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MicroRNA -148 alleviates cardiac dysfunction, immune disorders and myocardial
apoptosis in myocardial ischemia-reperfusion (MI/R) injury by targeting

pyruvate dehydrogenase kinase (PDK4)

Myocardial protection of miR-148/PDK4 in immature rats.

Qi Yin, Ping Wang, and Xiaohua Wu

Department of Health care center, Hainan People’s Hospital, Haikou, Hainan, China

ABSTRACT

Ischemic heart disease in children may be induced by varied factors, and there is no correspond-
ing systematic treatment up to now. This study aims to investigate the effects of microRNA (miR)-
148 on myocardial injury in immature rats with myocardial ischemia-reperfusion (MI/R) injury. In
this study, MI/R model was established by ligating the coronary artery of heart. The results
showed that miR-148 alleviated myocardial injury and rescued relevant parameters (mean ven-
tricular systolic blood pressure (MAP), left ventricular systolic blood pressure (LVSP), heart rate
(HR), creatine kinase-MB (CK-MB), cTn1 and Mb in immature rats with MI/R injury. Besides, miR-148
improved the immune dysfunction induced by MI/R through increasing the number of interleukin
(IL)-10* cells and reducing the number of inducible nitric oxide synthase (iNOS)" cells. In addition,
miR-148 relieved the apoptosis of cardiomyocytes induced by MI/R through inhibiting the
expression of Bax and elevating the expression of Bcl-2. Further molecular mechanism indicated
that pyruvate dehydrogenase kinase 4 (PDK4) was the downstream target of miR-148, which was
further confirmed by dual luciferase reporter assay and related expression detection. Accordingly,
silenced PDK4 attenuated cardiac dysfunction, immune disorder and myocardial apoptosis in
immature rats and enhanced the ability of antioxidant enzymes. What is more, activated SMAD
pathway induced by MI/R injury was then blocked by silenced PDK4. Taken together, our study
demonstrated that overexpressed miR-148 relieved cardiac dysfunction, immune disorder and
cardiomyocyte apoptosis in immature MI/R rats by PDK4 inhibition, which provided novel targets
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for MI/R injury treatment.

INTRODUCTION

Children with congenital heart disease are less
athletic and are always accompanied by beha-
vioral, emotional and cognitive disorders in
childhood [1], adolescence and even in adult-
hood [2]. Besides, children with congenital
heart disease are more likely to develop into
mental disorders and have poor quality of life
[3]. Myocardial ischemia is a multi-factor
pathophysiological state involving complex and
specific interactions between coronary arteries
and myocardium [4]. Decreased level of high-
energy phosphate decreases and acidosis are
common in myocardial ischemia, which further
lead to weakened myocardial contractility and
cardiac function. The protection of myocar-
dium is closely related to the metabolism,

structure and function of cardiomyocytes [5].
However, the protective effect of mature myo-
cardium in infants is significantly different
from that of immature myocardium.
Therefore, it is of great significance to explore
the protective mechanism of immature myocar-
dial ischemia-reperfusion (MI/R) in children
with congenital heart disease.

MicroRNAs (MiRNAs) are cell-specific non-
coding RNAs which regulate gene expression at the
post-transcriptional level [6]. In zebrafish, the miR-
133 family and miR-101A regulate cardiac regenera-
tion by targeting cell cycle factors [7]. Comparative
transcriptome maps of damaged zebrafish and
mouse hearts further confirmed that miR-26a was
a negative regulator of cardiomyocyte proliferation
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and it had great potential in targeted therapy after
myocardial infarction [8]. Up-regulated MiR-148a
has a positive regulatory effect on the myocardial
differentiation of human bone marrow mesenchy-
mal stem cell by targeting methyltransferase 1 gene
[9]. Besides, miR-148a is a new kind of myogenic
miRNA related to myogenic differentiation and the
expression of miR-148a is up-regulated during the
differentiation of C2C12 myoblasts [10]. In zebrafish
heart, miR-148 has been identified as the highest
regulator  of cardiac  regeneration  [11].
Inflammatory response plays a very important role
in MI/R injury. The level of inflammatory cell acti-
vation is directly related to the degree of MI/R injury
and the number of myocardial cell necrosis [12].
Previous study pointed out that high level of miR-
148a in macrophages regulated the host immune
response [13]. Thus, miR-148 is closely associated
with cardiomyocyte differentiation.

