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Myocardial ischemia (MI) remains the leading cause of mortality worldwide. Therefore,

the most active ingredients in ginger, has antioxidant, cardiotonic, and cardiovascu-
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1 | INTRODUCTION

Ginger, the fresh root of Zingiber officinale Roscoe, has an aromatic
and spicy flavor. As a kind of medicinal and edible plant, it is widely
cultivated worldwide.! Gingerol is a pungent substance containing
phenolic functional groups and is found naturally in raw ginger ma-
terials. However, due to different substituents, benzene ring posi-
tions, and side chain length, many different gingerols, such as [6]-,
[8]-, and [10]-gingerol,? are formed. [8]-Gingerol (8-Gin) is provided
with antioxidant, anti-inflammatory, cardiotonic, and cardiovascular
protective properties‘?"5 The chemical structure of 8-Gin is shown
in Figure 1. Coronary artery disease (CAD) refers to coronary ath-
erosclerosis caused by vascular lumen stenosis or obstruction and
coronary artery function changes, which causes myocardial isch-
emia (MI), hypoxia, or necrosis.® Although there are multiple thera-
pies recently, MI remains the leading cause of mortality worldwide.”
Although 8-Gin has many beneficial pharmacological properties,
its protective effects on Ml and potential mechanisms have not yet
been explored.

Previous study demonstrated that cardiomyocytes ischemic injury
was related to reactive oxygen species (ROS), which produced during
tissue ischemia, caused oxidative stress in cardiomyocytes, and further
led to apoptosis.8 Furthermore, ROS production also causes activation
of many intracellular signaling pathways, one of which is the mitogen-
activated protein kinase (MAPK) pathway.” The MAPK family plays a key
role in cell growth, disease occurrence, and development. The MAPK
signaling pathway has three subfamilies of stress kinases: p38, c-jun
N-terminal kinase (JNK), and extracellular regulated kinase (ERK1/2).
Studies demonstrated that p38 and JNK induced inflammation and apop-
tosis, and ERK1/2 regulated differentiation and proliferation, promoted
cell survival, and protected cardiomyocytes.’%!! Previous research sug-
gested that these kinases eventually induced caspase activation through
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FIGURE 1 General structure of [8]-gingerol (8-Gin)

indicate that 8-Gin could exert anti-myocardial ischemic effects, which may be as-
sociated with oxidative stress reduction, cardiomyocytes apoptosis inhibition through

MAPK signaling pathway, and Ca?* homeostasis regulation via Ic,.. modulation.

[8]-gingerol, cell contractility, L-type Ca®* current, MAPK signaling pathway, myocardial

different transcription mechanisms.*? More often, caspases can be ac-
tivated by mitochondrial-related proteins, which were mediated by the
Bcl-2 family proteins.'® Bcl-2 family proteins contain anti-apoptotic genes
Bcl-2 and apoptosis-stimulating protein Bax. Evidence has been found
that the stress-activated JNK (p-JNK) mediates phosphorylation of Bcl-2
under ischemic conditions, which leads to irreversible cardiac injury.*
Based on these studies, it appears that the level of ROS production and
relative activity of MAPK pathway will determine whether cells survive
or not. Therefore, this pathway may be a potential target for the therapy
of Ml disease by inhibition of oxidative stress and apoptosis.

It is well known that Ca®* is a ubiquitous intracellular sig-
nal molecule responsible, which not only participate in cell signal
transduction, protein expression and degradation, cardiomyocytes
contraction, and diastole but also regulate cell survival and func-
tion.?> Increasing evidence indicated that Ca®* overload is also
one of the most important mechanisms causing Ml injury.17 ca?
plays a crucial role in myocyte excitation-contraction coupling of
heart. Previous studies have reported that intracellular Ca?* ([Ca2+]i)
increasing or Ca?* overload could increase cell contractility and then
induce myocardial hypertrophy and apoptosis.*®’ Moreover, recent
research has shown that glycolysis, ROS production, and Ml injury
induce Ca?* overload due tothedecreasein calcium storage via the
sarcoplasmic reticulum (SR).X¢ Song et al. found that p38 MAPK
pathway involved in the Ca®* regulation. In isolated cardiomyocytes
and perfused rat hearts, inhibition of p38 MAPK signaling reduced
[Caz"]i overload and attenuated suppressed apoptosis during the
I/R process.2° The L-type Ca?* channels (LTCCs) comprise the main
pathway of Ca®* entry into myocardial cells. LTCCs blockers, such as
verapamil (VER), generally have been verified to inhibit Ca?* over-
load and show a cardioprotective effect during the process of M2
Therefore, the maintenance of [Ca2+]i homeostasis is essential for the
maintenance of cell physiological function. More importantly, drugs
that can maintain [CaZJ']i homeostasis through inhibition of LTCCs
are promising candidates for producing cardioprotective effects.??

