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Abstract. - OBJECTIVE: To investigate the ef-
fects of ranolazine on the cardiac function and
myocardial apoptosis in rats with heart failure
and its possible mechanisms.

MATERIALS AND METHODS: Thirty Wistar rats
were randomly divided into sham operation (neg-
ative control; NC), chronic heart failure (CHF), and
ranolazine groups. Suprarenal abdominal aortic
coarctation was used to induce CHF in rats. Five
weeks later, rats in the ranolazine group received
ranolazine (50 mg/kg) daily, whereas those in the
CHF group received normal saline. After 4 weeks,
changes in hemodynamic parameters, cardiac
structure and pathology, myocardial apoptosis,
and protein expression were assessed.

RESULTS: The left ventricular end-diastol-
ic pressure (LVEDP) significantly increased in
the CHF group; whereas the maximal rate of left
ventricular pressure rise and fall (xdp/dtmax) de-
creased, compared to those in the NC group.
Ranolazine significantly reduced LVEDP and in-
creased xdp/dtmax (p<0.01), compared to those
in the CHF group. Severe impairment of cardio-
myocytes was observed in the CHF group with ev-
ident inflammation; however, ranolazine reversed
these deficits. Rats in the CHF group exhibited
an increase in TUNEL-positive cells, which was
inhibited by ranolazine, where the apoptotic in-
dex significantly decreased in ranolazine-treat-
ed rats (p<0.01). Also, ranolazine downregulated
caspase-9 expression and upregulated pAKT and
Bcl-2 expression in rat cardiomyocytes. More-
over, ranolazine significantly inhibited myocardi-
al apoptosis and caspase-9 expression, promot-
ed AKT phosphorylation, and upregulated pAKT
and Bcl-2 expression in vitro, compared to those
in the control group (p<0.001). LY294002 inhibit-
ed ranolazine-induced suppression of myocardi-
al apoptosis (p<0.001).

CONCLUSIONS: Ranolazine improved cardiac
function and inhibited myocardial apoptosis in
rats with CHF, which could be attributed to the
regulation of AKT phosphorylation.
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Introduction

Heart failure is a cardiovascular syndrome
caused by cardiac systolic or diastolic dysfunc-
tion. In end-stage heart disease, heart failure of-
ten manifests as pulmonary congestion, venous
stasis, and dyspnea'?. Heart failure seriously af-
fects the normal cardiopulmonary function and is
closely related to myocardial ischemia and apop-
tosis®. Clinically, angiotensin-converting enzyme
inhibitors (ACEI), angiotensin receptor blockers
(ARB), beta-blockers, and mineralocorticoid re-
ceptor antagonists are used to assist cardiac resyn-
chronization therapy*°. Among these, drugs, such
as ivabradine, ranolazine, and cardiac myosin ag-
onists, have been commonly used in clinical prac-
tice. Ranolazine, an anti-ischemic piperazine de-
rivative, selectively inhibits the late Na* current in
cardiomyocytes®’. Recently, ranolazine has been
shown to play an important role in improving
myocardial diastolic function and treating diastol-
ic heart failure; however, the underlying mecha-
nisms of action are still unclear. In this study, we
aimed to investigate the effects of ranolazine on
cardiac function and myocardial apoptosis in rats
with heart failure and elucidate its potential mech-
anisms of action.

Materials and Methods

Materials

Thirty specific-pathogen-free (SPF) male Wis-
tar rats (6-8 weeks old, weighing 180 + 20 g)
were purchased from Experimental Animal Cen-
ter of the Academy of Military Medical Sciences
(Beijing, China). They were kept in cages at an
SPF laboratory animal center. The experimental
procedures were conducted in accordance with
the regulations of the Animal Welfare Act and
were approved by The Fourth Hospital of Daqing
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City Ethics Committee. The following reagents
were used: ranolazine hydrochloride (Sigma-Al-
drich, St. Louis, MO, USA), adjusted to a final
concentration of 50 mg/mL before use; sodium
pentobarbital (Sigma-Aldrich, St. Louis, MO,
USA); terminal deoxynucleotidyl transferase-me-
diated dUTP-biotin nick end labeling (TUNEL)
kit (Promega, Madison, WI, USA); proteinase
K (Shanghai Yisheng, Shanghai, China); radio-
immunoprecipitation assay (RIPA) lysate and
bicinchoninic acid (BCA) protein assay kits (Be-
yotime, Shanghai, China); goat anti-rabbit IgG,
anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), anti-AKT, anti-pAKT, anti-caspase-9,
and anti-Bcl-2 (Abcam, Cambridge, MA, USA);
phosphate-buffered saline (PBS), trypsin, fetal
bovine serum, and Dulbecco’s Modified Eagle’s
Medium (DMEM)-F12 medium (Gibco, Rock-
ville, MD, USA); LY294002 (CST, Danvers, MA,
USA); and enzyme-linked immunosorbent assay
(ELISA)™ S kit (Roche, Basel, Switzerland).

