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MEL Ameliorates Post-SAH Cerebral Vasospasm
by Affecting the Expression of eNOS and HIF1a
viaH19/miR-138/eNOS/NOandH19/miR-675/HIF1a
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Melatonin (MEL) has been demonstrated to exert a protective
effect against subarachnoid hemorrhage (SAH), and nitric
oxide (NO) has been shown to play an important role in
the pathogenesis of vasospasm. This study aims to explore
the underlying molecular mechanisms of MEL in the control
of vasospasm following SAH. MEL administration attenuates
SAH-induced vasospasm and neurobehavioral deficits. Ex-
pressions of H19, eNOS, and miR-675 are low in the SAH
group, while expressions of miR-138 and HIF1a are high
in the SAH group. Also, MEL treatment upon SAH rats
completely restores the dysregulation of H19, eNOS, miR-
675, miR-138, and HIF1a to their normal levels. Moreover,
MEL dose dependently increases the luciferase activity of
H19 promoter and hence the expression of H19. Addition-
ally, H19 directly targets miR-675 and miR-138 to increase
miR-675 expression and inhibit miR-138 expression. As vir-
tual target genes of miR-675 and miR-138, respectively,
HIF1a and eNOS are also regulated by the treatment with
MEL. In particular, MEL treatment increases the expression
of miR-675 and eNOS level while decreasing the expression
of miR-138 and HIF1a in a dose dependent manner. Our
study found that MEL ameliorates post-SAH vasospasm by
regulating the expression of eNOS and HIF1a via the H19/
miR-138/eNOS/NO and H19/miR-675/HIF1a signaling path-
ways.
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INTRODUCTION
Although only accounting for less than 10% of all cases of stroke,
subarachnoid hemorrhage (SAH) can lead to devastating conse-
quences.1 In fact, the annual incidence of SAH in the US is about
1 in 10,000, while the combined mortality and morbidity of SAH
is higher than 50%.2 As a type of SAH, aneurysmal SAH (aSAH)
is particularly dangerous because it can induce vasospasm. Statistical
data showed that about 30,000 patients develop aSAH in the US
every year.3 On the other hand, melatonin (MEL, also termed N-
acetyl-5-methoxytryptamine) has been demonstrated to exert a pro-
tective effect against SAH in experimental animals.4 For example,
Ayer et al.5 showed that MEL decreased the mortality of severe
SAH, while the administration of MEL was shown to reduce SAH-
induced pulmonary edema, cerebral vasospasm, neurological symp-
toms, and oxidative stress.4
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Although the mechanisms underlying vasospasm-induced injuries
remain unclear, nitric oxide (NO) has been shown to play an impor-
tant role in the pathogenesis of vasospasm.6 As a potent inflammation
inhibitor and vasodilator, NO regulates platelet aggregation and the
proliferation of smoothmuscle cells.7 In addition, the polymorphisms
in the gene of endothelial NO synthase (eNOS) have been linked to an
increased risk of vasospasm and injuries to the cerebral aneurysm.8

Furthermore, under hypoxic conditions, the accumulation of hypox-
ia-inducible factor-1a (HIF1a) in tissues causes erythropoiesis,
glycolysis, and angiogenesis.9 In particular, vascular endothelial
growth factor (VEGF), a target of HIF1a, acts as a strong promoter
of angiogenesis and participates in the development of cerebral
vasospasm.10

As an extensively studied type of non-coding RNA (ncRNA), micro-
RNAs (miRNAs) have been shown to play critical roles in many
cellular and physiological processes, such as apoptosis, growth, prolif-
eration, and differentiation of cells.11 During its action, mature
miRNA binds to RNA-induced silencing complex (RISC) and subse-
quently interacts with the 30-untranslated region (30-UTR) of its
target mRNAs to regulate their expression at transcriptional and post-
-transcriptional levels.12 Recently, it has been shown that long
ncRNAs (lncRNAs) also play important functions in many cellular
processes.13 Unlike miRNAs, lncRNAs usually contain more than
200 nucleotides and hence have more complex structures.13 In gen-
eral, lncRNAs can be divided into the following five types based on
their positions relative to adjacent protein-coding genes: intergenic
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Figure 1. MEL Administration Attenuated Neurobehavioral Deficits