In the present study, we ascertained the underlying cardiopro-
tective mechanisms of 8-Gin on isoproterenol (ISO)-induced Ml in
rats. We investigated the effects of 8-Gin on oxidative stress, apop-
tosis, and MAPK signaling pathway and observed the influences of
8-Gin on L-type Ca®* current (ICa_L), cell contractility, and Ca®* tran-
sients in rat ventricular myocytes. This series of experimental results
may contribute to efforts to improve the efficacy of 8-Gin in clinical
treatments and provide a new direction for the development of an-
ti-MI drugs for clinical use in the future.
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2 | MATERIALS AND METHODS

2.1 | Ethics statement

Original studies in animals have been carried out in accordance
with the Guide for the Care and Use of Laboratory Animals as
adopted and promulgated by the U.S. National Institutes of Health.
The Animal Care and Ethical Committee of Hebei University of
Chinese Medicine approved all animal protocols (approval number:
DWLL2020073).

2.2 | Chemicals and animals

8-Gin was purchased from Chengdu Biopurify Phytochemicals Ltd.
(Catalog: BP0108). ISO was purchased from Cayman Chemicals.
Collagenase type Il was purchased from GIBCO (Invitrogen). VER
was purchased from Tokyo chemical industry Co., Ltd. When
stated otherwise, other chemicals were purchased from Sigma-
Aldrich. All solvents were of analytical grade and are commercially
available.

Fifty adult male Sprague-Dawley (SD) rats (6-8 weeks,
200 + 20 g) were supplied by Hebei Medical University. All rats
were bred in standard conditions (23-25°C and 40%-60% relative
humidity with a 12 h light-dark cycle) with ad libitum availability of

granular food and water.

2.3 | Experimental protocol

Fifty male rats (6-8 weeks, 200 + 20 g) were randomly separated
into five groups (n = 10 per group): (1) Control group (CON), (2) ISO
group (ISO), (3) low-dose 8-Gin group (L-8-Gin), (4) high-dose 8-Gin
group (H-8-Gin), and (5) VER group (VER). The CON group was given
isovolumic normal saline. Groups of L- and H-8-Gin were injected
intraperitoneally (i.p.) with 8-Gin (10 and 20 mg/kg/day).?>?* The
doses and route of administration of 8-Gin were chosen according
to a previous study, which demonstrated that 30 mg/kg/day of 8-
Gin given by i.p. exhibited significantly therapeutic effects in rats.?*
The VER group was injected intraperitoneally with VER (2 mg/kg/
day).?225 For pretreatment with 8-Gin for 7 days, we first injected
ISO (85 mg/kg/d) subcutaneously into all rats, except the CON
group, for 2 consecutive days to establish an Ml model.?>2° After
the end of the experiment, we used sodium pentobarbital (Sigma,
40 mg/kg, i.p.) to anesthetize rats, the heart was removed, and levels

of relevant indicators were determined.
2.4 | Measurement of electrocardiogram and
cardiac marker enzymes

After rats were anesthesia, we obtained the electrocardiogram (ECG)
through the RM6240BD Biological Signal Collection System and

BRITISH 3 Of 14
- PHARMACOLOGICAL-
SOCIETY

observed the change of heart rate and J-point in each group of rats.
Rat sera were isolated by centrifugation, and the levels of creatinine
kinase (CK) and lactate dehydrogenase (LDH) were detected using
CK (Catalog: A032, Nanjing Jiancheng Bioengineering Institute) and
LDH (Catalog: A020-2, Nanjing Jiancheng Bioengineering Institute)
assay kits.

2.5 | Assessment of histopathological changes

We fixed heart specimens with 4% paraformaldehyde. After the
specimen fixation, all tissue sections from each group were sec-
tioned into 4-pm-thick slices and stained with hematoxylin and eosin
(H&E). Later, pathological changes in the heart were evaluated using
a light microscope (Leica DM4000B). Image-Pro Plus software was
used to calculate the percentage of positive signal staining area myo-
cardial injury.

2.6 | Measurement of ROS

The fresh heart tissues were embedded with OCT embed-
ding agent (Catalog: G6059-110ML, Servicebio technology Co.,
Ltd), and then sliced with a thickness of 8 pm. The slices were
incubated with ROS staining solution (Catalog: D7008, Sigma-
Aldrich Chemicals, 1:500 dilution) in the dark at 37°C for half an
hour. After incubation, we washed the slides three times with
phosphate-buffered saline (PBS) for 5 min per wash. Next, a
4' 6-diamidino-2-phenylindole (DAPI) staining solution (Catalog:
G1012, Servicebio technology Co., Ltd) was added to the slices
and counterstained for 10 min at room temperature. After that
time, the sections were sealed with anti-fluorescence quench-
ing encapsulant. Finally, we observed the changes in the sections
using a fluorescence microscope (Leica DM4000B) and collected
images.

