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Abstract: Background and Aims: The heart in diabetic state is sensitive to myocardial ischemia reperfusion (mI/R) 
injury. In the present study, we investigated the potential mechanisms of modulating mI/R injury in diabetic state. 
Methods: Diabetic db/db mice and control non-diabetic mice were administrated with mI/R injury or sham opera-
tion. Mouse atrial-derived cardiac cell line HL-1 subjected to hypoxia-reoxygenation (H/R) was used as in vitro model 
of I/R injury to the heart. Results: Compared with normal mice, mI/R elevated the levels of myocardial infarct size, 
apoptosis and TXNIP expression (in mRNA and protein) in diabetic mice. Myocardial miR-135a expression level was 
reduced in diabetic mice regardless of mI/R treatment or not. MiR-135a overexpression protected myocardial cells 
from mI/R injury in diabetic mice. In vitro, high glucose incubation contributed to a significant down-regulation of 
miR-135a and up-regulation of TXNIP in cells with or without H/R treatment. Luciferase reporter assay showed that 
TXNIP was a target gene of miR-135a. MiR-135a overexpression protected HL-1 cells from H/R injury in high glucose 
condition, while this effect was reversed by up-regulated TXNIP. Conclusion: miR-135a protects against mI/R injury 
by decreasing TXNIP expression in diabetic state.
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Introduction

Ischemic heart disease is one of the leading 
cause of death worldwide. Although blood 
reperfusion is required for restoring myocardial 
oxygen supply and improving function of isch-
emic myocardium, it will contribute to a more 
severe myocardial injury after reperfusion than 
pure ischemia, which termed asmyocardial 
ischemia/reperfusion (mI/R) injury [1]. Diabetes 
is a high risk factor of congestive heart failure 
andischemic heart disease [2, 3]. The mortality 
in myocardial infarction patients with diabete-
sis three to four times as high as in nondiabetic 
patients [4-6]. In addition, the incidence of re-
infarction in myocardial infarction patients with 
diabetes is also increased significantly. Large 
body of evidences have demonstrated that dia-
betic heart is more sensitive to mI/R injury [7, 
8]. Therefore, the potential mechanisms of 
mI/R injury under the diabetic status are signifi-
cant to enable us to develop the new therapeu-

tic strategy for preventing ischemic heart dis- 
ease.

MicroRNAs (miRNAs), a type of small non-cod-
ing RNA molecule containing about 22 nucleo-
tides, are implicated in negative regulation of 
gene expression in various physiological pro-
cesses through binding 3’untranslated regions 
(3’UTR) of target genes [9-11]. Emerging stud-
ies have indicated the role of miRNAs in various 
cardiovascular disease, including ischemic 
heart disease [11, 12]. Some miRNAs such as 
miR-34a, miR-155, miR-153, miR-143 and miR-
135a have been reported to be a regulator of 
cardiac repair ormyocardial injury [13-17]. It  
has shown that miRNAs contribute to mI/R inju-
ry through modulating several key signaling 
pathways in cell survival, cell cycle and cell 
apoptosis [13, 18]. However, thestudies of mI/R 
injury in diabetic model is limited. Moreover, 
Type 1 diabetic model is commonly used in the 
existing researches. It is necessary to investi-
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gate the mechanisms of I/R injury in the setting 
of Type 2 diabetes mellitus (T2DM), which 
encompasses roughly 90% of diabetic patients. 

Thioredoxin-interacting protein (TXNIP), also 
known as thioredoxin binding protein-2 or vita-
min D3-up-regulated protein-1, is a regulator of 
cellular redox state and associated with cell 
apoptosis [19]. The experiments have indicated 
that high glucose up-regulates TXNIP expres-
sion levels, and TXNIP down-regulation func-
tions as alleviating mI/R injury in rats exposed 
to high glucose via reducing intracellular oxida-
tive stress [20, 21]. Therefore, the concept of 
TXNIP in protecting myocardial cells is widely 
established. However, the relationship between 
miRNAs and TXNIP in mI/R injury in diabetic 
status remains to belargely elucidated. 