(A) Rats in the SAH group showed a reduced MCA diameter, but the administration

of MEL in SAH rats significantly increased MCA diameter. (B) SAH rats exhibited

obvious neurobehavioral deficits, while the administration of MEL in SAH rats

obviously reduced the severity of neurobehavioral deficits.
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lncRNA, intronic lncRNA, bidirectional lncRNA, antisense lncRNA,
and sense lncRNA.14 In terms of SAH, it was demonstrated that the
expression of NGF, miR-675, and H19 is significantly increased in
SAH rats, while the treatment of SAH rats by MEL reduced the
expression of NGF, miR-675, and H19, indicating that MEL can pre-
vent SAH-induced early brain injury (EBI) by regulating the activity
of the H19-let-7a-NGF-apoptosis and H19-miR-675-P53-apoptosis
pathways.15

In our previous study, MEL treatment has been reported to regulate
the expression of H19.15 Furthermore, H19 acts as a host gene of
miR-675 and the increase in H19 expression has been associated
with increased miR-675 expression.16 Meanwhile, as a competing
endogenous RNA of miR-138, H19 can sponge the function of miR-
138.17 Furthermore, we found that, as a target of miR-675, HIF1a is
functionally associated with post-SAH vasospasm.18 In this study,
we established an animal model of SAH and vasospasm. By treating
SAH rats with MEL, we investigated the effect of MEL on the signaling
pathways of H19/miR-138/eNOS/NO and H19/miR-675/HIF1a.
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RESULTS
MEL Administration Attenuates Neurobehavioral Deficits

The diameter of the middle cerebral artery (MCA) in sham rats
showed no obvious difference upon MEL treatment, while the rats
in the SAH group showed a reduced MCA diameter, which was
then significantly increased by the administration ofMEL (Figure 1A).
In addition, vehicle-treated SAH rats displayed significant neurobe-
havioral deficits, while the treatment with MEL reduced the level of
neurobehavioral deficits (Figure 1B), thus validating that MEL
administration could attenuate neurobehavioral deficits.
Differential Expressions of H19, miR-675, and miR-138 among

Various Groups

Real-time PCR was carried out to compare the expression of H19,
miR-675, andmiR-138 among the SHAM, SHAM+MEL, SAH+VEH,
and SAH+MEL groups. As shown in Figure 2, H19 (Figure 2A) and
miR-675 (Figure 2B) expression in the SHAM group were compara-
ble with that in the SHAM+MEL group. However, the expression of
H19 and miR-675 was much lower in the SAH+VEH group, but the
treatment with MEL obviously increased the expression of H19 and
miR-675. In contrast, the rats in the SAH+VEH group showed a
much higher level of miR-138 (Figure 2C) than the rats in the
SHAM group, but the treatment with MEL obviously decreased the
expression of miR-138. Therefore, H19, miR-675, and miR-138
were all differentially expressed upon the onset of SAH and further
treatment of MEL among SAH rats.
Levels of HIF1a and eNOS among Various Groups

Real-time PCR and western blot analysis were performed to examine
the expression of HIF1a and eNOS among the SHAM, SHAM+MEL,
SAH+VEH, and SAH+MEL groups. As shown in Figure 3, the rats in
the SAH+VEH group showed evidently increased expression of
HIF1a mRNA (Figure 3A) and protein (Figures 3C and 3D), while
the mRNA and protein levels of HIF1a in the SAH+MEL group
were similar to those in the SHAM and SHAM+MEL groups. On
the other hand, the rats in the SAH+VEH group showed evidently
decreased expression of eNOS mRNA (Figure 3B) and protein (Fig-
ures 3C and 3E), while the mRNA and protein levels of eNOS in
the SAH+MEL group were similar to those in the SHAM and
SHAM+MEL groups. Furthermore, an immunohistochemistry
(IHC) assay was used to compare the protein levels of HIF1a and
eNOS among the four groups. As shown in Figure 4, the protein level
of HIF1a in the SHAM group was similar to that in the SHAM+MEL
group, but the protein level of HIF1a in the SAH+VEH group was
much higher than that in the SHAM group. However, the treatment
of SAH rats by MEL significantly reduced the protein level of HIF1a.
Meanwhile, the level of eNOS protein (Figure 5) in the SHAM group
was comparable with that in the SHAM+MEL group, while the level
of eNOS protein in the SAH+VEH group was significantly lower. In
addition, the treatment of SAH rats by MEL significantly increased
the protein level of eNOS. Therefore, the mRNA and protein expres-
sions of HIF1a and eNOS were all differentially expressed upon the
onset of SAH and further treatment of MEL among SAH rats.