Pyruvate dehydrogenase kinase 4 (PDK4) is a key
enzyme regulating the activity of pyruvate dehydro-
genase complex and a key regulator of pyruvate
oxidation and glucose homeostasis [14]. Previous
study found that PDK4 inhibition increased myo-
cardial glucose uptake after myocardial I/R, thus
effectively promoting cardiac function recovery
[15]. Here, the protective effects of PDK4 in MI/R
injury and the targeting relationship between miR-
148 and PDK4 were explored.

Up to now, the effects and potential molecular
mechanism of miR-148 in myocardial protection in
children with congenital heart disease are still unclear.
Besides, previous study has never explored the asso-
ciation between immune system and miRNA in MI/R
injury. This study investigated the effects of miR-148
on cardiac dysfunction, immune disorder and apop-
tosis in immature rats with MI/R injury. We aim to
more clearly reveal the effects of miRNA in MI/R
injury, and provide effective target for MI/R injury
treatment.

MATERIALS AND METHODS
Cell transfection

MiR-148 Agomir and Agomir-negative control
(NC), Ad-PDK4 and Ad-NC were purchased from
Guangzhou RiboBio Technology Co., LTD. In vitro
experiments, HEK-293 T cells served as the control
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group (CONTROL). Transfection of miRNA ago-
mirs: Strictly following the manufacturer’s product
instructions, Mir-148 agomir and agomir-NC were
transfected into HEK-293 T cell lines through
Lipofectamine®2000 (Invitrogen, USA). The trans-
fection efficiency was detected by RT-qPCR for
48 h after transfection. Recombinant adenovirus
transfection: miR-148 agomir and AD-PDK4 were
respectively or jointly fully mixed with the transfec-
tion reagent, and incubated with the cells for 8 h after
25 min. After transfection for 48 h, HEK-293 T cells
were collected for further analysis.

Animals

48 healthy 2-week-old Sprague-Dawley (SD) rats
(weighing 60 ~ 75 g) were purchased from the
Experimental Animal Center of Guangzhou
University with the production license Number
SCXK (Yue) 2018-0002. According to local gov-
ernment regulations, the experiment was approved
by the Animal Ethics Committee. The rats were
fed at a temperature of 18 ~ 25 °C and a humidity
of 50%-70%, and the model was made after 7 days
of adaptive feeding.

Grouping and MI/R model in SD rats

In this study, in order to investigate the effects of
miR-148 on MI/R immature rats, the immature rats
were divided into the following four group in vivo
expreriments: Sham-+agomir-NC, Sham+miR-148
agomir, MI/R+ agomir-NC and MI/R+ miR-148
agomir. To further study the effects of miR-148
and PDK4 on MI/R immature rats, four groups
were divided as following: MI/R, MI/R+ miR-148
agomir, MI/R+ Ad-PDK4 and MI/R+ PDK4+ miR-
148. The MI/R injury model was established as pre-
viously described [16].

SD immature rats were injected intravenously
with ketamine (80 mg/kg) and Xylazine (20 mg/
kg). Heparin (1500 IU/kg) was also administered
intravenously to prevent thrombosis in the coronary
arteries. Make an incision in the left chest to separate
the muscles for exposing the ribs. A small incision
was made in the intercostal space of the fourth and
fifth ribs. Then the chest was opened to reveal the
heart, and the left anterior descending branch of the
left coronary artery was ligated for 30 min through
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suture, and the coronary blood flow was restored for
120 min. Thus, the model of ischemia-reperfusion
injury was formed. The criteria for successful MI/R
model construction refer to the previous literature
[17]. Only after thoracotomy was performed in
Sham group, ligation lines were crossed under the
anterior descending branch of the left ventricle of
coronary artery and ligation was performed. MiR-
148 agomir or/and Ad-PDK4 were injected with
50 pL miR-148 agomir or/and Ad-PDK4 (viral titer
1.2 x 10"° TU/mL) at 4 points above, below, left and
right of the left ventricular free wall of rats in MI/R
+ miR-148 agomir, MI/R+ Ad-PDK4, MI/R+ PDK4
+ miR-148 groups. Sham+agomir-NC and Sham
+miR-148 agomir groups were injected with 50 ul
blank controls in the same way. Close the chest
incision and close the skin incision.

