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Abstract. - OBJECTIVE: To investigate astax-
anthin (AST) protecting myocardial cells from
hypoxia/reoxygenation (H/R) injury by regulat-
ing miR-138/HIF-1a axis.

MATERIALS AND METHODS: Myocardial
cells were collected and divided into a control
group, a H/R group, and a H/R+AST group. The
H/R injury model was established, and cells in
the H/R+AST group were given AST before mod-
eling. The cell survival rate, contents of myocar-
dial enzymes, and apoptosis were detected.

RESULTS: The survival rate in the H/R group
reduced and was lower than that in the H/
R+AST group (p<0.05). Compared with the con-
trol group, activities of myocardial enzymes sig-
nificantly increased in the H/R group but those
were inhibited in the H/R+AST group (p<0.05).
The apoptotic rate in the H/R group significant-
ly increased compared with the control group
but that significantly decreased compared with
the H/R+AST group (p<0.05). The expression of
cleaved caspase-9 and caspase-3 increased in
the H/R group (p<0.05), and was higher than that
in the H/R+AST group (p<0.05). The expression
levels of miR-138 and HIF-1a were detected. MiR-
138 level significantly decreased in the H/R group
but increased in the H/R+AST group (p<0.05).
Compared with the control group, HIF-1a con-
tent significantly increased in the H/R group but
that was significantly inhibited in the H/R+AST
group (p<0.05). The Luciferase reporter gene as-
say confirmed that HIF-1a was the target gene of
miR-138. After miR-138 mimics and HIF-1a siR-
NA were transfected into myocardial cells, the
cell survival rate significantly increased, and ac-
tivities of myocardial enzymes were significant-
ly inhibited in the H/R+AST+miR-138 mimics and
H/R+AST+HIF-1a siRNA groups (p<0.05). The
apoptotic rate significantly decreased, and con-
tents of cleaved caspase-9 and caspase-3 were
significantly inhibited in the miR-138 mimics and
HIF-1a siRNA groups (p<0.05).
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CONCLUSIONS: AST can exert a protective
function in myocardial cells via regulating the
expression of miR-138/HIF-1a axis.
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tive effect.

Introduction

Acute myocardial infarction is a disease that
seriously endangers life and health of patients.
Myocardial microcirculation reperfusion, the best
method to treat myocardial infarction, reverses
myocardial ischemia and limits infarction area'.
However, myocardial reperfusion may cause fur-
ther tissue injury during treatment, which is often
referred to as myocardial reperfusion injury’. At
present, myocardial ischemia/reperfusion (I/R)
injury is a major public health issue worldwide
with a high incidence and mortality rate, result-
ing in approximately 3.4 million female and 3.8
million male deaths every year*’. For better ex-
ploring myocardial reperfusion injury, isolated
primary myocardial cells with hypoxia/reoxy-
genation (H/R) are typically used for simulation®.
As an effective singlet oxygen quencher that has
a strong antioxidant effect, astaxanthin (AST) is
also a kind of ketone carotene that exists in a va-
riety of organisms many of which are presented
in marine environment™®. Literature has shown
that AST reduces lipid peroxidation’, inflamma-
tion!?, thrombosis, clearance receptor expression,
and activities of macrophage matrix metallopro-
teinases!!. Moreover, it inhibits cell apoptosis and
improves plaque stability'?, as well as reduces cell
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fibrosis and improves cardiac function'’. Howev-
er, the mechanism of action and pathway of AST
remains unclear.

According to previous studies, miRNAs are
involved in various biological behaviors of dis-
eases, such as cell apoptosis, proliferation, mi-
gration, and cycle procession'*. Some of them are
abnormally expressed during myocardial I/R in-
jury, suggesting that miRNAs may be involved in
regulating the progression of the disease'>'°. It is
reported that miR-138 as a miRNA protects myo-
cardial cells from hypoxia-induced injury and is
considered as an important regulator in cell sig-
naling pathways'. This miR can participate in
myocardial cell conduction, anti-ischemic protec-
tion, and other links, thus exerting a vital func-
tion'8. It has been confirmed that hypoxia induc-
ible factor-lo. (HIF-10) is abnormally expressed
in various human cancers and is an important
regulator of steady-state responses to hypoxic
cells and systems in vivo by activating gene tran-
scription'?. Besides, regulating HIF1-a activity
can prevent diabetic cardiomyopathy and cardiac
remodeling?’. MiR-138 can specifically regulate
HIF-1a, and the miR-138/HIF-1a axis is involved
in the regulation of myocardial ischemia reperfu-
sion injury?.