In the present study, we firstly investigated the 
expression levels of some miRNAs in mI/R inju-
ry in diabetic mice,and the results demonstrat-
ed that only miR-135a was significantly up-reg-
ulated. TXNIP was considered as a potential 
target molecule of miR-135a, and the mecha-
nism underlying myocardial ischemia-reperfu-
sion injury in diabetic status was illustrated.

Materials and methods

Animals

Adult male diabetic C57BL/KsJdb/db mice and 
corresponding back-ground nondiabeticdb/m 
mice at 12 weeks of age, purchased from 
Nanjing Peng Sheng Biological Technology 
Development Co., Ltd, were used to establish 
mI/R injury model. The animal-related study 
was approved by Institutional AnimalCare and 
Use Committee of the Anhui Provincial Hospital 
affiliated to Anhui Medical University. The ani-
mal procedures were performed with the Guide 
for the Care and Use of Laboratory Animals. 

Myocardial ischemia/reperfusion injury in 
mice

Mice were anesthetized with 5% isoflurane intu-
bation. The adequacy of anesthesia and body 
temperature were monitored during surgery. 
The surgery was described previously [22]. In 
brief, the left coronary artery (LCA) was ligated 
and induced myocardial ischemia. In sham 
operated mice, the suture was placed beneath 
the LCA without ligating. After 30 min of myo-
cardial ischemia, releasing the ligature to initi-
ate the reperfusion, and reperfusion was last 

for 3 h. Then, the myocardial infarction area 
was determined. Mice were anesthetized and 
sacrificed by cervical dislocation. 

Myocardial infarction area detection

After 3 h of reperfusion, 4% Evans’ blue dye 
was injected into cardiac cavity via the thoracic 
aorta in a retrogradefashion. Ischemia region 
(area at risk, AAR) could not be dyed, and the 
non-ischemia regionwas dyed into blue. The 
heart was immediately explanted, and washed 
with normal saline. Left ventricle was then 
sliced into 1 to 2 mm cross sections, which 
were stained with 2% triphenyltetrazolium-chlo-
ride (TCC) at 37°C for 20 min. The viable tissue 
was stained in red and infarction tissue was not 
stained. The sections were observed and pic-
tured using microscope. Infarct size (IS) was 
measured by Image-Pro Plus image analysis 
software 4.1 and calculated as a percentage of 
the AAR in total left ventricle.

Cell culture

Mouse atrial-derived cardiac cell line HL-1 was 
cultured in culture plates, with coating gelatin/
fibronectin overnight at 37°C, and maintained 
in Claycomb medium(Sigma, USA) containing 
10% fetal bovine serum, 1% penicillin/strepto-
mycin, 0.1 mM norepinephrine and 2 mM 
L-glutamine at 37°C in a humid atmosphere of 
5% CO2. Cells were incubated with 5.5 mM (nor-
mal glucose) or 30 mM glucose (high glucose). 
Checked the cell status daily and replaced the 
medium every two days. HL-1 cells were trans-
fected with miR-135a mimic, miR-135a inhibi-
tor, pcDNA-TXNIP, negative control (Pre-NC) of 
miR-135a mimic, negative control (NC) of miR-
135a inhibitor or empty pcDNA (Guangzhou 
Ribobio Co., LTD, China) using Lipofectamine 
2000 (Invitrogen, USA) according to the manu-
facturer’s protocol. 

Hypoxia/reoxygenation in cells

HL-1 cell line was subjected to hypoxia-reperfu-
sion (H/R) as an in vitro model of I/R injury to 
the heart. The H/R cells were incubated in a 
humid atmosphere of 0.5% O2 for 15 h, and 
then treated with normal air atmosphere for 
another 6 h. 

TUNEL assay

Mouse cardiac tissues were fixed with formal-
dehyde for 24 h, and then routinely paraffin-
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embedded and sectioned. HL-1 cells were fixed 
with 4% fresh paraformaldehyde for 30 min at 
room temperature. Then, the apoptosis of car-
diac myocytes from mice and HL-1 cells were 
measured by Colorimetric TUNEL Apoptosis 
Assay Kit (Beyotime, China) according to the 
instructions. Fluorescence microscope showed 
that the nuclear of normal myocardial cells was 
dyed in blue, and apoptotic cell was dyed in 
green (TUNEL positive cells). The TUNEL posi-
tive cells were pictured in six fields/section. The 
average TUNEL positive cell was calculated. 