The measurement of MAP, LVSP and HR

The hemodynamic parameters mean arterial pres-
sure (MAP), left ventricular systolic pressure
(LVSP) and heart rate (HR) were observed and
recorded continuously during the whole I/R
using the PowerLab biological signal acquisition
and analysis system (ADI Company, Australia).
The data were continuously measured for 5 times
(5 min before ischemia, 0 min and 30 min after
ischemia, and 30 min and 120 min after reperfu-
sion) and the mean value was calculated.

Detection of MDA, GSH and SOD levels

The activities of oxidative stress related enzymes
malonyldialdehyde (MDA), glutathione (GSH)
and superoxide dismutase (SOD) were evaluated
by corresponding detection kits according to the
instructions. The detection kits of MDA, GSH and
SOD were purchased from Nanjing Jiancheng
Bioengineering Institute.

The measurement of CK-MB, cTnl, Mb, iNOS and
IL-10 by ELISA

After the hemodynamic test, blood was collected
from the abdominal aorta and naturally coagula-
tion was performed for 30 min at 4 °C, 4500 r /
minx 10 min at 4°C. The serum was divided and
stored at —70°C. The content of creatine kinase

isoenzyme (CK-MB), Troponin I (cTnl), myoglo-
bin (Mb), inducible nitric oxide synthase (iNOS)
and interleukin (IL)-10 was detected by ELISA kits
(R&D Systems USA), respectively.

Hematoxylin-Eosin (HE) staining

After all the blood related experiments were com-
pleted, the rats were killed through cervical dislo-
cation under anesthesia (intraperitoneal injection
of sodium pentobarbital at the dose of 30 mg/ kg).
The HE staining was conducted according to stan-
dard protocols as previously described [18].
Corresponding tissue were collected for further
experiments. Xylene dewaxed tissue sections were
performed twice for 10 min each. Soak in 100%,
90%, 80% and 70% ethanol for 3 min successively.
Then, hematoxylin staining was used for
2 min, 1% hydrochloric acid ethanol was differen-
tiated for 10 sec, diluted ammonia reflux for
20 sec, and eosin staining was used for 3 min.
After each of the above steps, rinse with deionized
water for 3 times, 1 min each time. Then, the water
was dehydrated by 70%, 80%, 90% and 100% etha-
nol in turn, with a gradient of 5 min each. Xylene
was transparent for 2 times, 10 min each time, and
then sealed with neutral resin. E100 microscope
(Nikon, Japan) observed staining results and took
photos for recording.

Masson staining

The masson staining was conducted as previously
described [19]. The cardiac tissues were firstly
fixed with 10% formaldehyde for 24 hours at
room temperature. After decalcified, dehydrated,
permeabilized with xylene, the tissues were
embedded in wax and finally cut into 5-um-thick
sections. The cell nucleus was dyed for 5 minutes
using the Wiegert’s iron hematoxylin solution
(Sigma Aldrich, St. Louis, MO, USA). After rinsed
with distilled water for at least 3 times, the sections
were stained with 0.7% Masson-Ponceau-acid
fuchsin staining solution (Sigma-Aldrich) for
10 minutes at room temperature. Then, the sec-
tions were rinsed in 2% glacial acetic acid and
differentiated in phosphomolybdic acid for 4 min-
utes. The sections were directly stained with 2%
aniline blue dye solution (Sigma-Aldrich).



Following dehydrating with ethanol series, clearing
with xylene and mounting with neutral resins,
images of the stained sections were captured with
a light microscope.

CD4*'iNOS* and CD4*IL-10" cells in peripheral
blood were sorted by flow cytometry

Total of 1 x 10° cells were added to PBS. 100 L 1%
fetal bovine serum and 1 g CD16/CD32 were
placed on ice and incubated for 30 min to block
the nonspecific Fc interaction, then PC-CD4 and
APC-iNOS or FITC-IL-10 antibodies were used to
tag the cells for 1 h. The labeled cells were resus-
pended in PBS in 1% FBS and analyzed by flow
cytometry (BD, FACSAria II). Isotype IgG and
unstained cells were used as negative controls.
Using the same setting, CD4 and iNOS or IL-10
labeled cells were sorted by flow cytometry to
obtain CD4"iINOS" and CD4'IL-10" subsets. PI
(1 g/mL) was added to the cell suspension to
remove the separated dead cells.

TUNEL assay

TUNEL assay (C1098, Beyotime, Jiangsu, China)
was used to detect the apoptosis of tumor tissues
according to the manufacturer’s instruction. The
stained tissue was observed under a E100
microscope.

