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Retinol palmitate protects against
myocardial ischemia/reperfusion injury via
reducing oxidative stress and inhibiting apoptosis
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Abstract: The purpose of this study was to determine whether retinol palmitate could protect against myocardial
ischemia/reperfusion (I/R) injury and explore the underlying mechanism. Retinol palmitate reduced the level of
reactive oxygen species and prevented cellular apoptosis. In vivo, retinol palmitate increased superoxide dismutase
(SOD) activity and reduced the level of malondialdehyde in I/R mice. Retinol palmitate also decreased myocardial
infarct size and reduced cellular apoptosis by suppressing the expression of proapoptotic-related proteins and in-
creasing that of SOD-related proteins. Our results suggest that retinol palmitate pretreatment has a protective effect
against myocardial I/R injury by maintaining the balance between intracellular oxidants and antioxidants.
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Introduction

Acute myocardial infarction (AMI) is character-
ized by irreversible myocardial necrosis due to
an imbalanced blood supply [1]. Although a
variety of treatments have been proposed, AMI
remains the major cause of disability and mor-
tality [2-4]. Rapid reperfusion is an important
goal of the AMI treatment. However, reperfu-
sion itself can lead to the damage and death of
cardiomyocytes [5].

The mechanisms of ischemia/reperfusion (I/R)
injury are complex, including generation of re-
active oxygen species (ROS), calcium overload,
leukocyte activation, apoptosis, and endotheli-
al dysfunction [6].

In some experimental models, ischemia results
in an increased level of myocardial ROS, fol-
lowed by a reperfusion-induced myocardial
ROS surge. In the past few decades, it has be-
en documented that myocardial ROS genera-
tion is accelerated following myocardial I/R,
which plays an important role in I/R-induced

myocardial damage [7, 8]. Several studies have
reported that antioxidants reduce free radical
production and may thereby inhibit thrombosis
and decrease myocardial infarct size and
arrhythmia in AMI [9, 10]. Antioxidants act via
the following mechanisms: (l) capturing ROS or
their precursors, (ll) suppressing ROS forma-
tion, (lll) decreasing the catalysis of ROS gen-
eration by binding to metal ions, (IV) augment-
ing endogenous antioxidant capacity, and (V)
upregulating Bcl-2 to decrease apoptosis [11].

Apoptosis is a unique form of cell damage
involving enzymes that synthesize and degrade
their own DNA. Researchers have revealed that
myocardial I/R is accompanied by increased
apoptotic cells [12-15]. Furthermore, oxidative
stress triggers cardiomyocyte apoptosis during
myocardial I/R [14, 16-18].

Recent studies have found that carotenoids,
vitamin A, and provitamin A carotenoids can be
used to suppress the occurrence and progres-
sion of cardiac diseases because of their effec-
tive antioxidant functions. Retinol acts as an
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effective peroxyl radical scavenger by suppre-
ssing peroxidation in a homogeneous solution
of methyl linoleate and in phosphatidylcholine
liposomes [19]. A 28-year study of an Israeli
population showed that an increase in dietary
vitamin A is closely related to a reduction in
mortality of patients with ischemic heart dis-
ease [20]. Vitamin A deficiency aggravates car-
diac function and myocardial remodeling fol-
lowing AMI in rats [21].

Retinol palmitate, an analog of vitamin A, has
been shown to promote axonal growth, neuro-
nal differentiation, and neural patterning, and
is a potential neuroprotective agent in cerebral
I/R injury [22, 23]. The purpose of our research
was to determine whether retinol palmitate
could prevent myocardial I/R injury and explore
its underlying mechanism.

Materials and methods
Animals and H9C2 cells culture

All experimental procedures were approved by
the Committee on the Ethics of Animal Experi-
ments of Wenzhou Medical University. Male
C57BL/6 mice (20-25 g, 6-7 weeks old) were
provided by the SLAC Laboratory Animal Center
of Shanghai. Mice were housed in a specific
pathogen-free animal room at Wenzhou Me-
dical University Animal Center and fed a free
diet and water at a constant room temperature
with a normal circadian rhythm.