Real-time PCR

Total RNA was isolated from mouse cardiac tis-
sues and HL-1 cells with TRIzol reagent 
(Invitrogen, USA), and then utilized to synthe-
size complementary DNA (cDNA) usingreverse 
transcriptional kit (Takara, China) according to 
the manufacturer’s protocol. The expression 
levels of miRNAs and TXNIP were quantified by 
fluorescent quantitative real-time PCR with 
SYBR® Green PCR Master Mix (Applied 
Biosystems, USA) on ABIPRISM-7900 Sequence 
Detection System (Applied Biosystems, USA). 
An initial denaturation at 94°C for 10 min was 
followedby 45 cycles of denaturation at 94°C 
for 15 s, anneal at 60°C for 20 s, and extension 
at 72°C for 15 s. The relative expression of miR-
NAs and mRNA wascalculated with 2(-ΔΔCt)  
methods, with the levels of U6 and β-Actin act-
ing as controls, respectivly. 

Western blot

The myocardial tissuesof mice were harvested 
andwashed with ice-cold normal saline to 
homogenize. After removing the supernatant, 
the homogenate was used to abstract the total 
protein. RIPA lysis buffer was employed to 
obtain protein from tissue homogenate and 
HL-1 cells. Protein concentration was deter-
mined using a BCA Protein Assay Kit (Beyotime, 
China). Equal amounts of protein were separat-
ed by 10% SDS-PAGE, transferred to PVDF 
membranes and blocked in 5% nonfat milk. The 
primary antibodies against TXNIP (1:1000, 
Abcam, USA) and β-Actin (1:1000, Abcam, USA) 
were then incubated with membranes at 4°C 
overnight. After being washed with TBST three 
times, horseradish peroxidase-conjugated sec-
ondary antibody was then incubated for 1 h at 
room temperature. The bands were visualized 
using the enhanced chemiluminescent (ECL) 
substrate, with β-Actin severing as control.

Luciferase reporter assay

HL-1 cells were cultured in a 24-well plate at the 
concentration of 1×104 cells/well. Fragments of 
the 3’UTR of TXNIP containing potential miR-
135a binding sites were amplified by PCR 
method. The amplified product was cloned into 
psiCHECK-2 vector. Psi-TXNIP or empty vector 
was co-transfected with pre-miR-135a mimic/
inhibitor or negative control (pre-NC or NC) into 
cells using Lipofectamine 2000 (Invitrogen, 
USA) according to the manufacturer’s protocol. 
After 24 h of transfection, the luciferase activity 
was detected with a Dual-LuciferaseReporter 
Assay system (Promega, USA), and fireflylucifer-
ase was used to normalize the Renilla 
luciferase.

Detection of reactive oxygen species

The reactive oxygen species (ROS) level of myo-
cardial cells was determined by Reactive 
Oxygen Species Assay Kit (Beyotime, China) 
containing 2’,7’-dichlorofluorescin diacetate 
(DCFH-DA), which can freely pass through the 
cell membrane. Non-fluorescent molecule 
DCFH-DA can be oxidized by ROS to fluorescent 
2’,7’-dichlorofluorescin (DCF). The intracellular 
ROS level can be reflected by the fluorescence 
intensity of DCF.

Statistical analysis

All analysis were conducted using SPSS17.0. 
Data were represented as mean ± SEM. 
Differences in data between the groups were 
compared with independent-samples T test. A 
P value less than 0.05 was considered statisti-
cal significant.

Results

Diabetes aggravates the myocardial ischemia/
reperfusion injury

Both nondiabetic and diabeticmice were sub-
jected to 30 min of LCA ischemia followed by 
reperfusion, and the myocardial functions were 
evaluated at 3 h of reperfusion. As shown in 
Figure 1, the infarct size and apoptosis of myo-
cardial cells were significantly elevated by mI/R 
in diabetic mice compared with nondiabetic 
ones (P<0.01).