2.7 | Determination of calcium concentration and
oxidative stress markers

Rat heart tissue was prepared as a 10% homogenate. Myocardial
calcium concentration was detected using the calcium kit (Rayto
Life and Analytical Sciences Co., Ltd), according to the manufactur-
er's instructions. In addition, and according to the manufacturer's
protocol, rat sera were isolated by centrifugation, and the activities
of superoxide dismutase, catalase, and reduced glutathione (SOD,
CAT, and GSH, respectively) and the content of malondialdehyde
(MDA) were measured by assay kits for each enzyme (SOD, Catalog:
A001-3, Nanjing Jiancheng Bioengineering Institute; CAT, Catalog:
A007-1, Nanjing Jiancheng Bioengineering Institute; GSH, Catalog:
A006-2-1, Nanjing Jiancheng Bioengineering Institute; and MDA,
Catalog: A003-1, Nanjing Jiancheng Bioengineering Institute),
respectively.
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2.8 | Western blot analysis

Frozen cardiac specimens were weighed separately and homog-
enized in RIPA lysis buffer (Catalog: G2002, Servicebio technology
Co., Ltd), then lysed for 30 min on ice. The homogenate was then
centrifuged at 12,0009 for 10 min at 4°C, the supernatant (total pro-
tein extract) was added to a precooled Eppendorf (EP) tube, and the
protein concentration was measured using the bicinchoninic acid
(BCA\) protein assay kit (Catalog: G2026, Servicebio technology Co.,
Ltd). The protein samples were added to 10% sodium dodecyl poly-
acrylamide gels (SDS-PAGE) for electrophoresis (Millipore), and pol-
yvinylfluoride (PVDF) membranes were selected to conduct protein
transfer for 30 min on ice. After transferring the proteins, the mem-
branes were added to a tube containing Tween and Tris-buffered
saline buffer containing 5% non-fat milk, which was blocked for
30 min at room temperature. Next, the proteins were incubated
with primary antibodies at 4°C overnight. The primary antibodies
included anti-Bcl-2 (Catalog: PAA778Mu01, Cloud-Clone corp. Inc.,
1:1000 dilution), anti-Bax (Catalog: GB11690, Servicebio technol-
ogy Co., Ltd, 1:1000 dilution), anti-Caspase-3 (Catalog: 66470-
2-lg, Proteintech Group Inc., 1:1000 dilution), anti-p38 (Catalog:
ab32142, Abcam, 1:1000 dilution), anti-JNK (Catalog: 24164-1-
AP, Proteintech Group Inc., 1:1000 dilution), anti-ERK (Catalog:
GB11560, Servicebio technology Co., Ltd, 1:1000 dilution), and
anti-p-actin (Catalog: GB12001, Servicebio technology Co., Ltd,
1:1000 dilution). Next, we incubated proteins with horseradish per-
oxidase (HRP)-conjugated secondary antibody (Catalog: GB23302,
Servicebio technology Co., Ltd, 1:5000 dilution) for 30 min at 37°C.
Finally, we scanned the film with a V370 (EPSON), and the bands’
gray values were quantified using AlphaEaseFC software (Alpha

Innotech).

2.9 | Isolation of ventricular myocytes
Male rat was injected with 500 IU/kg (i.p.) heparin for 20 min, and
then sodium pentobarbital (40 mg/kg) was used to anesthetize the
rat. After thoracotomy, the heart with a segment of aorta was quickly
removed, and the residual blood in the heart was washed with frozen
Ca?*-free Tyrode's solution. After that, the heart was quickly hung
on the Langendorff apparatus and poured with Ca?*-free Tyrode's
solution for 3 min. The digestive enzyme solution saturated with ox-
ygen was then retrogradely perfused via the aorta at a constant rate
of 6 ml/min for 20 min at 37°C until the heart became flaccid and
pale. Next, the heart was removed from the Langendorff device, and
the heart residual enzyme solution was washed out with 30 ml Ca?'-
free Tyrode's solution. Finally, the left ventricles were dissected into
small pieces with ophthalmic scissors in oxygenated Kreb's solution,
and the cardiomyocytes were maintained in Kreb'ssolution for more
than 1 h atroom temperature before the start of the experiment.

In terms of Ml cells, we used 1SO (85 mg/kg) to establish an Ml
model in which a rat was subcutaneously injected with I1SO for 2
consecutive days. After that, the heart of myocardial ischemic rat

was removed and used for experiments with the same experimental

protocols as described above.

