, STZ vs.
WT, 31% vs. 91%; p ¼ 0.0023. §I/R, STZ þ insulin vs. STZ, 31% vs. 77%;
p ¼ 0.0223. kI/R, db/db þ insulin vs. db/db, 25% vs. 69%; p ¼ 0.0241.

I/R ¼ ischemia/reperfusion; MI ¼ myocardial infarction; STZ ¼ streptozotocin;
WT ¼ wild-type.
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of incubations at 37�C in 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid–buffered saline
solution containing 1.2 mg/ml pancreatin and 0.14
mg/ml collagenase. Subsequent supernatants were
collected and centrifuged at 200 g for 5 min. After
centrifugation, cells were resuspended in Dulbecco’s
modified Eagle medium/F-12 (GIBCO, Thermo Fisher)
containing 5% heat-inactivated horse serum, 0.1
mmol/l ascorbate, insulin-transferring-sodium sele-
nitemedia supplement, 100U/ml penicillin, 100mg/ml
streptomycin, and 0.1 mmol/l bromodeoxyuridine.
The dissociated cells were pre-plated at 37�C for 1 h.
The cells were then diluted to 1 � 106 cells/ml and
plated in 10 mg/ml laminin-coated different
culture dishes according to the specific experimental
requirements. Isolated cardiomyocytes or H9C2 cells
were transfected with miR-24 mimic (Ambion,
mirVana miRNA mimic) or negative control (Ambion,
Catalog #4464066) via Lipofectamine RNAiMAX
Transfection Reagent. Western Blot will be applied
for ATG4a (Abcam ab108322), OGT (CST #5368),
LC3 (Abcam ab51520), O-GlcNAc (CTD110.6 #12938),
and BIM (CST #2933). For O-glcNAcylation detection,
CTD110.6 antibody was covalently conjugated to
anti-IgM as described previously (26).

STATISTICAL ANALYSES. Statistical analyses were
performed using GraphPad Prism 6 (GraphPad Soft-
ware, La Jolla, California) and SPSS (IBM, Statistics
V22, Armonk, New York). Survival curves were
analyzed using a log-rank (Mantel-Cox) test. Statis-
tical differences were assessed with unpaired or
paired Student’s t test using GraphPad Prism 6.
Otherwise, statistical significance was determined
using 1-way analysis of variance followed by
Bonferroni’s multiple comparison correction. A 1-way
analysis of covariance was conducted to compare
differences of 3 or more independent groups
while controlling for covariates. Relationships be-
tween variables were determined by the Pearson
correlation coefficient. All p values <0.05 were
considered statistically significant.

RESULTS

DIABETES EXACERBATES MYOCARDIAL INFARCTION

AND ISCHEMIA/REPERFUSION INJURY. We initially
applied 2 diabetic mouse models (STZ alone modeling
insulin deficient T1DM and db/db for T2DM) (Figures 1A
and 1B, Supplemental Figures 1A to 1D) to perform
myocardial I/R surgery (subjected to 20 min ligation of
left anterior descending coronary artery) followed by
reperfusion for 3 h (for observation of infarct size) or 4
weeks (for observation of survival). The infarct size in
db/db mice had over a 3-fold increase compared with
WT mice (Figures 1C to 1E), consistent with previous
clinical reports of increased morbidity and mortality
post-myocardial infarction (MI) in diabetes mellitus
(1). STZ-induced diabetic mice had significantly
decreased survival post-I/R relative to that of WTmice
(survival 31% vs. 91%; p ¼ 0.0023) (Figure 1F, Table 1).
However, insulin infusion significantly increased
survival post-I/R in STZ-induced diabetic mice
compared with noninsulin treated mice (survival 77%
vs. 31%; p ¼ 0.0223) (Figure 1F, Table 1, Supplemental
Figure 1D). In contrast, there was a 45% decrease in
survival post-I/R between insulin- and noninsulin-
treated db/db mice (survival 69% vs. 25%; p ¼
0.0241) (Figure 1F, Table 1, Supplemental Figure 1B).
These suggest both T1DM and T2DM contributed to
worse outcomes in myocardial ischemia/reperfusion
(I/R), and the difference in response to insulin therapy
between them was possibly due to their baseline in-
sulin level and/or insulin sensitivity.