Establishment of the Animal Model

After one-week acclimatization, rats were
randomly divided into sham operation, chronic
heart failure (CHF) model, and ranolazine groups
(10 rats/group). The sham operation, CHF, and
ranolazine groups were used as negative control
(NC), positive control, and experimental groups,
respectively. Three groups of rats were used to es-
tablish a heart failure model using the suprarenal
abdominal aortic coarctation procedure, as pre-
viously described®. Rats in the three groups were
anesthetized with an intraperitoneal injection of
3% (mass fraction) sodium pentobarbital at a ratio
0f 0.15 mL/100 g and fixed in the supine position.
Hair removal and disinfection were carried out
before making an incision along the abdominal
midline. The abdominal wall was cut open layer
by layer, and the abdominal aorta was isolated and
partially ligated to reduce its diameter by approx-
imately 50%. The patency of the aorta was con-
firmed before a layered closure of the abdominal
wall was performed. In the sham operation group,
the abdominal aorta was isolated but not ligated.
Penicillin (200,000 U) was intraperitoneally ad-
ministered daily for 3 consecutive days after the
operation.

Criteria for Successful Modeling
and Dosing Regimen

During routine feeding, the food intake, body
weight changes, and routine activity of the rats in
the three groups were recorded. After five weeks,
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rats with CHF developed loss of appetite, depres-
sion, slow weight gain or even weight loss, and
hair loss. The model of left ventricular chron-
ic pressure overload was considered success-
ful if the left ventricular end-diastolic pressure
(LVEDP) reached 15 mmHg (1 mmHg = 0.133
kPa). After successful model establishment, CHF
rats were divided into the CHF or ranolazine ex-
perimental groups. Rats in the experimental group
were administered 50 mg/kg ranolazine daily for
4 weeks, whereas those in the sham operation and
CHF groups were administered the same amount
of normal saline. At the end of the experiment, the
rats were sacrificed. For each rat, a tissue block
of the left ventricular anterior wall (1 mm x 1
mm X 1 mm) was sampled, fixed in 5% parafor-
maldehyde, and stored at room temperature until
their use. Additionally, heart tissue (100 mg) was
stored in liquid nitrogen until use.

Isolation, Culture, and Grouping
of Myocardial Cells From Rats With
Heart Failure

After successful modeling, heart tissues (0.5
cm x 0.5 cm X 0.5 cm) were harvested from
each rat in the CHF group, and the myocardi-
al cells were isolated with trypsin’. The isolat-
ed cells were purified by differential adherence
and chemical inhibition with bromodeoxyuri-
dine (BrdU)!. The cells were routinely cultured
in DMEM-F12 complete medium containing
20% fetal bovine serum at 37°C using a 5%
CO, incubator. When the cell density reached
approximately 85%, the cells were subcultured
and divided into three groups: the control (Ctr),
ranolazine-treated (Ran), and ranolazine plus
LY294002, a specific inhibitor of the PI3K/AKT
pathway, (Ran+LY294002) groups. Cells in the
Ctr group were not treated, whereas cells in the
Ran group were treated with 100 pM ranolazine,
and cells in the Ran+LY 294002 group were treat-
ed with 50 uM LY294002 after treatment with
100 uM ranolazine. Cells were then collected for
subsequent experiments.