RNA pull down assay

The RNA pull down assay was conducted as
previously described [20]. Biotin was attached
to the 3’-end of miR-148 or the control. 1 x 10°
HEK-293 T cells were transfected with 100 pmol
Bio-miR-148, or negative control using
Lipofectamine 2000 according to the instruction.
After 48 hours, the cells were centrifuged at the
speed of 1000 rpm. After washed three times
using PBS, the cell pellets were re-suspended
using 0.7 ml lysis buffer (5 mM MgCl2,
100 mM KCI, 20 mM Tris (pH7.5), 0.3% NP-
40, 50 U of RNase OUT (Invitrogen, USA)),
complete protease inhibitor cocktail (Roche
Applied Science, IN) on ice for 10 min. Then,
the cell lysate was isolated through centrifugating
at 10,000 g for 10 min. The level of PDK4 in the
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pull down of Bio-miR-148 or the control was
detected through real-time PCR.

RT-qPCR

Total RNA was extracted from rat myocardial tissue
using Animal Tissue Total RNA Extraction Kit
(Tiangen, Beijing, China). RT-qPCR was performed
using Quant One Step RT-qPCR Kit (SYBR Green)
(Tiangen, Beijing, China). SYBR Green Master Mix
(Thermo Fisher) is used in ABI Prism 7000 Systems
(Applied Biosystems, USA). The thermocycling con-
ditions were as follows: A holding step at 95°C for
30 sec, and 40 cycles at 95°C for 5 sec and 60°C for
30 sec. The primers used for miRNA detection by
RT-qPCR were designed based on sequences pro-
vided by the Sanger Center miRNA Registry. The U6
was used as an endogenous control for miR-148
expression levels. All primers of mRNA were
designed as follows: PDK4 forward 5'-
AACACCAGGAAAATCAGCC-3, reverse 5-
AAAACCAGCCAAAGGAGC-3’; GAPDH forward
5-ACCCAGAAGACTGTGGATGG-3’, reverse 5-
TCTAGACGGCAGGTCAGGTC-3’. The result
was normalized to GAPDH and calculated with the
2~AACt 1],

Western Blot

The proteins in cells or tumors were isolated by
10% sodium dodecyl sulfate polyacrylamide gel
(Solarbio, Beijing, China) and transferred to poly-
vinylidene fluoride membrane (Solarbio, Beijing,
China). After being blocked by 5% skim milk, the
protein was incubated with the following first anti-

bodies: anti-iNOS, ab178945, 1:1000; IL-10,
ab133575, 1:1000; PDK4, ab110336, 1:1000;
GAPDH, ab8245, 1:2000 (Cell Signaling

Technology, USA) at 4 °C overnight. The sheep
anti-rabbit IgG-HRP (Solarbio, Beijing, China)
was washed with PBS and incubated for 1 h. The
strips were observed with the ECL chemilumines-
cence detection kit (Solarbio, Beijing, China) [22].

Cell transfection

The siRNA PDK4 (50pM), siRNA NC (50pM),
miR-148 inhibitor (100 nM), NC inhibitor
(100 nM) were obtained from RiboBio. NC
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mimic (50 nM) and miR-148 mimic (50 nM) were
purchased from Shanghai IBSBIO Co., Ltd. The
transfection was conducted using Lipofectamine
2000 (Life Technologies, Gaithersburg, MD,
USA) according to the manufacturer’s
instructions.

Dual luciferase reporter assay

The target between PDK4 and miR-148 was pre-
dicted using Targetscan (http://www.targetscan.
org/vert_71/). The 3’'UTR fragments of PDK4
(WT and MUT) were constructed into luciferase
reporting vector (pmirGLO) (Promega, USA):
Luc-PDK4 3’'UTR WT (PDK4-WT), Luc-PDK4
3UTR MUT (PDK4-MUT). Then, HEK-293 T
cells were co-transfected with agomir-NC or
miR-148 agomir/inhibitor-NC or miR-148 inhibi-
tor and pmirGLO (WT and MUT) [23]. Luciferase
activity was determined by a dual-luciferase repor-
ter assay kit (Promega, USA).

Statistical analysis

Experiments were repeated at least three times and
the data are presented as the means + standard
deviation. Statistical comparisons between two
groups were conducted using t test. Statistical
comparisons between different groups were con-
ducted using a two-way analysis of variance fol-
lowed by Bonferroni post hoc test using SPSS
version18.0. P < 0.05 was considered to indicate
a statistically significant difference.