Figure 2. H19, miR-675, and miR-138 Were Differentially Expressed among

Various Groups

(A) H19 expressions in SHAM and SHAM+MEL rats were similar. H19 expression in

SAH rats was much lower, while the administration of MEL in SAH rats obviously

increased H19 expression (*p < 0.05, versus SHAM group; #p < 0.05, versus

SAH+VEH group). (B) miR-675 expressions in SHAM and SHAM+MEL rats were

similar. miR-675 expression in SAH rats wasmuch lower, while the administration of

MEL in SAH rats obviously increased miR-675 expression (*p < 0.05, versus SHAM
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Effect of MEL on the Expression of H19, miR-675, miR-138,

HIF1a, and eNOS

Effects of MEL on the expression of H19, miR-675, miR-138, HIF1a,
and eNOS were investigated in SH-SY5Y (Figure 6) and U251 (Fig-
ure 7) cells using luciferase assay, real-time PCR, and western blot
analysis. As shown in Figures 6A and 7A, the co-transfection of
SH-SY5Y and U251 cells with H19 and miR-138 suppressed the lucif-
erase activity of H19, validating H19 to sponge miR-138 in a cellular
model. In addition, the transfection of SH-SY5Y (Figure 6B) and
U251 (Figure 7B) cells with wild-type 30 UTR of eNOS significantly
reduced the luciferase activity of miR-138, indicating eNOS as a po-
tential target of miR-138. Meanwhile, SH-SY5Y (Figure 6C) and
U251 (Figure 7C) cells co-transfected with wild-type 30 UTR of
HIF1a andmiR-675mimic showed a reduced luciferase activity, lead-
ing to the conclusion that miR-675 could target HIF1a. Furthermore,
the luciferase activity of H19 showed a concentration-dependent in-
crease over an increasing concentration of MEL (Figures 6D and
7D), and MEL also upregulated the expression of H19 (Figures 6E
and 7E) and miR-675 (Figures 6F and 7F) while downregulating
the expression of miR-138 (Figures 6G and 7G) in SH-SY5Y and
U251 cells in a concentration-dependent manner. Moreover, the
administration of MEL dose dependently decreased the mRNA (Fig-
ures 6H and 7H) and protein (Figures 6J and 7J) expression of HIF1a
while increasing the mRNA (Figures 6I and 7I) and protein expres-
sion of eNOS in SH-SY5Y and U251 cells. All these results suggested
that MEL increased H19 expression, which in turn increased the
expression of miR-675 and decreased the expression of miR-138,
thus affecting the expression of targets of miR-675 or miR-138,
HIF1a, and eNOS.

DISCUSSION
In mammalians, MEL acts as an essential constituent and a free
radical scavenger in the defense against oxidants and hence can
effectively protect cells against oxidative damage.19 MEL may play
its anti-oxidative role via several routes, i.e., by increasing the activ-
ity of endogenous antioxidant enzymes such as superoxide dismut-
ase (SOD), by protecting the functions of endogenous antioxidant
enzymes such as catalase, and by reducing the level of free radicals
in the body.20 In fact, both MEL and its metabolites, including N1-
acetyl-5-methoxykynuramine and N1-acetyl-N2-formyl-5-methoxy-
kynuramine, are potent scavengers of free radicals.21 Furthermore,
MEL can cross cell membranes easily and will not be reduced by
redox cycling.22 Several previous studies have shown that MEL alle-
viates the severity of SAH by reducing the severity of focal cere-
bellum injury by decreasing the magnitude of vasospasm and endo-
thelial cell apoptosis in blood vessels, by reducing the rate of
mortality, and by reducing the symptoms of EBI and neurological
disorders.4,5,23–25 MEL has also been reported to affect the expres-
sion of H19 lncRNA, a host of miR-675 and a negative regulator
group; #p < 0.05, versus SAH+VEH group). (C) miR-138 expressions in SHAM and