H9C2 cells were purchased from the American
Type Culture Collection (Manassas, VA, USA).
HOC2 cells were cultured in high-glucose
Dulbecco’s Modified Eagle Medium (DMEM;
HyClone Laboratories, Inc., Erie, UK) supple-
mented with 10% (v/v) fetal bovine serum (FBS;
Gibco Laboratories, Gaithersburg, MD, USA)
and penicillin/streptomycin in humidified air
(5% CO,, 21% 0,) at 37°C. The medium was
refreshed every 2 days. A stock of H9C2 cells
was grown in a 100-mm Petri dish [24].

In vitro treatments

At the beginning of the experiment, retinol pal-
mitate stock solution was dissolved in dimethyl
sulfoxide (DMSO) and diluted with normal cul-
ture medium (final DMSO concentration: 0.1%).
HIC2 cells were divided into five groups. In
group C, cells were cultured in conventional cul-
ture solution. In the I/R group, cells were grown
under simulated ischemic conditions for 2 h
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and subjected to reperfusion for 4 h in normal
DMEM (hereafter referred to as I/R simulation
culture). In the DMSO group, cells were pre-
treated with DMSO (0.1%) for 4 h, then followed
by I/R simulation culture. In the I/R+L group,
cells were pretreated with 0.1 pM of retinol pal-
mitate for 4 h, then followed by I/R simulation
culture. In the I/R+H group, cells were pretreat-
ed with 1 uM retinol palmitate for 4 h, then fol-
lowed by I/R simulation culture.

I/R in vitro

HOC2 cells, a widely used cell line, were cul-
tured in DMEM supplemented with 10% heat-
inactivated FBS at 37°C in a humidified atmo-
sphere containing 5% CO,. Simulated I/R treat-
ment was carried out with physiological con-
centrations of potassium, hydrogen, and lac-
tate as previously described [25]. Briefly, car-
diomyocytes were exposed to ischemic buffer
containing (in mmol/L) 137 NaCl, 12 KCI, 0.49
MgCl,, 0.9 CaCl,, 4 HEPES, 10 deoxyglucose,
0.75 sodium dithionate, and 20 lactate (pH 6.5)
for 2 h in a humidified cell culture incubator
(21% 0O,, 5% CO,, 37°C). Reperfusion was per-
formed by returning the cells to normal culture
medium for 4 h in a humidified cell culture incu-
bator (21% O,, 5% CO,, 37°C).

Measurement of ROS

Cells were incubated with 10 umol/L of the
ROS sensitive dye 2’,7'-dichloruoresceindiace-
tate at 37°C for 20 min. A flow cytometry sorter
(BD Biosciences, San Jose, CA, USA) was used
to determine the level of ROS. Experiments
were repeated three times.

Determination of the apoptotic ratio

In a dark environment, 5 pyL annexin V-fluore-
scein isothiocyanate and 10 pL propidium
iodide (PI; 20 ug/mL) were added to HOC2 cells
(1.3 x 10°%) and incubated for 15 min. Flow
cytometry was performed to analyze the fluo-
rescence intensities of annexin V/Pl-stained
cells within 1 h. Apoptotic cells (annexin V+/PI-)
were counted. The apoptotic ratio was calcu-
lated using BD FACS software. Experiments
were repeated six times.

I/R in vivo

Mice were anesthetized with isoflurane, intu-
bated, and ventilated with a respirator. A heat-
ing pad was used to maintain body tempera-
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ture at 37°C. After left lateral thoracotomy, an
8-0 nylon suture was used to occlude the left
anterior descending coronary artery (LAD) for
40 min, which was then released for reperfu-
sion. Three days before ischemia, retinol palmi-
tate (12 or 36 mg/kg) or vehicle (medium chain
triglyceride 10 ml/kg) was administered via
intraperitoneal injection. The development of
ischemic ST-segment elevation was used to
confirm successful coronary occlusion by elec-
trocardiographic monitoring (AD Instruments,
Sydney, Australia). After reperfusion for 40 min,
mice were intraperitoneally injected with chlo-
ral sodium chloride (100 mg/kg) and eutha-
nized by posterior cervical dislocation. Hearts
were removed and the ischemic region of the
left ventricle was separated before storing in
liquid nitrogen. After reperfusion for 4 h, hearts
were harvested and infarct size was measured
by dual staining. The myocardium in the risk
area was stained red with 1% triphenyl tetrazo-
lium chloride and normal myocardium was
stained blue with 2% Evans Blue. The necrotic
tissue in the infarct zone was not stained.
Hearts were fixed and sectioned into 1-mm slic-
es, photographed using a Leica MZ95 micro-
scope (Leica, Wetzlar, Germany), and analyzed
with Imagel) software (NIH, Bethesda, MD,
USA). The myocardial infarct ratio was calculat-
ed as follows: infarct area (INF)/area at isch-
emic risk (AAR).