RESULTS

Overexpression of miR-148 alleviates cardiac
dysfunction induced by MI/R in immature rats

In order to investigate the effect of miR-148 on the
cardiac function of immature rats with MI/R injury,
agomir-NC or miR-148 agomir were transferred into
rats in sham group and MI/R group respectively.
Myocardial injury was observed by HE staining. As
shown in Figure la, the edge of cardiomyocytes in
sham group was relatively intact. The myocardial
fibers were arranged neatly. No inflammatory cell
infiltration was found in myocardial interstitium.
The cardiomyocytes of rats in MI/R group were

swollen and deformed. The nucleus was concen-
trated or dissolved. Most of the myocardial fibers
were necrotic and the boundary was unclear. Some
myocardial fibers are twisted and broken. When
miR-148 was overexpressed, cardiomyocyte edema
was  significantly  alleviated  (Figure  2a).
Inflammatory cell infiltration also decreased signifi-
cantly. Myocardial fiber necrosis was significantly
alleviated (Figure 2a). The myocardial fibers were
arranged neatly. Cardiac function indexes such as
left ventricular systolic blood pressure (LVSP),
mean arterial pressure (MAP) and heart rate (HR)
were measured. The values of LVSP, MAP and HR
decreased significantly in MI/R group (Figure 1b, 1c
and 1d). At the same time, obviously elevated expres-
sion level of antioxidant index MDA and suppressed
expression level of GSH and SOD were also found in
MI/R group compared with the control, exhibiting
that the antioxidant function of myocardial cells is
largely decreased (Figure le, 1f and 1g). In addition,
expression of miR-148 was suppressed in the MI/R
group and suppressed expression of miR-148 was
rescued by the addition of miR-148 agomir
(Figs. 1H and 2a). However, the results of HE and
Masson staining showed that the damaged cardio-
myocytes and inflammation were effectively relieved
by overexpressed miR-148 (Figure 2b). Up-
regulation of miR-148 could reverse the decreased
level of MAP, LVSP, and HR induced by MI/R
(Figure 2¢, 2d and 2e). The indexes of myocardial
injury, such as creatine kinase isoenzyme (CK-MB),
troponin (CTn) and myoglobin (Mb) were also mea-
sured. The values of CK-MB, cTnl and MB were
significantly increased in MI/R group, but overex-
pression of miR-148 reversed the increase of CK-
MB, c¢Tnl and Mb induced by MI/R (figure 2f, 2g
and 2h). At the same time, decreased antioxidant
function of myocardial cells is largely resumed by
overexpressed miR-148 through down-regulating
the level of MDA and elevating the level of GSH
and SOD (Figure 2i, 2j and 2k).

Overexpression of miR-148 alleviates immune
disorder caused by MI/R

To investigate the immunomodulatory effect of
miR-148 on the peripheral blood of immature rats
with MI/R injury, the inducible nitric oxide synthase
(iNOS) and interleukin-10 (IL-10) positive cells in
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Figure 1. Comparison of cardiac dysfunction related index in MI/R group and sham group. (a) Pathological injury was
measured by HE staining (x200). (b) MAP value. (c) LVSP value. (d) HR value. (e) The content of MDA. (f) The content of GSH. (g)
The content of SOD. (h) Relative expression of miR-148 in MI/R group and sham group was measured by qPCR. The data is shown as

means * SD, **P < 0.01 vs. Sham group.

the immune system were detected by flow cytome-
try. As shown in Figure 3a-B, the number of
CD4"iINOS" cells increased significantly, while the
number of CD4"IL-10" cells decreased significantly
in MI/R group compared with the sham group.
Then, up-regulation of miR-148 reversed these
above results. The levels of iNOS and IL-10 in
peripheral blood of rats were also detected by RT-
qPCR and ELISA. As shown in Figure 3c, 3d, and
3g, the expression level of iNOS in peripheral blood
of immature rats was increased, while the level of IL-
10 was decreased in MI/R injury group compared