SHAM+MEL rats were similar. miR-138 expression in SAH rats was much higher,

while the administration of MEL in SAH rats obviously decreased miR-138

expression (*p < 0.05, versus SHAM group; #p < 0.05, versus SAH+VEH group).
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Figure 3. Expression of HIF1a and eNOS Was

Compared among Various Groups Using Real-Time

PCR and Western Blot Analysis

(A) Expressions of HIF1a mRNA in the SHAM and

SHAM+MEL groups were similar, while the expression of

HIF1a mRNA in SAH rats was much higher, and the

administration of MEL in SAH rats obviously decreased

the expression of HIFIA mRNA (*p < 0.05, versus SHAM

group; #p < 0.05, versus SAH+VEH group). (B) Expres-

sions of eNOS mRNA in the SHAM and SHAM+MEL

groups were similar, while the expression of eNOS mRNA

in SAH rats was much lower, and the administration of

MEL in SAH rats obviously increased the expression of

eNOS mRNA (*p < 0.05, versus SHAM group; #p < 0.05,

versus SAH+VEH group). (C) Expression of HIF1a protein

was increased in SAH rats, while expression of eNOS

protein was decreased in SAH rats compared with the

SHAM and SHAM+MEL groups, and administration of

MEL in SAH rats decreased the expression of HIF1a

protein and increased the expression of eNOS protein. (D)

Expressions of HIF1a protein in the SHAM and SHAM+

MEL group were similar, while the administration of MEL in

SAH rats decreased the upregulated expression of HIF1a

protein in SAH rats (*p < 0.05, versus SHAM group; #p <

0.05, versus SAH+VEH group). (E) Expressions of eNOS

protein in the SHAM and SHAM+MEL group were similar,

while the administration of MEL in SAH rats increased the

downregulated expression of eNOS protein in SAH rats

(*p < 0.05, versus SHAM group; #p < 0.05, versus

SAH+VEH group).
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of p53 expression.24 In this study, we found that the administration
of MEL attenuated SAH-induced vasospasm and neurobehavioral
deficits. In addition, H19 and miR-675 were lowly expressed in
the SAH rats, along with highly expressed miR-138, while the treat-
ment with MEL restored the expression of H19, miR-675, and miR-
138 in SAH rats.

It has been shown that, by regulating the expression of let-7a and
miR-675, H19 is implicated in post-SAH brain injury by mediating
nerve growth factor (NGF)- and P53-induced apoptosis.15 In fact,
H19 plays its role by harboring a hairpin that serves as the precursor
of miR-675-3p and miR-675-5p4.26 In addition, individuals suffering
from post-SAH EBI usually show significantly increased levels of ce-
rebral vasospasm, apoptosis, oxidative stress, and inflammatory re-
sponses.27 Recently, a pre-clinical study on glioma also demonstrated
the presence of a loop between miR-675-5p and HIF1a.28 In addition,
it was shown that cerebral vasospasm can be caused by the impair-
ment to the blood-brain barrier via dysregulated VEGF expression
and excessive apoptosis of endothelial cells.29,30 Furthermore, in a
526 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
rat model of SAH, the expression and activity
of HIF1a are elevated in the cortex and hippo-
campus, suggesting the presence of a direct cor-
relation between apoptosis and the expression of
HIF1a.31 In this study, we found that the expres-
sion of HIF1a in the SAH+MEL group was
much higher than that in the control group, along with a much lower
level of eNOS expression.