TXNIP expression is up-regulated in myocardi-
alischemia/reperfusion injury

TXNIP has been reported to link hyperglycemia 
and mI/R injury [20]. Therefore, we evaluated 



miRNA-135a mediating TXNIP in mI/R injury

2664 Am J Transl Res 2015;7(12):2661-2671

its expression in native mice with sham opera-
tion and then investigated in mI/R mice. 
Compared with Sham group, myocardial TXNIP 
expression in mRNA and protein levels was dra-
matically up-regulated in I/R mice (Figure 2). 
Moreover, the effect was more obvious in db/
db mice. 

miR-135 expression is down-regulated in myo-
cardial ischemia/reperfusion injury in vivo

Then, the expression of miRNAs including miR-
34a, miR-155, miR-153, miR-143 and miR-
135a was detected in myocardial cells. In nor-
mal or db/db mice, mI/R had no significant 
effect on the expression of miR-34a, miR-155, 
miR-153 and miR-143 levels. However, miR-

135a expression was markedly decreased by 
mI/R (Figure 3A and 3B). In addition, compared 
with normal mice, diabetic mice had the reduc-
tion of miR-135a level regardless of mI/R  
treatment or not (Figure 3C and 3D).

The effects ofhypoxia/reoxygenationon expres-
sion of TXNIP and miR-135a in HL-1 cells ex-
posed to high glucose

HL-1 cell line was subjected to H/R asin vitro 
model of I/R injury to the heart. The TXNIP and 
miR-135a expression was evaluated in this 
model. As shown in Figure 4A and 4B, the H/R 
cells had a decrease of miR-135a expression 
and an increase of TXNIP mRNA and protein 
expression both in cells exposed to 5.5 mM 

Figure 1. Diabetic state promoted myocardial injury in myocardial ischemia/reperfusion (mI/R) mice. A: Infarct size 
was measured byTCC staining. B: The apoptosis of myocardial cells was detected with TUNEL assay. Values are ex-
pressed as means ± SEM. Ten mice were investigated in each group. **P<0.01 vs. normal mice.

Figure 2. TXNIP expression in mRNA and protein levels was up-regulated 
by myocardial ischemiareperfusion (mI/R) injury both in normal and db/
db mice. A: The relative TXNIP mRNA expression level was quantified with 
real-time PCR. B: The TXNIP protein level was detected by western blot. 
Values are expressed as means ± SEM. Ten mice were investigated in 
each group. **P<0.01 vs. mice with sham operation.
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and 30 mM glucose. In the other hand, high 
glucose contributed to a more significant down-
regulation of miR-135a and up-regulation of 
TXNIP regardless of the treatment of H/R or not 
(Figure 4C and 4D). 

TXNIP is a potential target gene of miR-135a

We then investigated the relationship between 
miR-135a and TXNIP. Luciferase reporter assay 
demonstrated that co-transfection of miR-135a 
mimic decreased the TXNIP expression and its 
3’UTR activity (Figure 5A), while miR-135a 
inhibitor increased these levels (Figure 5B), 
which suggesting TXNIP was a potential target 
gene of miR-135a. 

miR-135a overexpression protects against 
hypoxia/reoxygenation injury in HL-1 cells 
exposed to high glucose

The protective effects of miR-135a on H/R 
injured myocardialcells were illustrated. As 

shown in Figure 6, H/R led to the increased lev-
els of ROS production and apoptosis in HL-1 
cells exposed to 5.5 mM or 30 mM glucose. 
Transfected cells with miR-135a mimic to up-
regulate its expression. The results showed 
that miR-135a overexpression protected HL-1 
cells against H/R induced increase of ROS and 
apoptosis in cells exposed to high glucose but 
not normal glucose. Moreover, up-regulated 
TXNIP reversed the protective effects of miR-
135a on H/R injured HL-1 cells.

miR-135a overexpression protects myocardial 
cells from ischemia/reperfusion injury in 
diabetic mice

Toconfirm whether miR-135a has a myocardial 
protective role in the process of mI/R in vivo, 
miR-135a mimic was injected into mice. The 
myocardial infarct size and apoptosis were sig-
nificantly elevated in mI/R, while injection of 
miR-135a mimic could prominently reduce 
these levels (Figure 7A and 7B).

