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ARTICLE INFO ABSTRACT

Keywords: Increasing evidence has indicated that IncRNAs and miRNAs play important roles in the pathogenesis of myo-
IncRNA H19 cardial ischemic and reperfusion (I/R) injury. This study investigated the potential roles and underlying mo-
miR-675 lecular mechanisms of IncRNA H19 and H19-derived miR-675 in regulating myocardial I/R injury in vitro and in
Myocardial ischemic-reperfusion injury vivo. The results showed that expression of H19 and H19-derived miR-675 was upregulated in cardiomyocytes
ﬁfg)::;ﬁl:tion exposed to oxygen-glucose deprivation and reperfusion. Knockdown of H19 increased cell viability, reduced cell
PPARG. apoptosis, decreased inflammatory cytokines (IL-13, TNF-a and IL-6), inhibited oxidative stress, downregulated

p-IkB-a and p-p65, and upregulated expression of Nrf2 and HO-1. All of these effects were partly reversed by
overexpression of miR-675. Furthermore, we found that PPARa was a target gene of miR-675 and that H19
negatively regulated PPARa expression via miR-675. By inhibiting PPARa, the biological effects of miR-675 or
H19 inhibition on cellular functions (apoptosis, inflammation and oxidative stress) were at least partially re-
versed. Moreover, knockdown of H19 significantly reduced infarct size, increased left ventricular systolic
pressure, and decreased left ventricular end-diastolic pressure in a mouse model of myocardial I/R. Taken to-
gether, these data indicate that H19 inhibition protects the heart against myocardial I/R injury, which may be
partly attributed to regulation of the miR-675/PPAR« axis.

1. Introduction

Myocardial infarction (MI) is a major cause of death and disability
worldwide. It results from thrombus, which prevents blood flow to the
metabolically highly active myocardium. The most effective therapy to
limit infarct size and reduce MI injury is the rapid restoration of blood
flow through the occluded coronary artery via mechanical or pharma-
cological intervention (Liao et al., 2016). However, myocardial re-
perfusion can induce additional cardiomyocyte death and increase in-
farct size, a phenomenon called myocardial ischemia and
reoxygenation (I/R) injury, for which there is still no effective therapy
(Hausenloy and Yellon, 2013). Thus, I/R injury remains a crucial
therapeutic target for cardiac protection in patient with MI.

Recently, increasing evidence has suggested that noncoding tran-
scripts are functionally active as physiological and pathological reg-
ulation molecules. These noncoding RNAs include the well-known
microRNAs (miRNAs) and the recently acknowledged long noncoding
RNAs (IncRNAs). LncRNAs are transcripts longer than 200 nucleotides
that regulate various biological processes by interacting with multiple
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molecules, including DNA, RNA, and proteins. MiRNAs are single-
stranded RNAs that are 18-22 nucleotides long. MiRNAs regulate genes
by binding to the 3’ untranslated regions (UTRs) of target mRNAs,
which leads to mRNA degradation or mRNA translation inhibition.
Studies have indicated that noncoding RNAs are involved in regulating
heart diseases, including myocardial I/R (Ong et al., 2018; Wang et al.,
2015a; Zhao et al., 2017). Thus, it is urgent to identify IncRNAs and
define their functions in myocardial I/R.

The IncRNA H19 gene belongs to a highly conserved, imprinted
gene cluster. It is deeply involved in embryonic development and
growth control (Gabory et al., 2010). H19 expression is mainly induced
during embryogenesis and decreases after birth, except in adult skeletal
and heart muscle (Li et al., 2016). It has been reported that H19 is a
primary miRNA precursor for microRNA-675 (miR-675) (Cai and
Cullen, 2007). The H19 and miR-675 axis has been found to be criti-
cally involved in several diseases, such as tumorigenesis (Tsang et al.,
2010; Vennin et al., 2015), chronic obstructive pulmonary disease
(Lewis et al., 2016) and diabetic cardiomyopathy (Li et al., 2016),
suggesting that the function of H19 in some biological processes is
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mediated via miR-675. However, whether the H19/miR-675 axis par-
ticipates in regulating myocardial I/R injury remains unknown.