By directly interacting with the 30 UTR of Ca2+ binding protein
S100A1 and downregulating its expression, miR-138 can reduce
eNOS activity in the body.32 Subsequently, the reduced level of
eNOS limits the amount of NO available in the regulation of
vascular tone by decreasing the amount of L-arginine metabolized
into citrulline and NO. As a result, upon the development of SAH,
the immunoreactivity of eNOS in cerebrovascular endothelia is
decreased.33 On the other hand, the treatment of SAH by simva-
statin, a compound that can increase the expression of eNOS in
cerebrovascular tissues, delayed the occurrence of cerebral vaso-
spasm.28 Using a canine model of SAH, Khurana et al.34 showed
that vasospasm can be alleviated with intrathecal delivery of
eNOS mRNA, while other results indicated that the increase in
eNOS expression may reduce the severity of cerebral vasospasm.
A large amount of evidence also suggested that various factors
can induce the onset of post-SAH cerebral vasospasm.35 For



Figure 4. Expressions of HIF1a Was Determined

among Various Groups Using IHC

Expression of HIF1a was determined among various

groups using IHC, and it was found that evident increase

in HIF1a protein expression was observed in SAH group,

while it was decreased by MEL treatment (magnification,

200�).
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example, several in vitro and in vivo studies showed that oxyhemo-
globin and its metabolites can trigger the synthesis of free radicals,
which subsequently generate oxidative stress and induce vaso-
spasm.36 In summary, critical vasodilators, such as NO and
peroxynitrite, which is generated by a rapid reaction between
NO and superoxide radical (O2�), may lead to the imbalance be-
tween cerebral vasoconstrictors and vasodilators, eventually
causing cerebral vasospasm.37,38 In this study, we found that
MEL dose dependently increased H19 expression, which in turn
increased the expression of miR-675 and decreased the expression
of miR-138, thus affecting the expression of target genes of miR-
675 or miR-138.

In this study, our results suggested that MEL could ameliorate post-
SAH vasospasm by regulating the expression of eNOS and HIF1a
via H19/miR-138/eNOS/NO and H19/miR-675/HIF1a signaling
pathways.

MATERIALS AND METHODS
Animal Grouping and Treatment

In this study, a total of 32 male SD rats with an average body weight
of 400 g were randomly allocated into four weight-matched groups,
i.e., a sham group (SHAM group, surgery without the induction of
SAH, N = 8), a sham+MEL group (SHAM+MEL group, sham-oper-
ated rats treated with MEL, N = 8), a SAH+vehicle group (SAH+
VEH group, SAH rats treated with saline, N = 8), and a SAH+MEL
group (SAH+MEL group, SAH rats treated with MEL, N = 8). First,
the rats in SAH+VEH and SAH+MEL groups underwent a previ-
ously described surgical operation to induce the onset of SAH.12

In brief, after an incision of 4 cm in length was made over the ante-
rior midline on the neck, the internal carotid artery (ICA) and right
external carotid artery were separated. Subsequently, a sharpened
wire was inserted into the stump of the right external carotid artery
and advanced to the intracranial ICA. Upon the proper placement of
the wire, a laser doppler flowmetry (AD Instruments, Colorado
Springs, CO, USA) should show that the signal of ipsilateral core
binding factor (CBF) was reduced. In the next step, the wire was
pushed inward 3 mm to puncture the cerebral ICA at the bifurca-
tion. Among the three experimental groups set up in this study,
the rats in the SHAM group underwent all surgical procedures
except the step of suture perforation, while the rats in the other
two groups underwent the entire surgical procedure. After the sur-
gical operation, all animals were housed in single cages and had
Molecular Th
free access to food and water until dissection.
All animal experiments were performed in
line with internationally recognized guidelines
for the care and use of laboratory animals, and the institutional an-
imal ethics committee approved this study.

Assessment of Vasospasm

The assessment of vasospasm in rats was performed on day 3 after the
surgery using cerebrovascular casting.27–29 In brief, the rats were
anesthetized using isoflurane and then perfused transcardially using
PBS containing 4% of formalin and 3% of gelatin-India ink. Subse-
quently, the rats were dissected to collect the brain tissue, and the
severity of SAH was graded by inspecting the morphology of blood
vessels under a microscope in conjunction with a high-definition
medical image analysis system (HMIAP-2000, Tongji Medical Uni-
versity,Wuhan, China).27–29 In addition, the smallest diameter within
the MCA outside the lateral sulcus was measured to evaluate the de-
gree of vasospasm.