210 | Recordingsofl.,

The whole-cell patch clamp technique was used to record the I, | of
isolated ventricular myocytes at room temperature (23-25°C). Glass
patch electrodes with resistances of 3 to 5 MQ were made using a pi-
pette puller (Sutter Instrument). The Axon patch 700B amplifier was
filtered at 2 kHz and used to record the current of calcium, and the
results were analyzed by p-clamp 10.6 software (Axon Instruments).
In experiments, series resistance compensation is controlled at
50%-70% extent.

2.11 | Measurement of myocytes contraction and
Ca?" transients

The myocardial cells contraction and Ca?* transients were measured
using lon Optix system (lon Optix Corp.). The ventricular myocytes
were allowed to settle onto the glass stage of an inverted micro-
scope and gently flooded with a normal external Tyrode's solution.
Cell contraction was triggered by field stimulation at 0.5 Hz fre-
quency (2 ms duration per stimulation). Only rod-type shaped car-
diomyocytes with clear margins and texture were selected to record
contraction. Cardiomyocytes were incubated with the fluorescent
indicator fura-2 AM (1 mM/L) for 15 min at room temperature in a
photophobic environment.?® The fluorescence intensity was meas-
ured with either a 340 or 380 nm filter (bandwidth + 15 nm), and
Ca?* transients of myocytes were calculated based on fluorescence

emission at 510 nm.?’

2.12 | Data analysis

The data are given as the mean values + standard error of the mean
(SEM). Statistical analyses were measured using one-way analysis of
variance (ANOVA) followed by post hoc Bonferroni correction for
multiple comparisons. The |, data were analyzed using Clampfit
10.6 (Molecular Devices) and Origin 7.5 (OriginLab Corp.) statisti-
cal analysis software. The results were considered to be statistically
significant at p-value <.05 (p < .05).

3 | RESULTS

3.1 | Effects of 8-Ginon ECG

As shown in Table 1, we observed that J-point was significantly el-
evated and heart rate was apparently increased in the ISO group
(p < .01). After pretreatment with 8-Gin, J-point and heart rate were
both lower than in the ISO group (p < .05 or <.01).
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TABLE 1 Effects of 8-Gin on electrocardiography

Group J-point elevation (mV) Heart rate (beats/min)
CON 0.022 + 0.003 329.27 + 11.89

ISO 0.042 +0.006™ 476.92 + 17.87"
L-8-Gin  0.027 + 0.004* 371.92 + 16.35"
H-8-Gin  0.019 + 0.003"# 320.67 + 9.81%

VER 0.025 + 0.004" 322.31 + 11.48"

Data are presented as the mean + SEM (n = 10). 'p < .01 compared
with the CON group; #p < .05 and Mp < .01 compared with the ISO
group. Statistical analyses were performed using one-way ANOVA
followed by the Bonferroni correction.

3.2 | Effects of 8-Gin on myocardial enzymes and
histopathology

Figure 2A,B showed the serum activities of CK and LDH were dra-
matically raised in the 1ISO group (p < .01). After treatment of 8-Gin
and VER, a distinct reduction in contrast to the 1ISO group (p < .01)
was found. Figure 2C,D showed no obvious tissue injury in the CON
group. On the contrary, heart tissue in the ISO group manifested ob-
vious myocardial cell swelling, inflammatory cell infiltration, apopto-
sis, and necrosis. Interestingly, 8-Gin and VER can obviously improve
pathological damage of the heart.

3.3 | Effects of 8-Gin on cardiac oxidative
stress and calcium concentration

Figure 3A suggested that compared to the CON group, the pro-
duction of ROS was increased in the ISO group. Surprisingly, the
fluorescence intensity of ROS was significantly weakened in the 8-
Gin and VER groups. In addition, the activities of SOD, CAT, and
GSH in serum decreased in the ISO group (p < .01) as shown in
Figure 3B,D,E, while the content of MDA in the ISO group showed
an increase when compared with the CON group (p < .01) as shown
in Figure 3C. After treatment with 8-Gin and VER, SOD, CAT, and
GSH activities were observably enhanced, and the level of MDA had
distinctly decreased in contrast to the ISO group (p <.01). As shown
in Figure 3F, the calcium concentration of heart tissue in the ISO
group showed a marked increase (p < .01) compared to the CON
group. However, obvious declines in the 8-Gin group and VER group

(p < .05 or <.01) were noted.

3.4 | Effects of 8-Gin on the expressions of Bcl-2,
Bax, and Caspase-3

Figure 4B,E showed that Bax and Caspase-3 expression distinctly
increased in the 1SO group (p < .05 or <.01). Moreover, the ratio
of Bax/Bcl-2 also increased markedly in the ISO group (p < .01) as
shown in Figure 4D. However, the expressions of Bcl-2 (Figure 4C)
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in the I1SO group were significantly decreased compared with the
CON group (p < .01). After 8-Gin and VER pretreatment, protein
expression of Bax and Caspase-3 and the ratio of Bax/Bcl-2 were
significantly down-regulated, while the level of Bcl-2 expression
was noticeably up-regulated (p < .05 or <.01) in contrast to the ISO
group.