In the present study, we aimed to determine the role and underlying
molecular mechanisms of the H19/miR-675 axis in two models, a cel-
lular model of oxygen-glucose deprivation/reperfusion (OGD/R) in
cardiomyocytes and a mouse model of myocardial I/R in C57BL/6
mice. Respectively, these models provide in vitro and in vivo theoretical
support to clarify the involvement of this axis in myocardial I/R injury.
Our data indicate that the H19/miR-675 axis may be an effective
therapeutic target for protecting the heart from myocardial I/R injury.

2. Materials and methods
2.1. Cardiomyocyte culture and OGD/R treatment

The isolation and culture of primary cardiomyocytes was performed
as described previously (Wang et al., 2015b) with minor modifications.
Briefly, the hearts were surgically removed from male mice aged 1-2
days and immediately washed in cold HEPES (4-[2-hydroxyethyl]-1-
piperazineethanesulfonic acid) buffer saline solution. The ventricular
tissues were cut into small pieces and dispersed in a series of digestion
at 37 °C in HEPES-buffered saline solution containing pancreatin at a
concentration of 1.2 mg/mL and collagenase (Gibco, Grand Island, NY,
USA) at a concentration of 0.14 mg/mL. After centrifugation, the cells
were suspended in Dulbecco’s Modified Eagle’s medium (Gibco) con-
taining 20% calf serum, penicillin (100 U/ml), and streptomycin
(100 mg/ml). The dissociated cells were pre-plated at 37 °C for 1 h to
separate cardiomyocytes by adherence of cardiac fibroblasts. Then, the
cells were collected and diluted to 1 x 10° cells/ml and plated in dif-
ferent culture dishes according to the specific experimental require-
ments. Cardiomyocytes were incubated at 37 °C in a humidified atmo-
sphere containing 5% CO-.

OGD/R was induced as follows. The cells were cultured in an
ischemia-mimetic solution (140 NaCl mmol/L, 3.5 KCl mmol/L, 0.43
KH2PO4 mmol/L, 1.25 MgSO4 mmol/L, 1.7 CaCl2 mmol/L, and 5
NaHCO3 mmol/L; 20 HEPES; pH 7.2 to pH 7.4) as previously described
(Wang et al., 2017). The cells were kept in a hypoxic incubator chamber
with 95% N5 and 5% CO, at 37 °C for 2 h, 4 h, or 6 h. For reperfusion,
the cells were transferred to normal culture medium and incubated in
95% O, and 5% CO, at 37 °C for 24 h (Wang et al., 2017).

2.2. Cell transfection

Small interference RNA (siRNA) against H19, PPARa, the miR-675
mimic, the miR-675 inhibitor, or the negative control were synthesized
by GenePharma Co., Ltd. (Shanghai, China). The siRNA, miRNA mimic,
or miRNA inhibitor was transfected into cells by Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. After 24 h of transfection, OGD/R was induced for further
analysis.

2.3. Detection of lactate dehydrogenase

The level of LDH was examined using a LDH assay kit (Jiancheng
Biotech, Nanjing, China) according to the manufacturer’s protocols.

2.4. Cell viability assay

The viability of cardiomyocytes was determined using a CCK-8 de-
tection kit (Beyotime, Shanghai, China). Ten pl of CCK-8 solution was
added to each well of the culture medium. The absorbance value was
measured at 450nm using a microplate reader (ThermoFisher
Scientific, Waltham, MA, USA).
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2.5. Cell apoptosis assay

Cardiomyocyte apoptosis was detected with an Annexin V-FITC
apoptosis detection kit (Beyotime) according to the manufacturer’s in-
structions. Briefly, the cells were stained with Annexin V-FITC and
propidium iodide (PI) and then subjected to flow cytometry to detect
apoptosis.

2.6. Inflammatory cytokines detection

Concentrations of inflammatory markers tumor necrosis factor-o
(TNF-a), interleukin-1f (IL-1p), and interleukin-6 (IL-6) were measured
using commercial enzyme-linked immunosorbent assay (ELISA) kits (R
&D Systems, Minneapolis, MN, USA) according to the manufacturer’s
protocol.