DOWN-REGULATION OF miR-24 BY INSULIN. T1DM
is characterized with hyperglycemia plus hypo-
insulinemia, whereas T2DM (early stage) character-
ized with hyperglycemia plus hyperinsulinemia. To
assess whether insulin regulates miR-24 levels, we
performed in vivo insulin infusion clamp studies
in DM human subjects (Yale Institutional Review
Board–approved protocol). To confirm that insulin
was being infused, plasma insulin levels were
measured as well as progression to hypoglycemia
(Figures 2A and 2B). Level of miR-24 decreased
despite progressing from hyperglycemia to euglyce-
mia (from 0 to 50 min), supporting that the insuli-
n infusion rather than glucose levels is the direct
cause for the reduction in miR-24 level (Figure 2C). As
further supporting evidence, in patients with T1DM
(where patients are on various forms of exogenous
insulin therapy for low insulin levels) we observed an
inverse correlation between circulating miR-24 and
plasma levels of insulin (Figure 2D). In a small pilot
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FIGURE 2 Down-Regulation of miR-24 in Response to Insulin Infusion in Human Plasma

Human plasma insulin (A), glucose (B), andmiR-24 level (C) response to insulin infusion, normalized to spiked-in cel-miR-238. (D) Correlation of

plasma miR-24 levels with insulin levels in T1DM patients. (E) Comparison of human plasma miR-24 levels in type 1 diabetes mellitus (T1DM)

(n¼ 13) and type 2 diabetesmellitus (T2DM) (n¼ 27), normalized to spiked-in cel-miR-238; analysis of covariancewas conductedwhile adjusting

for age and sex. (F) Comparison of human plasma miR-24 levels in healthy subjects (HC) (n¼ 10) and T2DMwithout insulin therapy (n¼ 13) or

with insulin therapy (n ¼ 13), normalized to spiked-in cel-miR-238; analysis of covariance was conducted while adjusting for age and sex.
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study, we observed an intriguing significant reduc-
tion in plasma miR-24 levels in T2DM (n ¼ 27)
compared with T1DM patients (n ¼ 13) (Figure 2E,
Supplemental Table 1), despite no significant differ-
ences in fasting glucose or HbA1c. Almost one-half of
T2DM patients were on insulin for glucose control, so
we separated the T2DM patients who took insulin.
The lowest miR-24 levels were observed in T2DM
patients on insulin therapy (Figure 2F, Supplemental
Table 1). This suggested that insulin itself (particu-
larly on a high background of insulin/insulin resis-
tance) may reduce miR-24 plasma level and possibly
further affect cardiac miR-24.
OVEREXPRESSION OF miR-24 REDUCES CARDIAC

DAMAGE AFTER MYOCARDIAL I/R INJURY. To deter-
mine the potential consequences of reduced miR-24
on myocardial function, we first compared the
myocardial infarction size in response to I/R between
WT and db/db mice (Figure 3A). As mentioned in the
previous text, we observed a significantly increased
infarct size in diabetic hearts (Figures 1C to 1E).
Remarkably, with systemic injection of miR-24 mimic
into db/db mice (2 weeks prior to I/R), we observed
significant restoration of cardiac miR-24 levels
(Figure 3B) (miR-126 served as a control) and a reduc-
tion in infarct size (Figures 3C to 3E). The increase in
infarct size in DM mice (low miR-24) and its rescue by
exogenous miR-24 (restoring levels of miR-24) further
support a myocardial protective role for miR-24.
Notably, we also observed a significant reduction in
plasma insulin level and fasting glucose level with
intravenously delivery of miR-24 to db/db mice
(Figures 3F and 3G), which could contribute to the
decrease in infarct size in DM mice.

To demonstrate a cardiac-specific effect, we used a
cardiac-specific miR-24 overexpression mouse model.
Circulating miR-24 (including nanoparticle-packaged
miR-24) is easily endocytosed by cardiomyocytes
(27). Interestingly, miR-24 inhibits cardiomyocyte
apoptosis (28–30). To clarify cell-autonomous
effects of miR-24 on myocardial function during I/R,
we used a Myh6-miR-24 transgenic mouse model
where miR-24 is overexpressed in cardiomyocytes
(Figure 4A). In response to I/R injury (Figure 4B),
overexpression of miR-24 in cardiomyocytes
ameliorated the damages caused by myocardial I/R
compared with littermate controls (Figures 4C to 4E).
The protective effects observed in our transgenic
mice under myocardial I/R supports an essential
role for miR-24 in reducing myocardial infarct size.
miR-24 DOWN-REGULATES MULTIPLE TARGETS TO

COORDINATELY PROTECT MYOCARDIUM FROM I/R

INJURY. We then characterized the molecular
signaling from insulin to miR-24 and determined its
cardiac protection effect in vivo. A time course after
insulin injection in mice followed by cardiomyocyte
analysis demonstrated a significant increase in
canonical signaling through Akt phosphorylation at
30 min (post-insulin infusion), which persisted for
approximately 2 h (Supplemental Figure 2A). This
was associated with phosphorylation of c-Myc
which peaked at 60 min, and a delayed increase
in total c-Myc (Supplemental Figure 2B). c-Myc is
known to be downstream of Akt (31). We have
previously demonstrated that c-Myc negatively
regulates miR-24 (20).