In vivo treatments

Mice were randomly divided into four groups:
(1) sham group: mice were anesthetized with
isoflurane and a line was passed under the LAD
without occlusion; (2) I/R group: mice were pre-
treated with 0.9% normal saline; (3) I/R+L
group: mice were pretreated with retinol palmi-
tate (12 mg/kg); and (4) I/R+H group: mice
were pretreated with retinol palmitate (36 mg/
kg). Retinol palmitate was given 30 min before
ischemia induction. Coronary occlusion lasted
for 40 min followed by reperfusion for 4 h. At
the end of reperfusion, blood was collected
from the common carotid artery and the heart
was harvested.

Immunoblot analysis

Hearts were extracted approximately 4 h after
heart reperfusion. The ischemic region of the
left ventricle was homogenized in ice-cold lysis
buffer (pH 7.4) containing 1% protease and
phosphatase inhibitors, 20 mM Tris-HCI, 1%
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sodium deoxycholate, 10 mM NaF, 1% Triton
X-100, 2.5 mM EDTA, and 0.1% SDS. The
lysates were sonicated and centrifuged at
11,000 x g for 30 min. The supernatant was
transferred to a 1.5-mL tube. The bovine serum
albumin method was used to determine protein
concentration. Western blot analysis was con-
ducted as previously described [26]. The follow-
ing primary antibodies were used: anti-cleaved
caspase-3 (1:1000; Bioworld Technology, Inc.,
St. Louis Park, MN, USA), anti-Bcl-2 (1:500;
Abcam, Cambridge, UK), anti-Bax (1:1000; Ab-
cam), anti-superoxide dismutase (SOD)-1
(1:2000; Abcam), anti-SOD2 (1:5000; Abcam),
and anti-glyceraldehyde 3-phosphate dehydro-
genase (1:1000; Abcam). Membranes were
washed with Tris-buffered saline containing
Tween 20 and treated with the appropriate sec-
ondary antibodies for 2 h at room tempe-
rature.

Myocardial terminal deoxynucleotidyl transfer-
ase dUTP nick-end labeling (TUNEL) staining

Approximately 4 h after reperfusion, mouse
hearts were harvested for TUNEL staining.
Formalin-fixed hearts of I/R mice were embed-
ded in paraffin and sectioned (5-um). Sections
were deparaffinized and treated with 3% H,0,
for 10 min. TUNEL staining was performed
according to the manufacturer’s instructions
(Beyotime Biotechnology, Shanghai, China).
Images were viewed and photographed with a
fluorescence microscope (NIKON A1R/A1,
Nikon, Tokyo, Japan).

SOD activity and malondialdehyde (MDA) lev-
els

Myocardial SOD activity and MDA levels were
measured using commercially available SOD
and MDA kits according to the manufacturer’s
instructions (Beyotime Biotechnology).