2.7. Oxidative stress measurement

Oxidative stress was assessed by detecting malondialdehyde (MDA)
and superoxide dismutase (SOD) detection kits (Jiancheng Biotech)
according to the manufacturer’s instructions. ROS levels were de-
termined by using 2’,7’-dichlorodihydrofluorescein diacetate (DCHF-
DA) probes. In brief, cells were incubated with 10 uM of DCHF-DA for
20 min and then analyzed by flow cytometry.

2.8. Quantitative PCR (qPCR)

Total RNA was isolated from cardiomyocytes and myocardial tissues
using TRIzol Reagent (Invitrogen) according to the manufacturer’s in-
structions. RNA was reverse transcribed to cDNA using SuperScript First
Strand cDNA System (Invitrogen). A qPCR was conducted using SYBR
Premix Ex Taq kit (Takara, Dalian, China) on an Applied Biosystems
7500 Real-Time PCR System. For H19 detection, GAPDH was used as
the endogenous control. For miR-675 detection, U6 was used as an
endogenous reference. The relative expression of H19 and miR-675 was
calculated using the 2~ *4“" method.

2.9. Western blot

Protein homogenates were prepared from cardiomyocytes and
myocardial tissues using RIPA protein extraction reagent supplemented
with 1 mM of phenylmethanesulfonyl fluoride. Equal amounts (50 pg)
of protein were separated by SDS-PAGE and transferred onto ni-
trocellulose membranes (Millipore, Billerica, MA, USA). After blocking
in 5% non-fat milk, the membranes were incubated with primary an-
tibodies at 4 °C overnight and then incubated with horseradish-perox-
idase-conjugated secondary antibodies at room temperature for 1 h. The
antibodies were purchased from Cell Signaling Technology (Beverly,
MA, USA) or Abcam (Cambridge, MA, USA) and used at the manu-
facturers’ recommended dilutions. The protein bands were visualized
using an enhanced chemiluminescence detection kit (Amersham
Biosciences, Piscataway, NJ, USA).

2.10. Luciferase reporter assay

The 3’ UTR of PPARa, containing the predicted miR-675 binding
site, was amplified by PCR and cloned into the pGL3 luciferase reporter
vector to generate the pGL3-PPARa-WT vector. The mutant 3 UTR
sequences without the miR-675 binding site were generated using a
QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA, USA) and used to generate the pGL3-PPARa-MUT vector. For the
luciferase assay, cells were plated into 96-well plates 24 h prior to
transfection and then transfected with either a wild-type or mutant
construct and the miR-675 mimic or a negative control. After 48 h of
transfection, luciferase activity was detected using the Dual Luciferase
Reporter Assay System (Promega, Madison, WI, USA) according to the
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manufacturer’s instructions.
2.11. Animals and I/R surgery

Male C57BL/6 mice in this experiment weighed 25 g-35 g and were
obtained from the Laboratory Animal Center of Zhengzhou University.
The mice were raised in a 12-h day and night cycle with free water
intake. The feeding room temperature was kept between 18 °C and
25°C. The Ethics Committee of Zhengzhou University approved all
protocols.

Cardiac I/R surgery was performed as previously described (Zhao
et al., 2017). In brief, animals were anesthetized with chloral hydrate at
a concentration of 30 mg/kg. A thoracotomy was performed on the left
side in the fourth intercostal space. After removing the pericardium, the
left anterior descending artery at the inferior edge of the left atrium was
ligatured with an 8-0 prolene suture. After 45 min of ischemia, the left
anterior coronary artery was released and perfused for 1 week (Wang
et al., 2015b).

Adenoviruses harboring H19 siRNAs, and their scramble forms were
constructed using the pSilencer adeno 1.0-CMV System (Ambion,
Austin, TX, USA) according to the kit’s instructions. All constructs were
amplified in HEK293 cells. The intracoronary delivery of adenoviruses
was performed as previously described (Wang et al., 2015b). Five days
after the injection of adenoviruses, the mice were subjected to I/R
surgery. The left ventricular systolic pressure (LVSP) and left ven-
tricular end-diastolic pressure (LVEDP) were measured on the mice at 1
week after I/R surgery.