The important question remained as to the
molecular mechanism by which miR-24 can protect
against cardiac damage after myocardial I/R injury.
During myocardial reperfusion, the electron
transport chain is reactivated, generating reactive
oxygen species (ROS). Other sources of ROS include
xanthine oxidase from endothelial cells and NADPH
oxidase from neutrophils. Such excessive ROS can
mediate cardiac myocyte damage, apoptosis, and
necrosis. Like other miRNAs, miR-24 has many
predicted targets, including key proteins involved in
myocardial reperfusion pathophysiology. Using both
TargetScan and miRANDA, we selected potential
miR-24 targets that intersected myocardial I/R
response genes and diabetic response genes
(Supplemental Figure 3). Four interesting potential
targets were identified: BIM (a pro-apoptosis pro-
tein), OGT (a protein involved in O-GlcNAc transfer)
(Figure 5A), and ATG4a (a key protein in the auto-
phagy pathway) (Figure 5B). To confirm direct
binding, we generated a reporter vector containing
a mutant in each 30UTR of OGT, ATG4a and BIM
(the sequence GAGC in the predicted seed se-
quences of each 30UTR was mutated to ACTA).
Cotransfection of the miR-24 mimic with these
constructs in HEK 293T cells markedly decreased
the luciferase expression from the WT sequence,
but not each mutant OGT/ATG4A/BIM construct
(Figure 5C). The addition of miR-24 to car-
diomyocytes significantly decreased the expression
of BIM, OGT, and ATG4A (Figures 5D and 5E, top),
consistent with the bioinformatics analysis and
previous findings (29) showing direct targeting of
BIM by miR-24. Intriguingly, when cardiomyocytes
were overexpressed with miR-24 treated with
different concentrations of insulin for 1 h, we
observed that miR-24 effectively reversed the
insulin-induced up-regulation of OGT in high
glucose-cultured cardiomyocytes (Figure 5E, bot-
tom). We further examined the OGT expression
and O-GlcNAcylation in mice models we utilized.
Both OGT and O-GlcNAcylation in heart lysates
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FIGURE 3 Overexpression of miR-24 Ameliorates Diabetic Ischemia/Reperfusion Injury

(A) Schematic protocol of miR-24 delivery and I/R surgery. (B)Quantitative polymerase chain reaction analysis ofmiR-24 expression in hearts of

db/dbmice treatedwithmimic control (n¼6) or treatedwithmiR-24mimic (n¼6) for 2weeks (normalized toU6). (C)Myocardial infarction size

assessed following in vivo I/R (20 min LAD ligation and 3 h reperfusion) after treatment with miR-24 mimic (5 mg/kg) or scramble control

intravenously, 2 weeks before LAD ligation. Representative images ofmyocardial tissue slices stainedwith Evans blue and triphenyl tetrazolium

chloride. (D) Quantitation of infarct risk area. (E) Quantitation of infarct area expressed as percentage of the nonperfused risk area during

coronary occlusion. (F) Enzyme-linked immunosorbent assay analysis of fasting plasma insulin levels inWT and db/dbmicewithwithoutmiR-24

mimic delivery (n ¼ 8 to 10). (G) Fasting plasma glucose levels in db/db mice with without miR-24 mimic delivery (n ¼ 10 to 12) (paired t test).

Abbreviations as in Figure 1.
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FIGURE 4 Cardiomyocyte-Specific Knock-In miR-24 Ameliorates Ischemia/Reperfusion Injury

(A) Quantitative polymerase chain reaction analysis of miR-24 expression in hearts of WT and transgenic mice [miR-24 tg] (normalized to U6).