Analysis of serum creatine kinase CK-MB lev-
els

A blood sample (0.5 mL) was collected from the
arteria carotis into a tube containing EDTA.
After centrifugation, plasma was collected and
stored at -80°C until use. The plasma concen-
trations of CK-MB were measured using a com-
mercial enzyme-linked immunosorbent assay
CK-MB kit according to the manufacturer’s
instructions (JianCheng Bioengineering Insti-
tute, Nanjing, China).
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Figure 1. Retinol palmitate pretreatment reduced reactive oxygen species in
IR-induced H9c2 cells. I/R: ischemia/reperfusion. DMSO: I/R+0.1% DMSO.
I/R+L: IR+0.1 uM retinol palmitate. I/R+H: I/R+1 uM retinol palmitate. Data
are expressed as mean + SD (n = 3 per group). #P < 0.05, Retinol palmitate
group versus IR group. *P < 0.05, I/R group and DMSO group versus control
group.
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Figure 2. Effects of Retinol palmitate pretreatment on SOD1 and SOD2
expressions in H9c2 cells and myocardial tissue. (A) Quantitative analysis
results of SOD1 in H9c2 cells. (B) Quantitative analysis results of SOD2 in
HO9c2 cells. (C) Quantitative analysis results of SOD1 in myocardial tissues.
(D) Quantitative analysis results of SOD2 in myocardial tissues. I/R: isch-
emia/reperfusion. I/R+L (A, B): IR+0.1 uM retinol palmitate. |/R+H (A, B): I/
R+1 uM retinol palmitate. I/R+L (C, D): IR+retinol palmitate (12 mg/kg). I/
R+H (C, D): I/R+retinol palmitate (36 mg/kg). Data are expressed as mean
+ SD (n = 6 per group). *P < 0.05, I/R group versus Control group or Sham
group. #P < 0.05, I/R+L group. versus I/R group.

(ANOVA) and the Student-
Newman-Keuls (SNK) test.
Data were analyzed using
SPSS22.0 software and Gra-
phPad Prism-5 statistical so-
ftware (GraphPad Software,
Inc., La Jolla, CA, USA). P val-
ues < 0.05 were considered
statistically significant.

Results

Pretreatment with retinol
palmitate decreased ROS in
H9C2 cells and increased
SOD in H9C2 cells and myo-
cardial tissue

The excessive generation of
ROS is closely linked with myo-
cardial I/R injury. The ROS
level was significantly higher
in H9C2 cardiomyocytes iso-
lated from mice following 1/
R. However, the |I/R-induced
increased in ROS was signi-
ficantly suppressed by reti-
nol palmitate pretreatment in
a dose-dependent manner
(Figure 1). There was no sig-
nificant difference between
the I/R and DMSO groups.
Tert-Butyl hydroperoxide low-
ered the expression of SOD,
and pretreatment with high-
dose retinol palmitate signifi-
cantly enhanced the expres-
sion of SOD in both HOC2 cells
and myocardial tissue. Thus,
these data demonstrated that
retinol palmitate could reduce
the generation of ROS (Figure
2).

Retinol palmitate attenuated
I/R-induced H9C2 cell apop-
tosis

Apoptosis plays an important
role in myocardial I/R injury.
Retinol palmitate (0.1 and 1

Statistical analysis
All data are expressed as the mean * SD.

Differences in all measured parameters were
assessed by the one-way analysis of variance
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uM) ameliorated I/R-induced apoptosis in a
concentration-dependent manner, indicating
that retinol palmitate exerted a cardioprotec-
tive effect by inhibiting apoptosis (Figure 3A,
3B).
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Figure 3. Effect of Retinol palmitate pretreatment on |I/R-induced apoptosis in H9c2 cells. A. Typical images of flow
cytometry. B. The apoptosis ratio was quantified by BD FACS software. Retinol palmitate pretreatment significantly
reduced apoptosis compared with the IR group in a dose-dependent manner. I/R: ischemia/reperfusion. DMSO: |/
R+0.1% DMSO. I/R+L: IR+0.1 uM retinol palmitate. I/R+H: I/R+1 uM retinol palmitate. Data are expressed as mean
+ SD (n = 6 per group). *P < 0.05, IR group and DMSO group versus control group. #P < 0.05, Retinol palmitate

group versus IR group.
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Figure 4. Retinol palmitate pretreatment reduced myocardial I/R injury. A. Representative images of the infract area
(INF: white), area at risk (AAR: red and white), and normal area (blue). B. Quantitative analysis of myocardial infarct
ratio (INF/AAR). C. Quantitative analysis of serum CK-MB activity. I/R: ischemia/reperfusion. |/R+L: IR+retinol pal-
mitate (12 mg/kg). I/R+H: I/R+retinol palmitate (36 mg/kg). Data are expressed as mean + SD (n = 6 per group).
*P < 0.05, versus Sham group. #P < 0.05, versus I/R group. $P < 0.05, versus |/R+L group.
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Figure 5. Effects of Retinol palmitate pretreatment on Bcl-2, Bax, cleaved
caspase-3 expressions in myocardial tissues. A. Representative bands of
Bcl-2, Bax, cleaved caspase-3. B. Quantitative analysis results of Bcl-2.
C. Quantitative analysis results of Bax. D. Quantitative analysis results of
cleaved caspase-3. I/R: ischemia/reperfusion. I/R+L: IR+retinol palmitate
(12 mg/kg). I/R+H: I/R+retinol palmitate (36 mg/kg). Data are expressed
as mean £ SD (n = 6 per group). *P < 0.05, versus Sham group. #P < 0.05,