2.12. Infarct size determination

Following I/R protocols, the mice were sacrificed, and their hearts
were isolated. One part of the heart tissues was used to extract RNA for
the mRNA or miRNA detection. Another part was sliced, stained with
potassium permanganate and 2,3,5-triphenyltetrazolium chloride
(TTC) (Sigma, St. Louis, MO, USA), and fixed to delineate live (red)
tissue from dead or infarcted (white) tissue. Infarcts were quantified by
planimetry and expressed as a percentage-of-risk zone.

2.13. Statistical analysis

All data are expressed as mean + SD of at least three independent
experiments. The data were analyzed by one-way analysis of variance
(ANOVA) followed by the Bonferroni test for multiple comparisons.
P < .05 was considered statistically significant.

3. Results

3.1. Expression of H19 and miR-675 was upregulated in cardiomyocytes
exposed to OGD/R

We built a cellular model of OGD/R using cardiomyocytes to mimic
myocardial I/R injury. Compared with the control group, 2 h of oxygen-
glucose deprivation, 4h of oxygen-glucose deprivation, and 6h of
oxygen-glucose deprivation followed by 24 h of reperfusion decreased
cell viability and increased LDH (a myocardial injury marker) in a time-
dependent manner (Fig. 1A and 1B). H19 expression also was upregu-
lated and showed a 6.79-fold increase in the group with 6 h of oxygen-
glucose deprivation followed by 24 h of reperfusion (Fig. 1C). As H19 is
a precursor of miR-675, we measured the expression of miR-675 and
found a 5.24-fold increase in the group exposed to 6 h of oxygen-glu-
cose deprivation followed by 24 h of reperfusion, compared with the
control group (Fig. 1D). Thus, we chose this OGD 6 h/R group for the
following experiments. To investigate the roles of H19 in OGD/R injury,
the cardiomyocytes were transfected with si-H19 prior to OGD/R,
which suppressed the expression of H19 (Fig. 1E). The suppression of
H19 further significantly reduced the expression of miR-675 (Fig. 1F).
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In addition, we measured the levels of miR-103/miR-107, and found
that both of them were downregulated in cardiomyocytes exposed to
OGD/R (Supplementary Fig. 1).

3.2. The H19/miR-675 axis regulated cell viability and apoptosis in
cardiomyocytes exposed to OGD/R

Previous studies have revealed that the H19/miR-675 axis plays a
crucial role in various diseases, such as cancers (Guan et al., 2016; Zhu
et al., 2014), chronic obstructive pulmonary disease (Lewis et al., 2016)
and diabetic cardiomyopathy (Li et al., 2016). We speculated that the
effects of H19 in cardiomyocytes exposed to OGD/R may be mediated
via miR-675 signaling. We transfected cardiomyocytes with si-H19, or
with the combination of si-H19 and miR-675 mimic prior to OGD/R to
investigate the effects of the H19/miR-675 axis on cell viability and
apoptosis. Compared with transfection with si-H19 alone, the co-
transfection of si-H19 and the miR-675 mimic significantly upregulated
expression of miR-675 (Fig. 2A). As shown in Fig. 2B-D, OGD/R was
found to be associated with reduced cell viability and elevated cell
apoptosis. The transfection of si-H19 prior to OGD/R resulted in in-
creased cell viability and decreased cell apoptosis, which was reversed
by the co-transfection with si-H19 and miR-675 mimic, suggesting that
H19 inhibition elevated cell viability and reduced cell apoptosis via
inhibition of miR675 in cardiomyocytes exposed to OGD/R. Ad-
ditionally, the expression of Caspase-3 and the Bax/Bcl-2 ratio in-
creased markedly after OGD/R and decreased after transfection with si-
H19. Compared with the si-H19 + OGD/R group, the expression of
caspase-3 and Bax was upregulated, and the expression of Bcl-2 was
downregulated in the si-H19 + miR-675 mimic + OGD/R group
(Fig. 2E-H). Taken together, miR-675 could at least partially mediate
the effects of H19 on cell viability and apoptosis in cardiomyocytes
exposed to OGD/R.