3.5 | Effects of 8-Gin on MAPK signaling pathway
Figure 5A revealed that the expression of the MAPK signaling path-
way showed a significant increase compared to the CON group in
the ISO group. Pretreatment with 8-Gin, protein expression of p38,
JNK, and ERK1/2 was reduced compared to the ISO group (p < .05
or <.01) (Figure 5B-D).

3.6 | Reductionof I, cell shortening, and Ca%
transients by 8-Gin

3.6.1 | Identification of I,

In Figure 6, 10 uM nicardipin (Nic), a specific LTCC antagonist,?® ob-
viously inhibited the currents, which illustrated that the recorded
currents were Ca®" currents (p < .01). One-hundred micrometer
NiCl, as a specific T-type calcium channel blocker?? had no effect
on the currents, indicating that the recorded currents were not T-
type Ca?" currents. Another specific LTCCs blocker VER (10 pM)
almost eliminated the I, (p <.01), which further confirmed that

the current recorded in ventricular myocytes was the L-type Ca®*
current.

3.6.2 | Effectsof 8-Ginon ., in normal and
ischemic ventricular myocytes

Figure 7A-F indicated that 8-Gin (30 pM) caused a marked inhibition
of the I, of normal and ischemic ventricular myocytes with the in-
hibition rates of 52.29% + 2.20% and 49.76% + 2.15%, respectively
(p < .01). However, it could be observed that the I, could be par-
tially washed out by the external solution in Figure 7B,E. This result
indicated the effects of 8-Gin on I, | were reversible.

3.6.3 | Dose-dependent effects of 8-Ginon I,

Figure 7G illustrated that the changes in the I, as shown on the
representative trace recordings after sequential exposure to dif-
ferent 8-Gin concentrations (1, 3, 10, 30, and 100 pM) and 10 uM
VER. Moreover, Figure 7H displayed the time dependency of 8-Gin
effects on the I . The inhibition rates of different 8-Gin concen-
trations were 7.15% + 1.20%, 12.67% + 1.37%, 24.75% + 1.15%,
48.80% + 1.71%, and 74.20% + 1.25%, respectively. The data
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FIGURE 2 Effects of 8-Gin on myocardial enzymes and histopathology. (A, B) Effects of 8-Gin on the levels of CK and LDH. CK and

LDH activities were measured using commercial detection kits. Data are presented as the mean + SEM (n = 6). "p < .01 compared with the
CON group; #p < .01 compared with the ISO group. Statistical analyses were performed using one-way ANOVA followed by the Bonferroni
correction. (C) Effects of 8-Gin on cardiac histopathology. Representative sections were obtained from the myocardial tissue of CON, ISO,
L-8-Gin, H-8-Gin, and VER groups. Magnification, x400; scale bar = 50 um. Histopathological changes are indicated by black (apoptosis),
yellow (myocardial necrosis), and blue (inflammatory cell infiltration) arrows. (D) The area of myocardial injury in each group was calculated
by Image-Pro Plus software. Randomly selected six visual fields per section and measured the positive area. Data are presented as the
mean + SEM (n = 6). "p < .01 compared with the CON group; *p < .05 and *p < .01 compared with the 1SO group. Statistical analyses were
performed using one-way ANOVA followed by the Bonferroni correction

clarified that 8-Gin could reduce I, , in a dose-dependent manner.
Figure 71 indicated that the half-maximal inhibitory concentration 3.6.5 | Effects of 8-Gin on steady-state
(ICs0) of 8-Gin was 31.22 + 5.01 pM. activation and inactivation of I,

As shown in Figure 9, the effects of different doses of 8-Gin
3.6.4 | Effects of 8-Gin on current-voltage (I-V) (3 and 10 pM) on the voltage dependence of steady-state ac-
relationship of ICa—L tivation and inactivation of |-, were recorded. The values at
V,,, and the slope factor (k) of the normalized activation con-
Current-voltage (I-V) curves for voltage-dependent activation of ductance curves were -12.78 + 0.37 mV/4.60 + 0.32 for CON
Ic,. were established from the active protocol (Figure 8B). Figure 8A condition, -14.26 + 0.32 mV/5.03 + 0.27 for 3 pM 8-Gin, and

showed representative trace recordings in the absence and presence -14.67 + 0.36 mV/5.54 + 0.31 for 10 pM 8-Gin. The values at
of 8-Gin (3, 10, and 30 pM) and VER (10 pM). Figure 8C depicted V,,, and the slope factor (k) of the normalized inactivation con-
the normalized I-V curves of I, with 8-Gin (3, 10, and 30 pM). ductance curves were -27.33 + 0.41 mV/4.41 + 0.36 for CON