versus I/R group. $P < 0.05, versus I/R+L group.

Retinol palmitate diminished myocardial in-
fract size and reduced serum CK-MB levels

Myocardial infarct area was shown in pale color
in I/R (40 min/4 h) mice. Compared with the I/R
group, the I/R+H group showed a significant
improvement in the INF/AAR ratio, suggesting
that pretreatment with retinol palmitate re-
duced the myocardial infarct area (Figure 4A,
4B). CK-MB is the primary marker of myocardial
injury. I/R significantly increased serum CK-MB
level, which was prevented by retinol palmitate
(Figure 4C).

Effect of retinol palmitate on antioxidant- and
apoptosis-related proteins in the myocardium

I/R enhanced the expression of cleaved cas-
pase-3 and Bax compared with the sham group,
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whereas the expression of
Bcl-2 was significantly decre-
ased. Pretreatment with reti-
nol palmitate (36 mg/kg) re-
duced the expression of clea-
ved caspase-3 and Bax and
enhanced that of Bcl-2 (Fig-
ure 5).

*# T

IR

"

. Myocardial TUNEL staining

I/R+L  I/R+H

TUNEL staining is commonly

used to evaluate apoptosis.

As expected, I/R induced sig-

nificant myocardial apoptosis.

However, apoptosis was at-

*# tenuated in I/R+H mice (Fig-
*_1:_$ ure 6).

Pretreatment with retinol pal-
mitate enhanced SOD activity
and decreased MDA levels in

I/R

! Vivo

I/R+L  I/R+H

Pretreatment with retinol pal-
mitate remarkably increased
Myocardial SOD activity and
reduced Myocardial MDA lev-
els in a concentration-depen-
dent manner in vivo (Figure 7).

Discussion

ROS is a major initiating factor for myocardial
I/R injury [27]. Several studies have shown that
ROS plays an essential role in the pathogenesis
of myocardial I/R injury [28-32]. The generation
of ROS following I/R injury and the increase of
myocardial MDA promote lipid peroxidation,
which accelerates the imbalance of oxidative
stress and antioxidants [33]. The imbalance
between oxidative stress and antioxidant de-
fenses is also a major cause of myocardial
damage.

The apoptotic signaling pathway refers to the
activation of cell membrane death receptors
(Fas), which leads to the activation of caspases
(aspartate-specific proteases), DNA fragmenta-
tion, protein cleavage, and cell death. In the
first few minutes after reflow, the overexpres-
sion of oxygen-free radicals, overload or redis-
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tribution of intracellular calcium, and the in-
crease in MDA lead to a loss in mitochondrial
membrane potential and the activation of cas-
pase-3, which results in myocardial apoptosis
and injury [34]. Myocardial I/R is associated
with the upregulation of death receptors (Fas)
and an increase in apoptotic cells [14, 17, 18].
Evidence has shown that the number of apop-
totic cells in the myocardium may independent-
ly contribute to the prognosis of I/R injury [35].
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Figure 6. The effect of Retinol palmitate pre-
treatment on myocardial TUNEL staining. A.
Representative confocal microscopy images.
DAPI staining (blue) indicates nucleus. Magni-
fication: x 400. B. Percentages of TUNEL posi-
tive cells of total cells. I/R: ischemia/reperfu-
sion. I/R+L: IR+retinol palmitate (12 mg/kg).
I/R+H: I/R+retinol palmitate (36 mg/kg). Data
are expressed as mean + SD (n = 6 per group).
*P < 0.05, versus Sham group. #P < 0.05, ver-
sus I/R group. $P < 0.05, versus I/R+L group.