3.3. The H19/miR-675 axis regulated inflammation and oxidative stress in
cardiomyocytes exposed to OGD/R

The production of pro-inflammatory cytokines was measured by
ELISA, as shown in Fig. 3A-C. IL-1f3, TNF-a, and IL-6 significantly in-
creased after exposure to OGD/R. Furthermore, si-H19 transfection
reduced concentrations of these inflammatory cytokines, but the forced
expression of miR-675 markedly increased them. Si-H19 transfection
increased the production of anti-inflammatory cytokines IL-10 and TGF-
B, which were decreased when miR-675 was overexpressed (Supple-
mentary Fig. 2). Oxidative stress was assessed by detecting ROS and
MDA levels and SOD activity. As shown in Fig. 3D-F, inhibition of H19
remarkably decreased OGD/R-induced increased ROS and MDA levels
and elevated SOD activity. The attenuated oxidative stress caused by
H19 inhibition was partly reversed by overexpression of miR-675.
Furthermore, we measured the expression of proteins related to the
inflammatory NF-xB signaling pathway and antioxidant Nrf2/HO-1
signaling pathway. The levels of p-IkB-a and p-p65 were upregulated
and levels of Nrf2 and HO-1 were downregulated following the ex-
posure to OGD/R. Inhibition of H19 was found to downregulate OGD/
R-induced p-IkB-a and p-p65 levels and upregulate Nrf2 and HO-1 le-
vels. The forced expression of miR-675 reversed these effects
(Fig. 3G-I). Collectively, these data indicate that inhibition of H19/
miR-675 could suppress OGD/R-induced inflammation and oxidative
stress in cardiomyocytes, which may be closely associated with reg-
ulation of the NF-xB signaling pathway and Nrf2/HO-1 signaling
pathway.

3.4. The H19/miR-675 axis negatively regulated PPARa
To investigate the mechanism underlying the effects of the H19/

miR-675 axis, we used Miranda and TargetScan to predict the potential
target genes of miR-675. We focused on PPARa, which belongs to
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Fig. 3. Inhibition of H19 suppressed inflammation and oxidative stress in cardiomyocytes exposed to OGD/R via miR-675 inhibition. (A) IL-1, (B) TNF-a, and (C) IL-
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ligand-activated transcription factors that reportedly play a crucial role
in myocardial I/R injury (Ravingerova et al., 2009). Fig. 4A shows the
predicted target sequences between miR-675 and PPARa. We cloned
the 3’ UTR of PPARa mRNA (WT) or mutated 3’ UTR in the predicted
miR-675 binding site (MUT) into luciferase reporter vectors and per-
formed dual luciferase reporter assays. As shown in Fig. 4B, compared
with the mimic-NC, the miR-675 mimic transfection decreased the ac-
tivity of the firefly luciferase containing the 3 UTR of PPARa by ap-
proximately 50%. However, miR-675 overexpression had no effect on
the activity of firefly luciferase containing the mutant 3’ UTR of PPARa.
The mRNA and protein expression of PPARa was downregulated in
cardiomyocytes transfected with the miR-675 mimic, which was upre-
gulated in cardiomyocytes transfected with the miR-675 inhibitor
(Fig. 4C and D), indicating that miR-675 directly targeted the 3’ UTR of
PPARa to suppress its expression. Moreover, the OGD/R treatment re-
duced the expression of PPARa, which was further decreased by miR-

50

675 mimic transfection (Supplementary Fig. 3). We further found that
inhibition of H19 significantly increased the OGD/R-mediated, reduced
PPARa expression. MiR-675 overexpression partially reversed the ef-
fects of H19 inhibition, leading to the suppression of PPARa
(Fig. 4E-G), suggesting that H19 negatively regulated PPARa via miR-
675.