Figure 3. diabetic state aggravatedthe 
down-regulation of miR-135a inmyocar-
dialischemia/reperfusion (mI/R) injured 
mice. (A) miRNAs expression was detected 
with real-time PCR in normal mice with or 
without the treatment of I/R. (B) miRNAs 
expression in db/db mice with or without 
the treatment of I/R. (C) miR-135a expres-
sion in normal and db/db mice with sham 
operation. (D) miR-135a expression in nor-
mal and db/db mice with I/R treatment. 
Values are expressed as means ± SEM. 
Ten mice were investigated in each group. 
**P<0.01 vs. Sham group in (A and B) or 
normal mice in (C and D).
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Discussion

Diabetes not only drives myocardial vulnerabil-
ity to infarction but also abolishes the effective-
ness ofcardioprotective interventions [23]. In 
the present study, mI/R injury resulted in the 
increased infarct size and apoptosis of myocar-
dial cells in type 2 diabetic obesedb/db mice 
compared with in control db/m mice, suggest-
ing heart in the setting of a diabetic state is 
more sensitive to mI/R injury, which is in con-

sistent with previous experimental and clinical 
studies [8, 24, 25]. We also found that miR-
135a was down-regulated and targeted TXNIP 
inmI/R injured myocardial cells, which was a 
potential mechanism fordeveloping the thera-
peutic strategies.

MiRNAs have been considered to be an impor-
tant regulator in various diseases such as can-
cers, immunological disorders and cardiac-
cerebral vascular disease [9, 12, 26]. Some 

Figure 4. High glucosepromoted the down-regulation of miR-135a and up-regulation of TXNIP in HL-1 cellsexposed 
to hypoxia/reoxygenation(H/R). (A) The miR-135a and TXNIP expression levels were detected by Real-time PCR and 
western blot in H/R injured HL-1 cells exposed to normal glucose (5.5 mM). (B) The miR-135a and TXNIP expression 
levels in H/R injured HL-1 cells exposed to high glucose (30 mM). (C) The miR-135a and TXNIP expression levels 
in normal HL-1 cells exposed to 5.5 mM or 30 mM glucose. (D) The miR-135a and TXNIP expression levels in H/R 
injured HL-1 cells exposed to 5.5 mM or 30 mM glucose. Values are expressed as means ± SEM. Each experiment 
was repeated three times. **P<0.01 vs. Normal group in (A and B) or 5.5 mM group in (C and D).

Figure 5. Alteration of miR-135a expression led to the regulation in 3’UTR activity of TXNIP in HL-1 cells. (A) Co-trans-
fected with psiCHECK-2-TXNIP vector and miR-135a mimic (or its negative control-Pre-NC) into cells, 3’UTR activity 
of TXNIPwas detected using luciferase reporter assay. (B) Co-transfected with psiCHECK-2-TXNIP vector and miR-
135a inhibitor (or its negative control-NC) into cells, 3’UTR activity of TXNIP was measured. Values are expressed 
as means ± SEM. Each experiment was repeated three times. **P<0.01 vs. Pre-NC group in (A) or NC group in (B).
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Figure 6. miR-135a overexpression protects against hypoxia/reoxygenation (H/R) induced increase of ROS produc-
tion and apoptosis levels in HL-1 cells exposed to high glucose. A: HL-1 cells with the treatment of H/R were cultured 
in 30 mM glucose. MiR-135a mimic (or pre-NC) and pcDNA-TXNIP (or pcDNA) were transfected into cells for 24 h. 
The intracellular ROS level and cell apoptosis were measured by DCFH-DA method and TUNEL assay, respectively. B: 
HL-1 cells with the treatment of H/R were cultured in 5.5 mM glucose. The intracellular ROS level and cell apoptosis 
were detected in HL-1 cells transfected with miR-135a mimic (or pre-NC) and pcDNA-TXNIP (or pcDNA). Values are 
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miRNAs have been reported in diabetes and 
I/R injury. Boon et al found suppression of miR-
34a participates in decreasing cell death and 
fibrosis in acute myocardial infarction by induc-
ing DNA damage responses andtelomere attri-
tion [27]. The recent study showed that miR-
155 promotesI/Rinjury by the alterations in 
recruitment of inflammatory cell and respirato-
ry oxidative burst ininflammatory sequelae of 
I/R injury [28]. MiR-153 and miR-143 have 
been also demonstrated to play the role in the 
modulation of VSMC proliferation andcardiac 
chamber morphogenesis [15, 16], which are 
potential molecules related to myocardial inju-
ry. MiR-135 is identified as a critical regulator 
ofmyogenesis, and the increase of miR-135 
expression is observed in thediabetic gastroc-
nemius skeletal muscle [17]. The role of miR-
135 in diabetic state is proposed to be medi-
ated through inhibiting insulin signaling and 
glucose uptake by targeting IRS2. Here, we 
determined the expression of miR-34a, miR-
155, miR-153, miR-143 and miR-135a levels in 
mI/R injury in vivo. Real-time PCR results 
showed that only miR-135a was significantly 
down-regulated by mI/R injury both in diabetic 
andnondiabetic mice. In vitro, HL-1 cell line was 
subjected to H/R asmodel of I/R injury to the 