(B) Schematic protocol for myocardial I/R surgery. (C) Representative images of WT and transgenic mice myocardial tissue slices stained with

Evans blue and triphenyl tetrazolium chloride. (D) Quantitation of infarct risk area. (E) Quantitation of infarct area expressed as percentage of

the nonperfused risk area during coronary occlusion. Abbreviations as in Figure 1.
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were remarkably reduced when overexpression of
miR-24 with either genetic (miR-24 tg) or pharma-
cological approaches (miR-24 mimic delivery
in vivo) (Figure 5F). Taken together, these data
further support that OGT, ATG4A, and BIM are
direct targets of miR-24, all of which contribute to
myocardial I/R injury.
DISCUSSION

CARDIOPROTECTION OR CARDIOTOXICITY ASSOCIATED

WITH INSULIN THERAPY. Our studies help explain
some of the longstanding conundrum of why inten-
sive glucose control does not appear to improve
cardiovascular morbidity and mortality in patients



FIGURE 5 miR-24 Regulates OGT and ATG4A to Play Cardioprotective Effects

Sequence alignment of miR-24 targeting sites on OGT (A) and ATG4A (B) 3ʹUTR among mammals based on the Targetscan database

information. (C) miR-24 inhibited luciferase activity of WT 3ʹUTR of OGT, ATG4A, and BIM, but exhibited no effect on luciferase activity of

each mutant 3ʹUTR. The assays were performed in triplicate from 3 independent experiments. (D) The change in intracellular miR-24 levels

when cardiomyocytes were transfected with miR-24 mimics and performed in triplicate from 3 independent experiments. (E) (Top)

Representative Western blot analyses of OGT, ATG4A, and BIM expression in response to miR-24 overexpression in cardiomyocytes,

normalized to HSP90 and actin. (Bottom) Cardiomyocytes were transfected with miR-24 mimic (Ambion mirVana miRNA mimic) or negative

control via Lipofectamine RNAiMAX Transfection Reagent. A total of 48 h after transfection, cells were treated with 100 nmol/l insulin for

another 1 h before harvested. The expression of OGT was analyzed by western blot. (F) OGT expression and O-GlcNAcylation of heart lysates

from WT mice or mice with cardiomyocyte-specific overexpression of miR-24, and heart lysates from in db/db mice with control or miR-24

mimic (Life Technologies, 5 mg/kg) delivery. Abbreviations as in Figure 1.
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FIGURE 6 miR-24 Overexpression Ameliorates Diabetic

Ischemia/Reperfusion Injury

We observed an increase in mortality post-myocardial infarction

or ischemia/reperfusion (I/R) in type 2 diabetic mice. We also

found a reduction of plasma and heart miR-24 levels in diabetic

mice. Systemic enrichment of miR-24 in db/db mice or

cardiomyocyte-specific overexpression of miR-24 in wild-

type (WT) mice significantly reduced myocardial infarct size

and alleviated cardiac injury. The possible mechanism underly-

ing miR-24–based therapeutics in diabetic I/R may involve

O-GlcNac transferase (OGT)–mediated heart protein

O-GlcNAcylation, autophagy-related gene4a (ATG4A)–mediated

autophagy, and Bcl-2-like protein 11 (BIM)–mediated apoptosis.
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with T2DM. Our data suggests that insulin therapy on
a background of higher insulin levels may lead to
reduced myocardial protection through a reduction of
miR-24. A significant percentage of T2DM patients
receive exogenous insulin injections despite already
having high baseline levels in the context of insulin
resistance. However, the mechanism underlying
intensive insulin therapy–induced cardiac injury in
T2DM remained unclear. Nolan et al. (32) proposed
insulin resistance as a physiological defense against
metabolic stress in T2DM. High doses of exogenous
insulin therapy promote excess glucose uptake and
glucolipotoxicity, resulting in increased ROS genera-
tion and toxic lipid accumulation that contributes
to cardiac injury. We previously reported hypergly-
cemia repression of miR-24 through activation of
aldose reductase and ROS production (20). Here, we
found that short-term insulin injection decreased
miR-24 in diabetic mice hearts, and intensive insulin
injection also decreased miR-24 in the plasma of
T1DM patients (Figure 2C). Our combined data sup-
ports that excessive insulin leads to reduced miR-24
levels, which acts as a key factor in myocardial
dysfunction associated with myocardial infarction
in DM. Apart from insulin therapy, whether other
antidiabetic agents such as DDP4i (33) and GLP1RA
(34) also affect miR-24 levels remains largely
unknown.

miR-24 TARGETS AND CARDIOVASCULAR DISEASE.