with the control. However, the change in the expres-
sion of iNOS and IL-10 was reversed by overex-
pressed miR-148. After the addition of miR-148
agomir, the level of iNOS was decreased, while the
level of IL-10 was increased. The expression of iNOS
and IL-10 in myocardium was also detected by
western blot. The results showed that the expression
of iNOS was up-regulated and the expression of IL-
10 was down-regulated in immature rats with MI/R
injury, and the overexpression of miR-148 reversed
these results (Figure 3e, 3f). These above results
suggest that the overexpression of miR-148
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Figure 2. Overexpression of miR-148 alleviates cardiac dysfunction induced by MI/R in immature rats. (a) Relative expression
of miR-148 was measured by qPCR. (b) Pathological injury was measured by HE staining (x200) and the Masson staining (x200). (c)
MAP value. (d) LVSP value. (e) HR value. (f) The content of CK-MB. (g) The content of cTn1. (h) The content of Mb. (i) The content of
MDA. (j) The content of GSH. (k) The content of SOD. The data is shown as means + SD, **P < 0.01 vs. Sham + agomir-NC group,
P < 0.05 vs. MI/R + agomir-NC group, and ns means no significant difference.

alleviated the immune disorder of immature rats
with MI/R injury.

Overexpression of miR-148 alleviates
cardiomyocyte apoptosis induced by MI/R
Apoptosis is an important phenotype of myocardial
injury, thus we investigated the effects of overex-
pressed miR-148 on cardiomyocyte apoptosis. In
this study, TUNEL method was used to detect the
effects of miR-148 on cardiomyocyte apoptosis
induced by MI/R in immature rats. The results
showed obviously increased apoptosis rate of

cardiomyocytes in immature rats with MI/R injury.
However, the apoptosis rate decreased rapidly with
forced overexpression of miR-148 (Figure 4a). As we
all know, Bcl-2 and Bax are important protein related
to apoptosis inhibition and promotion, respectively
[24]. Western Blot showed that MI/R injury led to
suppressed Bcl-2 expression and elevated Bax expres-
sion. However, overexpression of miR-148 sup-
pressed apoptosis by increasing the expression of
Bcl-2 and suppressing the expression of Bax
(Figure 4b). Taken together, these results suggest
that overexpression of miR-148 inhibited cardiomyo-
cyte apoptosis in immature rats with MI/R injury.
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peripheral blood were sorted by flow cytometry. (c) Relative expression of IL-10 was measured by gPCR. (d) Relative expression of
iNOS was measured by qPCR. (e-f) Relative protein levels of iNOS and IL-10 were measured by Western Blot. (g) The level of iNOS
was measured by ELISA. (h) The level of IL-10 was measured by ELISA. The data is shown as means + SD, **P < 0.01 vs. Sham +
agomir-NC group, *P < 0.05 vs. MI/R + agomir-NC group, and ns means no significant difference.

MiR-148 targets PDK4 gene

The target gene of MiR-148 was further explored.
The potential-binding sites of miR-148 and PDK4
were predicted by bioinformatics software, which
revealed that PDK4 might be the target gene of
miR-148 (Figure 5a). In order to verify the conjec-
ture, miR-148 was overexpressed and silenced by
transfecting miR-148 agomir and miR-148 inhibitor
into cells, respectively. As shown in Figure 5b and
5C, the expression of miR-148 was effectively up-
regulated or down-regulated with the transfection of
miR-148 agomir (Figure 5b) or miR-148 inhibitor
(Figure 5c) compared with the control group.
Besides, Dual luciferase reporter assay further con-
firmed the relationship between miR-148 and
PDK4. The luciferase activity was decreased signifi-
cantly after the co-transfection of PDK4-WT (wild

type) and miR-148 agomir (Figure 5d), and was
increased significantly after co-transfection of
PDK4-WT (wild type) and miR-148 inhibitor
(Figure 5e). However, luciferase activity was not
affected by both miR-148 agomir and miR-148 inhi-
bitor in PDK4 - mutate (MUT) group. At the same
time, the RNA pull down assay showed that endo-
genous PDK4 was enriched specifically in miR-148
probe detection compared with control group,
further indicating the targeting relationship between
PDK4 and the miR-148 (figure 5f). Furthermore,
siRNA targeting PDK4 in HEK-293 T cells was
constructed. RT-qPCR showed that the expression
of PDK4 was significantly suppressed after the
transfection of siPDK4, indicating that the suppres-
sion system was successfully constructed
(Figure 5g). In addition, miR-148 agomir and/or
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siPDK4 were transfected into HEK-293 T cells, and
western blot was used to detect the expression of
PDK4. The results showed that inhibiting effect of
miR-148 inhibitor on the expression of PDK4 was
blocked in the presence of siPDK4 (Figure 5h).
Moreover, expressions of miR-148 and PDK4 had
negative correlation as shown in Figure 5i.
Therefore, there exists a negative correlation
between miR-148 and PDK4.