3.5. PPARa partly mediated the effects of the H19/miR-675 axis

We further investigated whether the effects of the H19/miR-675
axis in cardiomyocytes exposed to OGD/R were associated with the
regulation of PPARa. The cardiomyocytes were transfected with miR-
675 inhibitor, with the combination of miR-675 inhibitor and si-
PPARa, or with the combination of si-H19 and si-PPARa. As shown in
Fig. 5A, the co-transfection of si-PPARa significantly suppressed miR-
675 inhibitor or si-H19 transfection-induced PPARa expression at the
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mRNA levels. Furthermore, we again measured cell viability, cell
apoptosis, inflammatory cytokine production, and oxidative stress and
found that PPARa inhibition reversed the effects of miR-675 or H19
inhibition on those cell functions. Compared with the miR-675 in-
hibitor + OGD/R group or si-H19 + OGD/R group, in the miR-675
inhibitor + si-PPARa+ OGD/R group and si-H19 + si-PPARa+ OGD/
R group, cell viability decreased; cell apoptosis increased; production of
IL-1B, TNF-a, and IL-6 increased; ROS and MDA increased; and SOD
activity was suppressed (Fig. 5B-I). These data indicate that PPARa
may at least partially mediate the effects of the H19/miR-675 axis in
cardiomyocytes exposed to OGD/R.

3.6. The H19/miR-675 axis regulated myocardial I/R injury in vivo

To verify the roles of the H19/miR-675/PPARa axis in vivo, we
established a model of myocardial I/R using C57BL/6 mice. Mice were
injected with adenoviruses harboring H19 siRNAs or H19 si-NC and
then subjected to I/R. We found that H19 and miR-675 expression was
upregulated, whereas PPARa expression was downregulated in the
mice exposed to I/R (Fig. 6A-C). H19 knockdown resulted in down-
regulation of H19 and miR-675 but upregulation of PPARa, which was
consistent with the in vitro data, indicating that the H19/miR-675/
PPARa axis plays an important role in myocardial I/R injury. Fur-
thermore, inhibition of H19 significantly reduced the I/R-induced in-
farct size (Fig. 6D), increased LVSP (Fig. 6E) and decreased LVEDP
(Fig. 6F). These data indicate that H19 inhibition could markedly im-
prove cardiac structure and function in myocardial I/R.

4. Discussion

Recently, increasing evidence has confirmed that the expression and
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Fig. 4. The H19/miR-675 axis negatively
regulated PPARa. (A) Predicted 3’ UTR se-
quence of PPARa in the miR-675 binding site.
(B) The miR-675 mimic or mimic-NC were co-
transfected into 293 T cells with the PPARa 3’
UTR (WT) or mutated PPARa 3’ UTR (MUT)
reporter plasmids, along with a control Renilla

257 # luciferase pRL-TK vector. Luciferase activity
2.0 was analyzed 48h after transfection and nor-
malized to Renilla luciferase activity. * p <
1.5 .05 versus the mimic-NC group. The (C) mRNA
and (D) protein expression of PPARa in cardi-
1.0 omyocytes transfected with the miR-675 mimic
0.5- * or inhibitor was determined by qPCR and
western blot, respectively. * p < .05 versus
0.0- the mimic-NC group, # p < .05 versus the
é(, © éc, .\o‘ inhibitor-NC group. The (E) mRNA, and (F and
& 6-\\6‘ .\o" (\;o‘ G) protein expression of PPARa in cardiomyo-
& o ‘\@ ,\‘)\Q cytes transfected with si-H19 or the combina-
& & 'Q.fo tion of H19 and miR-675 mimic was de-
<€ & termined by qPCR and western blot,
1.2 respectively. * p < .05 versus the control
group, # p < .05 versus the OGD/R or H19 si-
# NC + OGD/R group, & p < .05 versus the si-
0.8- H19 + OGD/R or si-H19 + mimic-NC + OGD/
& R group.
04| | =
0.0-
- -+ -+ 4+
. -
- - - - + -
S
-+ + + + +