However, the |-V relationship and reversal potential of I, did not condition, -26.76 + 0.30 mV/3.97 + 0.24 for 3 uM 8-Gin, and
show a marked change. -29.89 + 0.11 mV/4.46 + 0.12 for 10 pM 8-Gin.
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FIGURE 3 Effects of 8-Gin
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on oxidative stress and calcium
concentration. (A) Production of
ROS was measured in frozen heart
tissues with a dihydroethidium probe.
Magnification x200; scale bar = 100 pm.
Randomly selected three visual fields per
section. (B-E) Effects of 8-Gin on MDA
concentration and SOD, CAT, and GSH
activities. MDA concentration and SOD,
CAT, and GSH activities were measured
using commercial detection kits. Data
are presented as the mean + SEM (n = 6).
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3.6.6 | Effects of 8-Gin on cardiomyocytes 4 | DISCUSSION

contraction and time parameters

Figure 10A indicated that 8-Gin caused a marked inhibition in cell
shortening. Figure 10B showed the representative cell shorten-
ing recordings before and after treatment with 8-Gin (30 pM). And
the inhibition rates of 8-Gin were 46.19% + 2.14% for 30 uM and
89.20% + 3.32% for 100 uM (p < .05) as shown in Figure 10C. The
time to 50% of the peak (TP) and the time to 50% of the baseline (TR)
represent the parameters of the speed of myocyte contractions or
Ca?* elevation and cellular relaxation or Ca?* reuptake, respectively.
Figure 10D,E showed 30 uM 8-Gin decreased TP and TR (p < .05).

3.6.7 | Effects of 8-Gin on cell Ca?* transients

Figure 11A revealed the changes in cell Ca®* transients after expo-
sure to absence and presence of 8-Gin (30 uM). The representa-
tive trace recordings of Ca?* transients after treatment with 8-Gin
(30 pM) were shown in Figure 11B. As shown in Figure 11C, the am-
plitudes of Ca?" transients were reduced by 20.61% + 3.33% and
80.00% + 3.54% at the doses of 8-Gin (30 and 100 pM), respectively
(p <.05).

Globally, Ml has become the main outcome of many cardiovascu-
lar diseases in the world, which may pose a great threat to human
health and the global economy.®® Therefore, it is urgent to seek
the potential preventive drugs to protect the heart against MI. Our
study investigated that 8-Gin has a cardioprotective effect against
ISO-induced MI. The underlying mechanisms were related to reduc-
ing oxidative stress, preventing cardiomyocyte apoptosis via inhib-
iting the MAPK signaling pathway, and suppressing Ca®* overload
through inhibiting the LTCCs.

ISO, a recognized drug to induce acute M| model in animals, re-
sults in myocardial injury mainly caused by oxygen free radical gen-
eration (oxidative stress) and [Ca2+]i concentration increase (Ca?*
overload).®*%? The 1SO-induced MI model was often recognized as
a ubiquitous model for evaluating cardioprotective drugs.”’36 High-
dose subcutaneous injection of ISO can cause a significant reduction
in the blood and oxygen supplies to the myocardium, which is respon-
sible for serious damage to the structure and the functional changes
seen on ECGs, and eventually leads to apoptosis and necrosis of myo-
cardial cells.®’ It is similar to the changes caused by human Mm1.38

CK and LDH are two major myocardial marker enzymes. During

MI, myocardial cells undergo alterations in metabolism, which
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FIGURE 4 Effects of 8-Gin on Bax,
Bcl-2, and Caspase-3 proteins expression
levels in rat heart. (A) Protein expression
levels of Bax, Bcl-2, and Caspase-3 were
measured by western blot analysis, and (B,
C, E) intensity was normalized to B-actin.
(D) The ratio of Bax and Bcl-2 protein
expression levels. Data are presented

as the mean + SEM (n = 3). p < .05

and “p < .01 compared with the CON
group; *p < .05 and #**p < .01 compared
with the ISO group. Statistical analyses
were performed using one-way ANOVA
followed by the Bonferroni correction