heart. A decrease of miR-135a expression was 
also observed in myocardialH/R cells. More- 
over, miR-135a overexpression protected aga- 
inst H/R induced ROS and apoptosis increase 
only in cells incubated with high glucose but not 
normal glucose. Therefore, we speculated that 
miR-135a down-regulation might contribute 
partly to the mI/R injury in the diabetic state. In 
diabetic db/db mice, we confirmed that the 
injection of miR-135a mimic could prominently 
reduce the myocardial infarct size and apopto-
sis following mI/R injury. Additionally, the previ-
ous studies havealso indicated that miR-135a 
plays an important role in renal fibrosis [29], 
proliferation of cancer cells [30], and hypoxia-
mediated expression of 5-lipoxygenase-activat-
ing protein [31]. 

TXNIP is not only a regulator of cellular redox 
state, but also a critical modulator in cellular 
metabolism including glucose uptake/homeo-
stasis [32, 33]. Research has shown that TXNIP 
is implicated in insulin transcription [34], glyco-
lytic activity [32] andbeta-cell apoptosis [35], 
which links to the pathophysiologic process of 
diabetes. In the other hand, TXNIP acts as a 
novel mechanism in mI/R injury by mediating 
the activation NLRP3 inflammasome in isch-

expressed as means ± SEM. Each experiment was repeated three times. **P<0.01 vs. cells exposed to 5 mM or 
30 mM glucose. ##P<0.01 vs. cells treated with H/R and pre-NC. &P<0.05 vs. cells treated with H/R, miR-135a 
mimic and pcDNA. 

Figure 7. miR-135a overexpression reduced myocardial infarct size and apoptosis in myocardial ischemia/reperfu-
sion (mI/R) diabetic mice. Group A: diabetic mice with sham operation. Group B: diabetic mice with I/R injury. Group 
C: mI/R injured diabetic mice were injected with pre-NC. Group D: mI/R injured diabetic mice were administrated 
with miR-135a mimic by tail intravenous injection. A: Infarct size was detected with TCC staining. B: Myocardial 
apoptosis was measured by TUNEL assay. Values are expressed as means ± SEM. Ten mice were in each group. 
**P<0.01 vs. Group A. ##P<0.01 vs. Group C. 
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emic heart [21]. Su et al found that hyperglyce-
miapromotes the TXNIP expression and leads 
to the aggravation of cardiac injury following 
mI/R injury possibly through modulating p38 
MAPK and Akt activation [20]. However, the 
exact mechanism of TXNIP alterations in mI/R 
injury remains unclear. In the present study, we 
demonstrated that TXNIP was a target gene of 
miR-135a. MiR-135a mimic decreased the 
TXNIP expression and its 3’UTR activity in HL-1 
cells, while miR-135a inhibitor had the reverse 
result. Even more important, TXNIP upregula-
tion reversed the protective effects of miR-
135a on H/L injured HL-1 cells in high glucose 
condition. Therefore, it is proposed that miR-
135a functions as protective effects on myo-
cardial cells againstmI/R injury possibly by 
mediating TXNIP expression. 

Taken all together, the main findings of this 
study have demonstrated that diabetic state 
aggravated myocardial infarct following mI/R 
injury, and miR-135a down-regulation modulat-
ing TXNIP expression might contribute to this 
process. This study sheds new light onthe 
underlying mechanisms by which high glucose 
condition promotes mI/R injury, highlighting the 
significance of blood glucose control on cardio-
vascular disease. 
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