Bcl-2 is an antioxidant oncogene with anti-
apoptotic effects. A recent study showed that
ischemic adaptation upregulated Bcl-2, thereby
reducing DNA fragmentation and cellular apop-
tosis [14].

Several substances work as endogenous anti-
oxidants, such as SOD [36], catalase, glutathi-
one peroxidase, vitamin A, and vitamin E. In the
cytoplasm and on the surface of endothelial

Am J Transl Res 2019;11(3):1510-1520
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R+retinol palmitate (36 mg/kg). Data are expressed as mean + SD (n = 6
per group). *P < 0.05, versus Sham group. #P < 0.05, versus I/R group. $P

< 0.05, versus I/R+L group.

cells, SOD is present in the form of copper SOD,
zinc SOD, and manganese SOD [37]. Dismu-
tation of the superoxide anion (O.-) is catalyzed
into H,0, by SOD. Subsequently, peroxidases
(e.g., catalase or glutathione peroxidase) cata-
lyze H,0, into H,0 and O,. In the ischemic pre-
conditioning experiment, the activities and
gene expression of Mn-SOD, catalase, and glu-
tathione peroxidase in isolated hearts were sig-
nificantly higher in mice subjected to four
rounds of I/R than those subjected to one
round of I/R [38]. Although the underlying
mechanism through ischemic preconditioning
protecting the myocardium is not completely
understood, it is believed that increased endog-
enous antioxidant activity may be triggered by
immediate and delayed preconditioning [39].
Therefore, antioxidants are likely to become
new treatment for patients with AMI. Natural
products such as tea polyphenols [40] and res-
veratrol [41, 42] are good antioxidants, and
have been used to protect myocardial I/R
injury.

Vitamin A is a fat-soluble vitamin complex that
includes vitamin A, retinal, retinoic acid, and
retinyl esters, and is an important element in
the maintenance of cellular function. Vitamin A
exerts neuroprotective effects through a vari-
ety of mechanisms, such as inhibiting oxidative
stress, activating the c-Jun N-terminal kinase
pathway, and suppressing cyclooxygenase 2
[43]. Retinol palmitate, the ester of retinol and
palmitic acid, plays multiple roles in the ner-
vous system [22]. After a 17-year follow-up,
Bellizzi et al. reported that men with high
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Therefore, we investigated wh-
ether retinol palmitate could
protect against I/R-induced
heart injury as an antioxidant.
We studied the anti-oxidative properties of a
vitamin A analog Retinol palmitate and its
potential cardioprotective role against myocar-
dial ischemia reperfusion injury. Oxidative
stress is the major cause of myocardial injury
during ischemia reperfusion, and antioxidant is
considered to be an effective approach to limit
cardiac damage. Given this, we studied the effi-
cacy of Retinol palmitate as a strategy for re-
ducing oxidative stress and preventing myocar-
dial necrosis in response to ischemia reperfu-
sion in vivo. Retinol palmitate increased SOD
activity, reduced the serum creatine kinase and
MDA levels in I/R mice. Also, Retinol palmitate
decreased myocardial infarct size and reduced
apoptosis by suppressing the expression of
proapoptotic-related proteins and increasing
that of SOD-related proteins. In vitro, retinol
palmitate also reduced the level of ROS and
prevented cellular apoptosis. Our study, for the
first time, demonstrated the cardioprotective
utility of the vitamin A analog Retinol palmitate
against ischemia reperfusion injury.

The molecular mechanisms underlying the car-
dioprotective role of Retinol palmitate are anti-
oxidative and anti-apoptosis. Increased ROS
generation triggers Ca?" overload and ER
stress, which further leads to the loss of mito-
chondrial membrane potential and caspase-3
activation [46]. By reducing the ROS level,
Retinol palmitate inhibits Bax and caspase-3
activation to prevent cell apoptosis against
stress condition. Our results suggest that reti-
nol palmitate pretreatment protects against
myocardial I/R injury by maintaining the bal-
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ance between intracellular oxidants and an-
tioxidants.

Conclusions

Retinol palmitate prevents myocardial I/R inju-
ry by reducing the level of oxidative stress and
inhibiting apoptosis.
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