miR-24 has multiple targets in cardiomyocytes (29),
endothelial cells (28), and macrophages (35), all of
which are involved in diabetic cardiac complications.
In the heart, miR-24 has been reported to target BIM
and junctophilin-2 in cardiomyocytes, and targeting
transcription factor GATA2, p21-activated kinase
PAK4, and eNOS in endothelial cells (36). In the
vascular system, miR-24 was found to target chitinase
3-like 1 to limit vascular inflammation and matrix
metalloproteinase-14 in macrophage to retard
atherosclerotic plaque progression (35). Apart from
the reported targets of miR-24, bioinformatics also
predicts other targets, some of which are validated
in vitro in the present study, including O-GlcNAc
transferase (OGT). In diabetic hearts, O-GlcNAc levels
are increased and removal of O-GlcNAcylation re-
stores Ca2þ handling in diabetic hearts (37–39), sug-
gesting that targeting OGT represents a new possible
strategy for treating diabetic cardiomyopathy.
Although increased O-GlcNAcylation is directly linked
to hyperglycemia-induced glucose toxicity (40) and
insulin resistance (26), O-GlcNAcylation has been
reported to contribute to cardioprotection against
I/R in WT mice (41). In addition, cardiac-specific
deletion of OGT exacerbates heart failure, although
cardiac-specific ablation of OGT had no effect on
infarct size (24 h) and survival (4 weeks) (42). Thus,
we suggest that fine-tuning of microRNA-mediated
repression of OGT and O-GlcNAcylation is indispens-
able for cardiac function. Our findings support a novel
mechanism for the cardiovascular outcome when
chronic hyperglycemia (detrimentally increased
O-GlcNAcylation) encounters acute myocardial I/R
(beneficially increased O-GlcNAcylation). Interest-
ingly, miR-24 is also highly expressed in beta cells,
which requires further exploration.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Insulin infusion

decreased miR-24 levels in patients and survival post-myocardial

I/R in diabetic mice. Overexpression of miR-24 in murine hearts

significantly reduced myocardial infarct size.

TRANSLATIONAL OUTLOOK: Given that miRNA inhibitors

(e.g., miR-122 and -34) are already in clinical trials, the present

study motivates advanced clinical testing of miR-24 mimic

therapeutics in diabetic cardiomyopathy and MI.
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CONCLUSIONS

We have previously demonstrated that high glucose
levels can also reduce miR-24 from the endothelium
predisposing to thrombosis (20). Together, high
glucose and high insulin, as observed most dramati-
cally in T2DM, lead to a severe reduction in miR-24
level and an enlarged infarct through promoting
apoptosis and excessive O-GlcNAcylation (Figure 6).
Our data suggest that overload insulin is detrimental
to myocardial function through reducing the protec-
tive miR-24, particularly because the heart is nor-
mally one of the highest producers of miR-24. There
is strong evidence that patients with an AMI and
increasingly high glucose levels have increased mor-
tality at both 30 days and 1 year (43). This can be
attributed to both the hyperglycemia and insulin
therapies in addition to other factors.

CLINICAL PERSPECTIVES

Our data presented here pose a therapeutic dilemma
as well as its possible solution: if insulin therapy is
potentially detrimental to cardiac outcomes, as data
from our group and others suggest (32,44), then how
can we approach T2DM patients with hyperglycemia
not controlled by standard oral therapy? Although 1
analysis of the ACCORD (Action to Control Cardio-
vascular Risk in Diabetes) trial does not support that
insulin dose contributed to cardiovascular mortality
(45), our results demonstrate that type of insulin
infusion affects survival post-myocardial I/R in
type 2 diabetic mice. Although most pharmacological
agents used in the treatment of T2DM are geared
toward increasing endogenous insulin production,
only a small number enhance insulin sensitivity or
result in a lowering of circulating insulin levels.
Those agents include metformin, thiazolidinediones,
and SGLT2 inhibitors. It is intriguing to speculate
that miR-24 may play an important role in the hereto
unexplained large benefit of empagliflozin on
cardiovascular disease reported in T2DM patients
(46). However, based on our current and recent
findings that decreased miR-24 in diabetes increases
the risk of diabetic thrombotic and vascular compli-
cations, miR-24 enrichment therapy may be an
appealing adjunct therapy for patients with diabetes
who are at particular cardiac risk. Although the cell-
specific delivery, dosage, and timing for delivery are
the important factors for consideration, the use of
miR-24 mimics to diabetic cardiomyopathy and
thrombosis may offer exciting new therapeutic
opportunities.
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