RNA Isolation and Real-Time PCR

The total RNA from tissue and cell samples was extracted using a
Trizol kit (Invitrogen, Carlsbad, CA, USA), followed by the determina-
tion of the concentration and purity of extracted RNA using a DU-640
spectrophotometer (Beckman, San Jose, CA, USA). A ratio of A260/
A280 between 1.8 and 2.0 was considered as acceptable purity for ex-
tracted RNA to be used in subsequent experiments. In the next step,
the total extracted RNA was reversely transcribed into cDNA in accor-
dance with the instruction of a PrimeScript RT reagent kit (Takara, To-
kyo, Japan) using the following reaction conditions: reverse transcrip-
tion at 37�C for 15 min and reverse transcriptase inactivation at 85�C
for 5 s. Subsequently, real-time PCR was performed on an ABI7500 in-
strument (Applied Biosystems, Foster City, CA, USA) using a SYBR
premix EX Taq kit (Takara, Tokyo, Japan) and the following reaction
conditions: pre-denaturation at 95�C for 10min and 40 cycles of dena-
turation at 95�C for 15 s and annealing at 60�C for 1 min. The real-
time PCR reaction system contained 9.0 mL of SYBRmix, 0.5 mL of for-
ward primer, 0.5 mL of reverse primer, 2.0 mL of cDNA template, and
8.0 mL of RNase-free dH2O, with a total volume of 20 mL. The relative
expression of H19 (forward, 50-TGCTGCACTTTA CAACCACTG-30;
reverse, 50-ATGGTGTCTTTGATGTTGGGC-30), miR-675 (forward,
50-TGGTGCGGAGAGGGCCCACAGTG-30; reverse, 50-GCGAGCA
CAGAATTAATACGAC-30), miR-138 (forward, 50-GGTGTCGTGG
AGTCGGCAA-30; reverse, 50-AACTTCACAACACCAGCTTA-30),
HIF1amRNA (forward, 50-CGGGATCCTCTCTAGTCTCACGAGG
GGTTTCC-30; reverse, 50-GCTCTAGAGATGCTACTGCAATGCA
ATGGTT-30), and eNOS mRNA (forward, 50-GCCAATGCAGTG
erapy: Nucleic Acids Vol. 19 March 2020 527
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Figure 5. Expressions of eNOS Was Compared

among Various Groups Using IHC

Expression of eNOS was compared among various

groups using IHC, and the results showed that the protein

expression of eNOS was evidently decreased in the SAH

group, while the administration of MEL in SAH rats obvi-

ously increased the protein expression of eNOS (magni-

fication, 200�).
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AAGATC-30; reverse, 50-GCACAGAAGTGCGGGTAT-30) was calcu-
lated using the 2�DDCt method, while the expression of U6 (forward,
50-CGCTTCGGCAGCACATATACTA-30; reverse, 50-TGCTGTAGC
CAAATTCGTTG-30), and GAPDH (forward, 50-TCAGTGGTGGA
CCTGACCTG-30; reverse, 50-TGCTGTAGCCAAATTCGTTG-30)
were used as the internal reference.

Cell Culture and Transfection

SH-SY5Y and U251 cells were cultured at 37�C and 5% CO2 in
a 95% humidity incubator. For transfection experiments, the
cells were maintained in a DMEM culture medium supplemented
with 10% fetal bovine serum (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA). When the cells reached a density of 85%,
they were trypsinized using 0.25% trypsin and passaged. Subse-
quently, the cells in the logarithmic phase of growth were seeded
into 96-well plates at a density of 2 � 104 cells/well and cultured
overnight. On the next day, the cells were transfected using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) following
the instruction of the manufacturer. After transfection, the cells
were cultured at 37�C for 48 h before they were collected for sub-
sequent analyses. In addition, for experiments of MEL treatment,
the cells were treated with different concentrations of MEL for
24 h prior to the measurement of expression of various target
genes.