Protective effect of down-regulated PDK4 on
cardiac dysfunction

The individual effects of PDK4 on cardiac dysfunction
were also explored. Firstly, a gene network diagram
obtained from GeneMania showed various genes
within the SMAD pathway which are affected by
PDK4 (Figure 6a). Then, we found that the SMAD
pathway was inactivated by the knockdown of PDK4
through suppressing the phosphorylation of smadl,
smad5 and smad8 (Figure 6b). Further functional
analysis showed that knockdown of PDK suppressed
the levels of CK-MB (Figure 6¢), cTnl1 (Figure 6d) and
Mb (Figure 6e) and CD4+ iNOS" cells (Figure 6i) in
peripheral blood, while elevated the level of CD4+ IL-

10" cells (Figure 6i), suggesting that silencedPDK4
exerted cardioprotective and immunomodulatory
effects. In addition, elevated expression level of MDA
and suppressed expression level of GSH and SOD
were all reversed by silenced PDK4, demonstrating
that silenced PDK4 showed anti-oxidation activity
(figure 6f-h). Moreover, knockdown of PDK4
decreased cardiomyocyte apoptosis (Figure 6j). In
addition, a graphical abstract showed that PDK4 was
targeted by miR-148 and the SMAD pathway was
activated by the induction of PDK4. The miR-148/
PDK4/SMAD pathway relieved the MI/R injury
through regulating the cardiac dysfunction, immune
disorders and myocardial apoptosis (Figure 6k). The
above experiments showed that knockdown of PDK4
attenuated cardiac dysfunction, immune disorder, and
apoptosis and restored the anti-oxidation activity in
immature rats with MI/R injury via the inactivation of
SMAD pathway.

DISCUSSION

Inadequate blood supply to the myocardium leads to
damage in the structure and function of cardiomyo-
cytes [25]. Clinically, reperfusion therapy is often
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employed to restore blood supply rapidly [26].
However, rapid supply of myocardial blood flow can
exacerbate myocardial damage, leading to cardiomyo-
cyte apoptosis, arrhythmias, and impaired cardiac
function [27]. Up to now, miRNAs have been widely
explored in various diseases. Previous study has also
pointed out the neuroprotective effect of miR-22 in I/
R injury [28]. However, association between miRNA
and immume system in I/R injury has not been widely
explored. In this study, cardiac dysfunction, immune
dysfunction and myocardial cell apoptosis in imma-
ture rats were induced by MI/R treatment.
Fortunately, abnormal cardiac function index, myo-
cardial injury index and myocardial tissue were all
recovered to the normal levels in the presence of
overexpressed miR-148 in normal immature rats.
MiR-148 not only plays a critical role in differ-
entiation and immune response in immune cell,

but also is involved in the occurrence and devel-
opment of many tumor and non-tumor diseases
[29]. Many studies have identified that miR-148
family act as oncogenes or tumor suppressor genes
[30]. In addition, accumulated evidence indicates
that miR-148 also plays an important role in some
non-tumor diseases, such as IgA nephropathy,
type 2 diabetes (T2D) and liver injury, etc. In
IgA nephropathy patients, miR-148b induced
o-glycosylation  abnormalities by  targeting
C1GALT1 [31]. Studies by Lopez et al have
shown that miR-148a is significantly elevated in
the blood circulation in patients with T2D [32]. In
addition, the expression of miR-148a in liver tis-
sues was significantly decreased with the extension
of the duration of hot ischemia after transplanta-
tion [33]. Chavali et al. found that the low expres-
sion of miR-148 was associated with heart failure
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in Insulin2 mutant Akita model mice [34]. In
addition, miR-148 was considered as the top reg-
ulatory factor of cardiac regeneration and played
an important role in the regulation of cardiomyo-
cyte proliferation [35]. In this study, we found that
lowly expressed miR-148 in immature MI/R rats
induced cardiac dysfunction, immune dysfunction
and cardiomyocyte apoptosis. These abnormalities
were mitigated by forcing overexpression of miR-
148. Further molecular analysis showed that miR-

148 exerted a protective effect on immature rats
after MI/R injury by inhibiting the expression of
PDK4. In summary, our results emphasize the
protective effects of miR-148 on MI/R injury in
immature rats and its potential molecular mechan-
ism, which provides a theoretical basis for clinical
diagnosis and treatment of MI/R injury in imma-
ture rats.