In this study, the mechanism of action of AST
in the H/R injury of isolated primary myocardial
cells was explored, and changes in the miR-138/
HIF-10, axis were detected, in order to provide
new ideas for treating myocardial ischemia reper-
fusion.

Materials and Methods

Myocardial Cell Culture and Model
Establishment

Myocardial H9C2 cells (YBCC337726) were
purchased from ScienCell (Carlsbad, CA, USA).
They were placed in a Dulbecco’s Modified Ea-
gle’s Medium (DMEM) (KL-P0032, Merck/
Sigma-Aldrich, Germany) containing 10% fetal
bovine serum (FBS), and incubated in an incu-
bator at 37°C and with 5% CO,. The H/R model
was established. After the supernatant in the
primarily cultured myocardial cells was dis-
carded, the cell culture fluid was replaced with
serum-free DMEM and then cultured in an an-
oxic box for 12 hours. Next, reoxygenation was
performed, and the medium was replaced with
DMEM (containing 10% FBS) and then incu-
bated for 4 hours.

Experimental Grouping

Myocardial cells were randomly divided into
a normal control group, a H/R group, and a H/
R+AST group. The cells in the normal control
group cultured at the same time were put into an
incubator at 37°C and with 5% CO, for the same
time. Cells in the H/R group were modeled accord-
ing to the above method. Cells in the H/R+AST
group were treated with 10 pm of AST (SA8730,
Solarbio, Beijing, China) before modeling.

Cell Transfection

The cells were transfected and then divided
into an empty vector negative control group (H/
R+AST+NC), a miR-138 overexpression group
(H/R+AST+miR-138 mimics), and a HIF-la si-
lence group (H/R+AST+HIF-la siRNA). After
the cells adherently grew and fused to 80%-90%,
they were respectively transfected according to
the instruction of a Lipofectamine™2000 trans-
fection kit (Invitrogen, Carlsbad, CA, USA).

Quantitative-Reverse Transcription-Poly-
merase Chain Reaction (GRT-PCR)

Total RNA was drawn from the cells using a
TRIzol reagent kit (Invitrogen, Carlsbad, CA,
USA), and its purity, concentration, and integrity
were detected by an UV spectrophotometer and
agarose gel electrophoresis. The RNA was re-
versely transcribed into cDNA according to the
instruction of a reverse transcription kit (Ther-
mo Fisher Scientific, Shanghai, China), with the
transcribed samples stored at -20°C for later use.
A SYBR Premix Ex Taq™ kit (TaKaRa Biotech-
nology Co, Ltd., Tokyo, Japan) was used for PCR
amplification on a PCR instrument (ABI7500,
Applied Biosystems, Warrington, UK), with
GAPDH and U6 used as internal references. Cycle
conditions for the reaction were as follows: dena-
turation at 95°C for 10 min, denaturation at 95°C
for 15 s, and annealing/extension at 60°C for 60
s, for a total of 40 cycles. The data were obtained
after three repeated experiments, and the relative
expression was calculated by 2-24¢T (Table I).

Western Blotting (WB)
Radioimmunoprecipitation assay (RIPA) ly-
sis buffer (Thermo Fisher Scientific, Waltham,
MA, USA) was used for lysis, and a bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher Sci-
entific, Waltham, MA, USA) was used to detect
the protein concentration. After the concentration
was adjusted to 4 pg/ul, the protein was sepa-
rated by 12% sodium dodecyl sulfate polyacryl-
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Table I. Primer sequences.

Reverse

Forward
miR-138 5-AGCTGGTGTTGTGAATC-3’
uo6 5-CGGGTTTGTTTTGCATTTGT-3’
HIF-1a 5’-CACCACAGGACAGTACAGGAT-3
GAPDH 5’-CTGGGCTACACTGAGCACC-3’

5-GTGCAGGGTCCGAGGT-3'
5’-AGTCCCAGCATGAACAGCTT-3’
5’-CGTGCTGAATAATACCACTCACA-3’
5’-AAGTGGTCGTTGAGGGCAATG-3’

amide gel electrophoresis (SDS-PAGE), transferred
to polyvinylidene difluoride (PVDF) membrane
(Millipore, Billerica, MA, USA), and then sealed
in 5% skimmed milk for immune reaction. Next,
the membrane was incubated with primary anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) (1:1000) overnight at 4°C. After washed to
remove the primary antibody, the membrane was
added with horseradish peroxidase-labeled goat
anti-rabbit secondary antibody (Abcam, Cam-
bridge, MA, USA) (1:1000), incubated at 37°C for
1 hour, and rinsed with phosphate-buffered saline
(PBS) over 5 min for 3 times. After that, the mem-
brane was developed with an enhanced chemilu-
minescence (ECL) reagent (Thermo Fisher Sci-
entific, Waltham, MA, USA) and then fixed. The
Quantity One infrared imaging system was used
for photographing. The relative expression level of
the protein = the gray value of the band /the gray
value of the internal reference.