function of H19 is closely associated with cancers, but its role in
myocardial I/R injury has not been reported. In the present study, we
established a cellular model of OGD/R and a mouse model of myo-
cardial I/R to investigate the potential role of H19 in the pathogenesis
of myocardial I/R. We found that H19 was upregulated in OGD/R-in-
jured cardiomyocytes. Wang et al. have reported that H19 expression is
upregulated in rats with cerebral I/R and in cells exposed to OGD/R.
Inhibition of H19 protects cells against OGD/R-induced apoptosis,
suggesting that H19 could be a new therapeutic target of ischemic
stroke (Wang et al., 2017). In the present study, we found that H19
knockdown significantly protected cardiomyocytes from I/R injury,
which was attributed to miR-675 generated from H19 RNA. Bioinfor-
matic prediction and experimental analysis confirmed that miR-675
targeted PPARa. Our data thus provide a novel understanding of the
role of the H19-miR-675-PPARa axis in myocardial I/R injury.
Apoptosis plays critical roles in the pathogenesis of myocardial I/R
injury (Jr et al., 2004). During mitochondrial apoptosis, active cleaved
caspase-3 increases, which contributes to the cleavage of cellular target
proteins (Riedl and Shi, 2004). Bax and Bcl-2, two major Bcl-2 family
members, are involved in the regulation of mitochondrial-mediated
apoptosis (Youle and Strasser, 2008). Chen et al. have reported that
overexpression of Bcl-2 attenuates apoptosis and protects against
myocardial I/R injury in transgenic mice that carry a human Bcl-2
transgene (Chen et al., 2001). It also has been reported that in-
flammation and oxidative stress can mediate myocardial reperfusion
injury (Yellon and Hausenloy, 2007). In the present study, we trans-
fected cardiomyocytes with si-H19 or with the combination of si-H19
and miR-675 mimic prior to OGD/R to investigate the biological effects
of the H19/miR-675 axis on cell apoptosis, inflammation, and oxidative
stress. We found that knockdown of H19 decreased cell apoptosis;
downregulated caspase-3 expression; upregulated the Bcl-2/Bax ratio;
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reduced production of IL-1f3, TNF-a, and IL-6; decreased ROS and MDA
levels; elevated SOD activity; downregulated p-IkB-a and p-p65; and
upregulated Nrf2 and HO-1. All of these effects could be reversed by the
co-transfection with si-H19 and miR-675 mimic. These findings suggest
that H19 knockdown protects cardiomyocytes against OGD/R injury,
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Fig. 5. PPARa partly mediated the effects of the
H19/miR-675 axis. Cardiomyocytes were trans-
fected with miR-675 inhibitor, with si-H19, with
the combination of miR-675 inhibitor and si-
PPARa, or with the combination of si-H19 and si-
PPARa for 24 h prior to exposure to OGD 6 h/R.
(A) The mRNA expression of PPARa was de-
termined by qPCR. (B) Cell viability was mea-
sured by CCK-8 assay. (C) Cell apoptosis was
measured by flow cytometry. (D) IL-1f, (E) TNF-
a, and (F) IL-6 in cell suspensions were detected
by ELISA assay. (G) ROS production was mea-
sured by flow cytometry using DCHF-DA probes.
Histograms indicate levels of (H) SOD and (I)
MDA. *p < .05 versus the OGD/R or inhibitor-
NC + OGD/R group, # p < .05 versus the miR-
675 inhibitor + OGD/R or miR-675
inhibitor + PPARa si-NC + OGD/R group, &
p < .05 versus the si-H19 + OGD/R group.

including apoptosis, inflammation, and oxidative stress, via miR-675
inhibition.

Moreover, it is well known that MDA is a marker of lipid perox-
idation, which accumulation implies an iron-dependent form of regu-
lated cell death-ferroptosis (Hong et al., 2017). The antioxidant
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Fig. 6. The H19/miR-675 axis regulated myo-
cardial I/R injury in vivo. C57BL/6 mice were
injected with adenoviruses harboring H19
siRNAs or H19 si-NC, and then subjected to
45 min of ischemia and 1 week of reperfusion.
Expression of (A) H19, (B) miR-675, and (C)
PPARa was detected by qPCR, respectively. (D)
The quantification of myocardial infarct vo-
lume by TTC staining. (E) Left ventricular sys-
tolic pressure (LVSP) and (H) left ventricular
end-diastolic pressure (LVEDP). * p < .05
versus the sham group, #p < .05 versus the I/
R or H19 si-NC + I/R group.
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transcription factor Nrf2 regulates hundreds of genes, of which many
are either directly or indirectly involved in modulating ferroptosis
(Abdalkader et al., 2018). Among the genes, HO-1 is a major in-
tracellular source of iron, and thus takes part in iron homeostasis and
lipid peroxidation during ferroptosis (Adedoyin et al., 2017; Kwon
et al., 2015). Therefore, the regulation of MDA, Nrf2 and HO-1 suggest
that ferroptosis was involved in the actions of H19 in OGD/R injury.
Inhibiting ferroptosis has been reported to represent a potential therapy
for treating I/R-induced organ damage (Gao et al., 2015). Meanwhile,
as a non-apoptotic form of cell death, ferroptosis was reported to be
interrelated with apoptosis (Zheng et al., 2016). Recent studies reveal
that ferroptosis-induced endoplasmic reticulum stress plays an im-
portant role in the crosstalk between ferroptosis and apoptosis (Hong
et al., 2017; Lee et al., 2018). Thus, there must be a close link among
oxidative stress, ferroptosis and apoptosis in the protection process of
H19 knockdown against OGD/R injury, but the detailed molecular
mechanisms still need more investigation.