Vector Construction, Mutagenesis, and Luciferase Assay

To investigate the regulatory relationship of H19/miR-138, miR-
138/eNOS, and miR-675/HIF1a, as well as to investigate the effects
of MEL treatment on the activity of H19 promoter, full-length
sequences of H19, miR-138, and miR-675, as well as the 30 UTR
sequences of HIF1a and eNOS containing the binding sites for
miR-675 and miR-138, respectively, were cloned into pcDNA lucif-
erase vectors (Promega, Madison, WI, USA). At the same time,
site-directed mutagenesis was carried out in the site of interaction
of H19/miR-138, miR-138/eNOS, and miR-675/HIF1a to create
mutant vectors of H19, miR-138, miR-675, HIF1a, and eNOS.
Subsequently, SH-SY5Y and U251 cells were co-transfected with
wild-type and mutant vectors of genes of interest, and the luciferase
activity of transfected cells was measured using a dual-luciferase re-
porter gene assay kit (Promega, Madison, WI, USA) at 48 h after
transfection on a luminescence plate reader (Promega, Madison,
WI, USA).
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Western Blot Analysis

Cell and tissue samples were harvested and
lysed in an SDS lysis buffer to extract
sample proteins, which were then heated to 100�C for 5 min
and loaded (20 mL per sample) onto a 10% polyacrylamide gel
electrophoresis (PAGE) gel. Subsequently, the resolved proteins
were transferred onto a polyvinylidene fluoride (PVDF) membrane
at a voltage of 48 V, and the membrane was incubated with
5% bovine serum albumin for 2 h at room temperature to
block endogenous antibodies. In the next step, after being
rinsed in tris-buffered saline and Tween 20 (TBST), the membrane
was incubated overnight at 4�C with anti-HIF1a (cat. no. #3716S,
1:500 dilution, Cell Signaling Technologies, Beverly, MA, USA)
and anti-eNOS primary antibodies (cat. no. #9572S, 1:500 dilution,
Cell Signaling Technologies, Beverly, MA, USA). After the incuba-
tion with primary antibodies, the membrane was washed with
1� TBST and then incubated with horseradish peroxidase
(HRP)-labeled secondary antibodies (cat. no. sc2357, 1:2,000 dilu-
tion, Santa Cruz Biotechnology, Santa Cruz, CA, USA). After the
incubation, the membrane was washed with TBST again and
then developed in enhanced chemiluminescence reagents (Thermo
Fisher Scientific, Waltham, MA, USA). The relative protein
expression of HIF1a and eNOS was then calculated using GAPDH
as the internal control.

Immunohistochemistry

Tissue samples were fixed in 10% formaldehyde, dehydrated in
gradient alcohol, embedded in paraffin, and sliced into 4-mm sec-
tions. The sections were then dewaxed and dehydrated by gradient
alcohol (95%, 80%, and 75%; 1 min each step). After being washed
by running water for 1 min, the sections were incubated with
3% H2O2 at 37�C for 30 min, followed by a PBS rinse. In the
next step, the sections were boiled in 0.01 M citrate buffer at
95�C for 20 min. After being cooled down to room temperature,
the sections were washed again by PBS. Subsequently, the sections
were blocked with normal goat serum at 37�C for 10 min and
incubated with anti-HIF1a and anti-eNOS monoclonal antibodies
(1:100 dilution, Abcam, Cambridge, MA, USA) overnight at
4�C. Following the incubation, the sections were washed with
PBS for 2 min and incubated with HRP-conjugated secondary an-
tibodies (1:1,000 dilution, Abcam, Cambridge, MA, USA) at room
temperature for 30 min. Afterward, the sections were developed
with diaminobenzidine (DAB), counterstained with hematoxylin,
and mounted. In the next step, 10 view fields were randomly
selected on each section and observed under a microscope to



Figure 6. Effect of MEL on the Expression of H19, miR-675, miR-138, HIF1a, and eNOS in SH-SY5Y Cells