Detection of Cell Survival Rate

Cell counting kit-8 (CCK-8; Nanjing Enogene
Biotech Co., Ltd., China) was used to analyze the
cell survival rate. The isolated and extracted prima-
ry myocardial cells were inoculated into a 96-well
plate (6x10° cells/well), and then added again with
200 pL of medium (containing 20 uL. of CCK-8)
for continuous incubation for 4 hours. The optical
density (OD) value of each group was detected at
450 nm using the Multiskan FC microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

Detection of Apoptosis

Annexin V-FITC/Propidium lodide (PI) apop-
tosis detection kit (Becon Dickinson FACSCali-
bur, CA, USA) was used for detection. Cells were
digested with trypsin, washed with PBS for twice,
and then collected into centrifuge tubes. Next,
20 pL of labeled Annexin-V-FITC solution was
first added to 1 mL of buffer solution, and 20 pL
of PI reagent was then added. Cells were finally
incubated at room temperature in the dark for 5
min. The Beckman Coulter CytoFLEX LX flow
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cytometer system was used for detection. The ex-
periment was repeatedly carried out for 3 times to
obtain the average value.

Determination of Lactate Dehydroge-
nase (LDH|), Cardiac Troponin I (cTnl),
and Creatine Kinase-MB (CK-MB)

After H/R injury, cell supernatants of each
group were collected. Enzyme-linked immu-
nosorbent assay (ELISA) was used to detect
contents of LDH (RL008, Shanghai Gefan Bio-
technology Co., Ltd., China), CK-MB (RC044,
Shanghai Gefan Biotechnology Co., Ltd., China),
and cTnl (EKC40439, R&D Systems Inc., China),
with operating steps strictly carried out in accor-
dance with the kit instruction. The OD value was
detected using the Multiskan FC microplate read-
er at 450 nm.

Luciferase Reporter Gene Assay

TargetScan was used to predict the binding
site of miR-138 and HIF-1a. Subsequently, a frag-
ment of HIF-la 3’-untranslated region (3’-UTR;
containing the wild type (HIF-la wt) or muta-
tion (HIF-loo mut) of the predicted binding site)
was cloned on the vector. After verification with
DNA sequencing, the plasmids (miR-138 mim-
ics, NC mimics) were transfected into myocar-
dial cells according to the instruction of a Lipo-
fectamine™2000 kit (Invitrogen, Carlsbad, CA,
USA). The cells were collected at 48 hours after
transfection. The Dual-Luciferase reporter gene
assay system (DLR® Promega Corporation, Mad-
ison, WI, USA) was used for analysis.

Statistical Analysis

SPSS 20.0 software package (IBM, Armonk,
NY, USA) was used to statistically analyze the
collected data. GraphPad 7 software package (La
Jolla, CA, USA) was used to plot the required fig-
ures. The comparison between two groups was
analyzed by #-test, and the comparison between
multiple groups was analyzed by one-way ANO-
VA, and LSD-t test was used for post-hoc pair-
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wise comparison. p<0.05 indicated a statistically
significant difference.

Results

Effects of AST on H/R-Induced
Myocardial Cell Injury (MCl)

As shown in Figure 1, the survival rate of myo-
cardial cells in the H/R group decreased signifi-
cantly, and was lower than that in the H/R+AST
group (p<0.05). Compared with the control
group, activities of LDH, CK-MB, and cTnl sig-
nificantly increased in the H/R group (p<0.05),
but those were significantly inhibited in the H/
R+AST group (p<0.05).
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Effects of AST on H/R-Induced Myocardi-
al Cell Apoptosis