FIGURE 5 Effects of 8-Gin on the
MAPK signaling pathway-related proteins
expression levels in rat heart. (A) Protein
expression levels of p38, ERK1/2,

and JNK were measured by western

blot analysis and (B-D) intensity was
normalized to B-actin. Data are presented
as the mean + SEM (n = 3). 'p < .05

and “p < .01 compared with the CON
group; *p < .05 and #*p < .01 compared
with the ISO group. Statistical analyses
were performed using one-way ANOVA
followed by the Bonferroni correction
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causes a sharp increase in enzyme activity in the blood and fur-
ther aggravates damage to cardiomyocytes.>? Therefore, when M
occurs, detecting the activities of these two enzymes in serum can
determine myocardial injury degree. In the present study, we found
that CK and LDH levels in serum have both increased in the ISO
group (Figure 2A,B). Moreover, we observed the histomorphological

changes in the heart and discovered that myocardial cells were ar-
ranged in a disorderly manner, apoptosis and necrosis occurred,
cell nucleus was reduced, and inflammatory cell infiltrated in the
ISO group (Figure 2C). In addition, ISO significantly caused J-point
elevation and an increase in heart rate (Table 1). The clinical man-
ifestations of Ml are mostly ST segment elevation of ECG, which
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FIGURE 8 Effects of 8-Ginon |-V
relationship of I, . (A) Representative
Ic,.. recordings with the steady-state
activation protocol before and after
application of 8-Gin (3, 10, and 30

uM) or VER (10 uM). (B) The active
protocol of |-V relationship of I, .

(C) The I-V relationship of I, inrat
ventricular myocytes in CON, 8-Gin (3,
10, and 30 pM), or VER (10 pM). Data
are presented as the mean + SEM (n=6
cells). Statistical analyses were performed
using one-way ANOVA followed by the
Bonferroni correction
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FIGURE 9 Effects of 8-Gin on steady-state activation and inactivation of I, , . (A) Steady-state activation curves of normalized
conductance values from the I-V curves in the CON and 3 and 10 pM 8-Gin. (B) Normalized steady-state inactivation of Ic,.. in the CON and
3 and 10 pM 8-Gin. Data are presented as the mean + SEM (n = 6 cells). Statistical analyses were performed using one-way ANOVA followed

by the Bonferroni correction

reflects the degree of Ml injury.‘m'42 It is one of the most import-
ant indicators to evaluate the degree of MI. These results indicated
ISO-induced Ml injury, and we successfully established ISO-induced
MI experimental model in rats. However, 8-Gin caused a reduc-
tion in the activities of CK and LDH compared with the ISO group
(Figure 2A,B). Furthermore, we also observed abnormal morphologi-
cal changes and the structure of the ischemic myocardium were alle-
viated to varying degrees (Figure 2C,D). Above results demonstrated
that 8-Gin has a protective effect on ISO-induced Ml.

Oxidative stress appears to be one of the important patholog-
ical mechanisms of MI. If Ml does occur, the oxidative stress reac-
tion would be accelerated, thus, causing a large accumulation of
oxygen free radicals, ROS production, and Cca®* overload, which
would lead to aggravated myocardial injury and even cause cardio-
cyte apoptosis.***3 SOD, CAT, and GSH, as important antioxidant

enzymes, can effectively eliminate oxygen free radicals and pre-
vent ROS generation so as to protect myocardial tissue. In addi-
tion, excessive production of oxygen free radicals can cause lipid
peroxidation and further myocardial injury.** Our results showed
that ROS production, MDA content, and calcium concentration
were obviously increased in the I1SO group (Figure 3A,C,F), while
the activities of SOD, CAT, and GSH were decreased in the ISO
group compared with the CON group (Figure 3B,D,E). After treat-
ment with 8-Gin, ROS generation, MDA content, and calcium con-
centration declined, while SOD, CAT, and GSH levels significantly
increased, indicating 8-Gin could ameliorate 1SO-induced oxida-
tive stress damage.

Previous studies have reported that ISO induced oxidative
stress and activated MAPK signaling pathway in rats with acute
ISO-induced MI1.%>4¢ Studies suggested that p38 MAPK can lead to
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FIGURE 10 Effects of 8-Gin on Ca®* contraction and time
parameters in rat ventricular myocytes. (A) The course of
ventricular myocytes contraction recorded under CON conditions,
30 uM 8-Gin, and washout. (B) Single representative trace of

cell shortening recorded in control conditions and 30 uM 8-Gin.

(C) Summary results of CON and 30 and 100 uM 8-Gin. (D-E)
Summary results of TP and TR in the CON and 30 pM 8-Gin. Data
are presented as the mean + SEM (n = 6 cells). *p <.05and **p <.01
compared with the CON group. Statistical analyses were performed
using one-way ANOVA followed by the Bonferroni correction

myocardial injury, mainly by aggravating inflammation, metabolic
disorders, and apoptosis promotion?®; the JNK pathway is mainly
involved in apoptosis and the activity of ERK1/2 and can be inhib-
ited by p38 and JNK.#” Previous studies suggested that the MAPK
pathway and JNK signaling cascades have been involved in hypoxia-
induced H9c2 cell apoptosis.d'g'49 In addition, there was evidence
that ERK1/2 activation played a role in Bcl-2 family-mediated cell
apoptosis induced by doxorubicin in cardiomyocytes.’® Bcl-2 and
Bax are both important members of the Bcl-2 protein family that
is involved in the process of apoptosis. In the process of apoptosis,
Caspase-3, a member of the cysteinyl aspartate-specific protease
family, plays a crucial role. Caspase-3 can be activated by the Bcl-2
protein family.’! Liu et al. found that carnosic acid could inhibit the
apoptosis in H9c2 cardiomyocytes via down-regulation of Caspase-3