(A) Co-transfection of the cells with H19 andmiR-138mimics reduced the luciferase activity of the cells (*p < 0.05, versus control group). (B) Transfection of the cells with wild-

type 30 UTR of eNOS significantly decreased the luciferase activity of miR-138 (*p < 0.05, versus control group). (C) Transfection of the cells with miR-675mimics significantly

decreased the luciferase activity of wild-type 30 UTR of HIF1a (*p < 0.05, versus control group). (D) MEL dose dependently increased the luciferase activity of the H19

promoter (*p < 0.05, versus untreated cells). (E) MEL dose dependently increased the expression of H19 (*p < 0.05, versus untreated cells). (F) MEL dose dependently

increased the expression of miR-675 (*p < 0.05, versus untreated cells). (G) MEL dose dependently decreased the expression of miR-138 (*p < 0.05, versus untreated cells).

(H) MEL dose dependently downregulated the expression of HIF1amRNA (*p < 0.05, versus untreated cells). (I) MEL dose dependently upregulated the expression of eNOS

mRNA (*p < 0.05, versus untreated cells). (J) MEL dose dependently downregulated the expression of HIF1A protein while upregulating the expression of eNOS protein.
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determine the percentage of cells positive for the expression of
target genes.

H&E Staining

The collected tissue samples were dissected and fixed overnight at 4�C
with 4% paraformaldehyde. These samples were then embedded in
paraffin and sectioned for H&E staining, which was carried out ac-
cording to the instruction of an H&E staining kit (Beyotime Biotech-
nology, Shanghai, China).
TUNEL Assay

Collected tissues were stained according to the instructions of a
TUNEL kit (Beyotime Biotechnology, Shanghai, China) to observe
the status of cell apoptosis in different samples. In brief, the tissue
samples were made into paraffin sections, dewaxed by a conventional
xylene treatment, rehydrated by gradient alcohol, blocked with 3%
H2O2 solution at room temperature for 10 min, and incubated with
the reagents in the kit following the manufacturer’s instructions.
Finally, the sections were observed and photographed under a
Molecular Therapy: Nucleic Acids Vol. 19 March 2020 529
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Figure 7. Effect of MEL on the Expression of H19, miR-675, miR-138, HIF1A, and eNOS in U251 Cells

(A) Co-transfection of the cells with H19 and miR-138 mimics reduced the luciferase activity of the cells (*p < 0.05, versus control group). (B) Transfection of the cells

with wild-type 30 UTR of eNOS significantly decreased the luciferase activity of miR-138 (*p < 0.05, versus control group). (C) Transfection of the cells with miR-675

mimics significantly decreased the luciferase activity of wild-type 30 UTR of HIF1a (*p < 0.05, versus control group). (D) MEL dose dependently increased the luciferase

activity of H19 promoter (*p < 0.05, versus untreated cells). (E) MEL dose dependently increased the expression of H19 (*p < 0.05, versus untreated cells). (F) MEL dose

dependently increased the expression of miR-675 (*p < 0.05, versus untreated cells). (G) MEL dose dependently decreased the expression of miR-138 (*p < 0.05,

versus untreated cells). (H) MEL dose dependently downregulated the expression of HIF1a mRNA (*p < 0.05, versus untreated cells). (I) MEL dose dependently

upregulated the expression of eNOS mRNA (*p < 0.05, versus untreated cells). (J) MEL dose dependently downregulated the expression of HIF1a protein while

upregulating the expression of eNOS protein.

Molecular Therapy: Nucleic Acids
fluorescence microscope (BX53, Olympus, Tokyo, Japan) to analyze
the apoptotic profile of the samples.

Statistical Analysis

All results were analyzed by SPSS statistical software version 21.0.
Each experiment was repeated in triplicate. All measurement data
were expressed as mean ± SD. The t test was used for comparing
530 Molecular Therapy: Nucleic Acids Vol. 19 March 2020
two groups, while a one-way ANOVA was used for comparing mul-
tiple groups, with a Scheffé test being used as a post hoc test. A p value
of <0.05 was considered statistically significant.

Ethics Approval and Consent to Participate

All animal experiments were performed in line with internationally
recognized guidelines for the care and use of laboratory animals.
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