Cell apoptosis in each group is shown in Figure
2. The apoptotic rate significantly increased in the
H/R group compared with the other two groups
(p<0.05), and the rate in the H/R+AST group was
significantly lower than that in the H/R group but
higher than that in the control group (p<0.05). The
expression of cleaved caspase-9 and caspase-3 in
each group was detected. Their expression and
contents significantly increased in the H/R group
compared with the other two groups (p<0.05),
and the expression and contents significantly in-
creased in the H/R+AST group compared with the
control group (p<0.05).
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Figure 1. Effects of AST on H/R-induced MCI. A, The comparison of cell survival rate. B, The comparison of LDH activ-
ity. C, The comparison of CK-MB activity. D, The comparison of cTnl activity. Note: * indicates a comparison between two

groups, p<0.05.
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Figure 2. Effects of AST on H/R-induced myocardial cell apoptosis. A, The comparison of cell apoptotic rate. B, The com-
parison of caspase-3 expression. C, The comparison of caspase-9 expression. D, A myocardial cell apoptosis map. E, A map
for caspase-3 and caspase-9 proteins. Note: * indicates a comparison between two groups, p<0.05.

Effects of AST on MiR-138 and HIF-1a.
Levels

The expression levels of miR-138 and HIF-la
in the control, H/R, and H/R+AST groups were
detected, respectively, as shown in Figure 3. MiR-
138 level in the H/R group decreased significantly
compared with the control group, but increased
compared with the H/R+AST group (p<0.05).
Compared with the control group, the mRNA
level and protein content of HIF-1a significantly
increased in the H/R group, while those signifi-
cantly decreased in the H/R+AST group (p<0.05).

Verification of the Relationship Between
MiR-138 and HIF-1a.

Bioinformatics results were confirmed by the
Luciferase reporter gene assay. As shown in Fig-
ure 4, HIF-1a was found to be the target gene of
miR-138. After the transfection of miR-138 mim-
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ics, the Luciferase activity of HIF-1a-Wt was sig-
nificantly inhibited (p<0.05). The expression and
content of HIF-1a in the miR-138 mimics group
were significantly lower than those in the NC
group (p<0.05).

AST Exerting Myocardial Protection
Through MiR-138/HIF-1a Axis

The corresponding miR-138 mimics and HIF-
la siRNA were transfected into myocardial cells.
As shown in Figure 5, the cell survival rate in-
creased significantly, and activities of LDH, CK-
MB, and cTnl were significantly inhibited in the
H/R+AST+miR-138 mimics and H/R+AST+HIF-
la. siRNA groups (p<0.05). The apoptotic rate
decreased significantly (p<0.05), and contents of
cleaved caspase-9 and caspase-3 were significant-
ly inhibited in the miR-138 mimics and HIF-la
siRNA groups (p<0.05).
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Figure 3. Effects of AST on miR-138 and HIF-1a levels. A, Effects of AST on miR-138 level. B, Effects of AST on HIF-1a
level. C, Effects of AST on the OD of HIF-1a. D, Effects of AST on HIF-1a expression. Note: * indicates a comparison between
two groups, p<0.05.
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Figure 4. Validation of the relationship between miR-138 and HIF-1a. A, The verification of HIF-1a being the target gene of
miR-138. B, Changes in HIF-1a expression after transfection. C, Changes in HIF-1a content after transfection. Note: * indi-
cates a comparison between the two groups, p<0.05.

Discussion vessels?. Additionally, it damages various physi-

ological activities of endothelial cells, such as cell

Mainly occurring in the process of myocardi- survival rate reduction, energy metabolism disor-

al infarction, H/R not only leads to myocardial der, angiogenesis damage, the excess production
microvascular damage, but also damages great of reactive oxygen species, and mitochondrial
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Figure 5. AST exerting myocardial protection through miR-138/HIF-1a axis. A, The comparison of cell survival rate after
transfection. B, LDH changes after transfection. C, The comparison of CK-MB after transfection. D, The comparison of cTnl
expression after transfection. E, The comparison of apoptotic rate after transfection. F, The comparison of caspase-9 and
caspase-3 contents after transfection. G, An apoptosis map after transfection. H, A map for caspase-9 and caspase-3 proteins.
Note: * indicates p<0.05 compared with the H/R, H/R+AST, and H/R+AST+NC groups.

dysfunction*. AST is a symmetrical molecule
composed of two terminal rings that are connect-
ed by a short polyene ring. Natural AST mainly
exists in an esterified form, while synthetic AST
is produced in a free form?. AST protects heart by
improving body inflammation, oxidative stress,
lipid metabolism, and glucose metabolism?, but
its specific mechanism of action in H/R is still
unclear.