H19 is a precursor of miR-675 that post-translationally modulates
various target genes in different biological processes, such as cell pro-
liferation, apoptosis, and differentiation (Dey et al., 2014; Gao et al.,
2012; Li et al.,, 2016). We investigated the precise molecular me-
chanism of the H19-miR-675 axis in OGD/R injury. Using Miranda and
TargetScan, we predicted the putative targets of miR-675, focusing on
PPARa, which plays an important role in myocardial I/R injury (Johan
et al., 2002; Yue et al., 2003). PPARa belongs to the nuclear receptor
superfamily of ligand-activated transcription factors that regulate lipid
and lipoprotein metabolism, glucose homeostasis, amino acid metabo-
lism, inflammation, and cell differentiation (Desvergne and Wabhli,
1999). PPARa has been implicated in potent anti-inflammatory activity
through suppressing NF-kB signaling (Delerive et al., 2002, 2001;
Smeets et al., 2007). NF-xB appears to play a causative role in in-
flammation, and it stimulates IL-6 expression in response to in-
flammatory signals. IL-6 may activate NF-kB, thereby completing a
positive feedback loop, and it also affects other inflammatory cytokine
production, such as IL-1 and TNF-a (Iliopoulos et al., 2009). PPARa
has also been implicated in the expression or activation of anti-oxidant
enzymes (Toyama et al., 2004). We confirmed by dual luciferase re-
porter assay that miR-675 directly targeted the 3 UTR of PPARa to
suppress its expression. Furthermore, we again measured cell viability,
cell apoptosis, inflammatory cytokine production, and oxidative stress
and found that PPARa inhibition reversed the effects of miR-675 and
H19 inhibition on those cellular functions. These data indicate that
PPARa may at least partially mediate the effects of the H19/miR-675
axis in cardiomyocytes exposed to OGD/R. Certainly, in an organism, or
even a cell, the interactions between molecules are complex, either
directly or indirectly. Other than miR-675, there should be other me-
chanisms for H19 to regulate PPAR«a expression. Meanwhile, H19 may
play roles depending on other signaling, such as sponging let-7a/let-7b
and miR-372/miR-373 (Wang et al., 2016). And H19/miR-675 axis may
target a variety of gene mRNAs, such as VDAC1 (Li et al., 2016) and
TGFBI (Zhu et al., 2015). Taken together, the detailed molecular me-
chanisms of H19 in OGD/R injury still need more investigation in the
future.

To further verify the functional roles of the H19/miR-675/PPARa
axis in vivo, we established a mouse model of myocardial I/R.
Knockdown of H19 resulted in downregulation of H19 and miR-675 but
upregulation of PPARa, which was consistent with the in vitro data.
Moreover, knockdown of H19 in vivo significantly reduced I/R-induced
infarction, increased LVSP, and decreased LVEDP. These data indicate
that H19 inhibition could markedly improve cardiac structure and
function in myocardial I/R. In summary, our study demonstrates that
the H19/miR/675/PPARa axis played an important role in the patho-
genesis of myocardial I/R injury, which provides new insights into
understanding the molecular mechanisms of myocardial I/R. Targeting
this axis could reveal a potential therapeutic strategy for I/R treatment.
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