research, we found ISO caused a marked up-regulation of the pro-
tein expression of Bax, Caspase-3, p38, ERK1/2, and JNK and the
ratio of Bcl-2/Bax (Figures 4 and 5), while down-regulated the ex-
pression of Bcl-2 (Figure 4C). The above results showed that I1ISO
induced oxidative stress reaction and activated the MAPK signaling
pathway, thus, causing cardiomyocyte apoptosis and, finally, leading
to myocardial injury. After 8-Gin treatment, the above indexes were
significantly ameliorated. The results demonstrated that 8-Gin may
exert cardioprotective effects via inhibiting the MAPK pathway and
further preventing cardiomyocyte apoptosis.

It is widely known that Ca% plays an important role in the
excitation-contraction coupling in myocardium.53 Therefore, the
regulation of Ca?* homeostasis in vivo is very essential for main-
taining the normal cardiac psychological function.®* Ca?" influx
triggers the opening of the sarcoplasmic reticulum, which results in
the release of a large amount of Ca?* from the SR and an increase in
[Ca2+]i.55 On the other hand, cardiac cell contraction is activated by
the action potential-induced membrane depolarization and subse-
quent Ca?* entry via LTCCs.?? Previous studies have indicated that
Ca?* overload would increase cardiac mechanical contraction and
further lead to myocardial dysfunction and even myocardial cell
death.”®%7 Therefore, inhibiting LTCCs could lead to a decreased
Ca?* influx, slow myocardial contractility, and ameliorate cardiac
function. In addition, the p38 MAPK pathway was reported to
be also involved in the regulation of [Ca?']. Zhu et al. discovered
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that the activation of p38 MAPK pathway caused Ca®* overload
during ischemia/reperfusion injury, whereas, after application of
p38 MAPK pathway, inhibitor significantly attenuated Ca* over-
load and suppressed apoptosis.58 In our study, we found that 8-
Gin could not only reduce I, in a concentrations-dependent
manner at doses of 1, 3, 10, 30, and 100 uM in normal ventricular
myocytes (Figure 7G,H). The IC;, was 31.22 + 5.01 pM (Figure 7I).
Furthermore, 8-Gin also reduced the I, in ischemic ventricular
myocytes (Figure 7D-F). In addition, 8-Gin influenced the I-V re-
lationship (Figure 8A) and steady-state activation and inactivation
(Figure 9) of I, . However, we did not find that 8-Gin could alter
the reversal potential of I, (Figure 8C). Beyond those findings,
we also found that 8-Gin caused a significant suppression of ven-
tricular myocytes contraction and Ca?* transients (Figure 10A and
Figure 11A). Surprisingly though, we realized that 8-Gin had the
greater effect on cardiomyocytes contraction than Ca?" transients.
The possible explanation for this strange phenomenon was the
particularly complex process of cell contraction, which was related
to intracellular proteins (actin and myosin) besides [CazJ']i concen-
tration.”? For this reason, we need to do more studies in order to
explore more detailed mechanisms of the effect of 8-Gin on myo-
cardial contraction in the future. TP and TR are the most repre-
sentative time constants, which characterize the rate of myocardial
contraction and relaxation separately. Our results indicated that
8-Gin caused a decrease in TP and TR (Figure 10D,E). Our exper-
imental data indicate that 8-Gin could protect the heart, and the
mechanism was related to reducing Ca?* overload via LTCCs inhibi-
tion, which resulted in a decrease in cell contraction and reduction
in myocardial oxygen consumption.

The limitations of this study should be discussed. There are
many other ion channels on cardiomyocyte membrane, such as K
channels, Na* channels, and CI” channels, which also play important
roles in regulating cardiac function. Therefore, the pharmacological
selectivity of 8-Ginl for other ion channels is also the focus of our
future study.

In conclusion, our present results demonstrated that 8-Gin ex-
erted a myocardial protective influence on I1SO-induced and MI-
induced injury. The potential mechanisms of 8-Gin against M| might
be associated with reducing oxidative stress, inhibiting the MAPK
signaling pathway, and further preventing cardiomyocyte apoptosis,
in addition to suppressing LTCCs, thus, leading to a reduction in Ca%*
overload. This series of experimental results with 8-Gin may provide
a new direction for the development of anti-Ml drugs for clinical use

in the future.
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