CD4 + T lymphocytes are human effectors
involved in inflammatory immune-mediated



diseases [36]. Interleukin-10 (IL-10) is a typical
anti-inflammatory  cytokine which promotes
immune response [37]. Nitric oxide (NO) is an
important pro-inflammatory medium, and induci-
ble nitric oxide synthase (iNOS) is one of the three
enzymes for the synthesis of NO [38]. Studies have
shown that iNOS in T cells and macrophages
regulates the differentiation and function of
immune cells [39]. MiR-148A is essential for the
normal regulation and function of T and
B lymphocytes [40]. MiR-148a promotes the sur-
vival of repeatedly activated Thl lymphocytes by
suppressing the gene Bcl2L11 and encoding pro-
apoptotic protein Bim [41], thus participating in
immune regulation. Overexpression of miR-148
inhibits the production of lipopolysaccharide-
induced inflammatory cytokines, such as IL-6
and IL-1p, thereby avoiding excessive inflamma-
tion [42]. Consistent with the above studies, this
study found that miR-148 participated in immune
regulation by reducing the level of CD4+ iNOS+
cells and the production of iNOS. Besides,
increased number of CD4+ IL-10+ cells and the
elevated levels of IL-10 in the peripheral blood of
immature rats with MI/R injury further reveal
a new mechanism through which miR-148 regu-
lates the immune dysfunction in immature rats
with MI/R injury.

Our study confirmed that PDK4 was a target
gene of miR-148, and the expression of them two
was negatively correlated. Pyruvate dehydrogenase
kinase (PDK) regulates mammalian pyruvate
dehydrogenase complex (PDC) through phosphor-
ylation (activation) and dephosphorylation (inacti-
vation). PDK4 is one of the four PDK proteins
expressed in most tissues and organs [43]. DK4
plays an important role in inhibiting glucose oxi-
dation by phosphorylating PDC [44]. It has also
been reported that progesterone can induce the
expression of PDK4 in cardiomyocytes and
increased level of PDK4 in the third trimester of
pregnancy further leads to cardiac hypertrophy
during pregnancy [45]. Extracorporeal cardiac per-
fusion showed an increase in PDK4 levels in
mouse hearts treated with angiotensin II (Ang
II), while the absence of PDK4 prevented angio-
tensin converting enzyme II-induced diastolic
dysfunction [46]. In this study, PDK4,
a downstream factor of miR-148, was found to be

BIOENGINEERED e 5563

involved in the cardio-protection of immature rats
with MI/R injury. It was obvious that the up-
regulation of PDK4 aggravated cardiac dysfunc-
tion, immune dysfunction and cardiomyocyte
apoptosis in immature rats with MI/R injury.
The expression of PDK4 was inhibited by over-
expressed miR-148, which further reduced the MI/
R injury of PDK4 in immature rats. Our study
demonstrated that PDK4 could be wused as
a potential target for clinical diagnosis and treat-
ment of pediatric heart disease.

It has been confirmed that TGF-B1 pathway
plays an important role in the process of remodel-
ing after myocardial infarction. Smads protein is
an important downstream regulator of TGF-f1
signaling pathway. TGF-P1 is phosphorylated and
activated after binding with its receptor Smads
protein, which can play the role of transcription
factors and regulate the gene expression of related
cytokines [16,21]. In our study, expressions of
phosphorylated smadl, smad5 and smad8 were
elevated in MI/R group. Then, the elevated expres-
sion of phosphorylated smadl, smad5 and smad8
was effectively suppressed by silenced PDKA4.
Thus, the protective effects of siPDK4 were
accompanied by the inactivation of Smads
proteins.

CONCLUSIONS

Taken together, the results of this study suggest
that overexpressed miR-148 can reduce cardiac
dysfunction, immune disorder and cardiomyocyte
apoptosis in immature MI/R rats by targeting
PDK4 and inhibiting its expression. Besides, the
protective effects of silenced PDK4 may be accom-
panied by inactivation of SMAD pathway. This
study provides some ideas and data support for
the treatment of ischemic heart disease, especially
in children.

Highlights

1. MiR-148 agomir alleviates cardiac dysfunction in MI/R
injury

2. MiR-148 agomir alleviates immune disorder and cardio-
myocyte apoptosis caused by MI/R.

3. Protective effect of MiR-148 via PDK4 down-regulation.
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