LDH is a biochemical index and changes in its
activity reflect the degree of MCI, so this index
can be used to assess myocardial injury with good
repeatability and high reliability?’. Presented in
myocardial cells and involved in the regulation
of substance metabolism and cell energy, CK-MB
and cTnl can be also used to detect MCI*. When
cells are cultured in vitro, H/R-induced MCI caus-
es cell rupture and the release of metabolic en-
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zymes in cytoplasm outside cells®. Studies**%!
have found that H/R occurrence increases activ-
ities of LDH, CK-MB, and cTnl and the apoptot-
ic rate of myocardial cells. In our study, H/R-in-
duced MCI decreased the cell survival rate and
increased activities of the three enzymes, which
indicates that H/R causes myocardial cell rupture
and metabolic enzyme release into the culture
medium. AST can relieve MCI and reduce con-
tents of metabolic enzymes entering the culture
medium. According to He et al®, esculetin can
inhibit the oxidative stress and apoptosis of H/R
myocardial H9¢2 cells; AST can inhibit neuronal
apoptosis in insulin-resistant mice*. Caspase-9
and caspase-3 are both involved in the develop-
ment and progression of cell apoptosis. As the key
protease of mitochondrial apoptosis pathways, the
former causes cascade reaction through self-splic-
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ing activation, thus activating apoptosis executors
such as the latter’**. H/R injury is closely related
to mitochondrial apoptosis®*. In our study, AST
could inhibit the apoptosis of H/R-induced myo-
cardial cells as well as the expression of cleaved
caspase-9 and caspase-3, thereby inhibiting the
apoptosis of mitochondrial pathways.

MiR-138 is lowly expressed but HIF-1a is highly
expressed in H/R-induced myocardial cells*. Zhang
et al’” have found that emodin protects H9¢2 cells
from hypoxia-induced damage through up-regulat-
ing miR-138 expression, while silencing the expres-
sion weakens the protection. In our study, the expres-
sion levels of miR-138 and HIF-1a. in different groups
were detected, respectively. MiR-138 level signifi-
cantly decreased and HIF-la content significantly
increased in the H/R group, while the decrease and
the increase were reversed after treatment with AST.
This shows that AST can regulate miR-138 and HIF-
la. The relationship between miR-138 and HIF-1a
was confirmed by the Luciferase reporter gene assay.
HIF-1a was the target gene of miR-138, and the Lu-
ciferase activity of HIF-1a-Wt was significantly in-
hibited in the miR-138 mimics group. The expression
and content of HIF-1a in the miR-138 mimics group
were significantly lower than those in the NC group
(p<0.05). These results have been confirmed in pre-
vious studies?**. Liu et al*’ put forward that AST can
alleviate acute renal injury induced in vivo and vitro
by regulating the expression of SIRT1/FOXO3a axis.
It also plays a protective role by inhibiting NF-«xB/
MAPKs signaling pathway in inflammatory respons-
es induced by Ophiocephalus argus lipopolysaccha-
ride®. To further explore the mechanism of action of
AST on myocardial cells with H/R injury, we trans-
fected miR-138 mimics and HIF-la siRNA into the
cells. Their survival rate significantly increased, and
activities of LDH, CK-MB, and CTnl were signifi-
cantly inhibited in the H/R*AST+miR-138 mimics
and H/R+AST+HIF-1a siRNA groups. The apoptotic
rate decreased significantly, and contents of cleaved
caspase-9 and caspase-3 were significantly inhibited
in the miR-138 mimics and HIF-1a, siRNA groups
(p<0.05). These findings demonstrate that AST may
regulate biological behaviors of myocardial cells by
regulating the miR-138/HIF-1a axis, thus playing a
protective role.

Conclusions
We mainly explored the mechanism of action

of AST in H/R-induced myocardial injury, and
found that AST could exert a protective function

via regulating the miR-138/HIF-la axis, which
provides some ideas for future research and treat-
ment. However, there are certain limitations to
this study. Due to many regulatory pathways for
myocardial injury, whether there are other path-
ways remains to be further studied and verified.
Moreover, whether AST can participate in cellu-
lar inflammatory and oxidative stress responses
through the regulation of miR-138/HIF-la still
needs more basic research to confirm. In summa-
ry, AST affects biological behaviors of myocardi-
al cells via regulating the miR-138/HIF-1la axis,
thereby exerting a protective function.
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