Hemodynamic Measurements
of Changes in Cardiac Function

Body weight of rats in each group was mea-
sured 4 weeks after drug administration, and rats
were then anesthetized with an intraperitoneal
injection of 3% (mass fraction) sodium pento-
barbital at a ratio of 0.15 mL/100 g, and fixed
in the supine position. The left ventricle was
retrogradely intubated through the right com-
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mon carotid artery and connected to the pressure
transducer. Hemodynamic signals were recorded
using a multimedia biosignal acquisition system
to determine LVEDP and the maximal rate of
left ventricular pressure rise and fall (=dp/dt__ )
values. LVEDP reflects the preload of ventricu-
lar contraction. The lower the LVEDP value, the
better the myocardial diastolic function. +dp/dt-
o, Teflects the myocardial contractile function.
The greater the +dp/dt__ value, the better the
myocardial contractile function. Similarly, the
-dp/dt reflects the myocardial diastolic func-
tion. A larger value indicates better myocardial
diastolic function.

Histopathological Examination of Heart
Tissues by HE Staining

After fixation for 6-8 h, the tissue blocks of
the left ventricular anterior wall were embedded
in paraffin and sectioned (5-pum slices) along the
coronal plane. Histopathological changes in the
hearts of rats in each group were observed by he-
matoxylin and eosin (HE) staining (Boster, Wu-
han, China).

Determination of Myocardial Apoptotic
Index by TUNEL Assay

The sections were deparaffinized, fully hydrat-
ed using gradient alcohol flooding, incubated with
proteinase K at room temperature for 20 min, and
washed with PBS for 3 times (5 min each). The
TUNEL reagent was then added for 1 h 37°C. Di-
aminodiphenyl (DAB) was used for 10 min for
color development. The sections were rinsed with
PBS until they became colorless to avoid non-spe-
cific color development, dried, and mounted in
neutral balsam. Under a high-power microscope
(400x%), 5 fields/section were randomly selected
and counted. The nuclei of positive cells were
stained brown. The total cell count and positive
cell count (mean value of 5 selected fields) for
each section were recorded, and the apoptotic in-
dex (AI) was calculated. Al = (positive cell count
/ total cell count) x 100%.

Determination of Protein Expression in
Heart Tissues by Western Blot Analysis
RIPA lysate containing 1 mM phenylmethyl-
sulfonyl fluoride (PMSF) was added to approxi-
mately 50 mg of frozen heart tissue. Then, they
were homogenized at 4°C and incubated on ice
for 20 min. The homogenate was centrifuged at
12,000 rpm at 4°C for 15 min, and the supernatant
was collected. After quantification using the BCA

protein assay kit, 100 mg of protein was mixed
with 5% Sodium Dodecyl Sulfate (SDS) load-
ing buffer at a 4:1 ratio, and the proteins were
denatured in a boiling water bath for 5-10 min.
Proteins were subjected to 10% SDS-polyacryl-
amide gel electrophoresis (PAGE), transferred to
a polyvinylidene difluoride (PVDF) membrane
(Millipore, Billerica, MA, USA), incubated with
antibodies, and transferred to a gel imager for de-
tection of the target protein bands.

Determination of Apoptosis
by ELISA™YS Kit

After treatment, cells from each group were
collected, mixed with 200 L of cell lysate for 30
min at room temperature. The mixture was centri-
fuged at 2000 rpm for 10 min, and 20 pL of the
supernatant was added to the ELISA plate wells
with 6 repetitions for each group. In addition, 20
pL of histone-DNA complex was added to an ad-
ditional well as a positive control. Determination
of apoptosis was carried out using the ELISAPLUS
kit, according to the manufacturer’s protocol. The
absorbance of each well at 405 and 490 nm was
measured by dual-wavelength colorimetry. The
content of histone-DNA fragments was expressed
as the mean value of absorbance (OD value).

Statistical Analysis

All data were statistically analyzed using the
Statistical Product and Service Solutions (SPSS)
19.0 software (IBM, Armonk, NY, USA). Data
were expressed as the means + standard devia-
tions. The t-test was used for pairwise compar-
isons, and one-way analysis of variance (ANO-
VA) was used for multiple-group comparisons,
followed by Post-Hoc Test (Least Significant
Difference). p<0.05 was considered statistically
significant.

Results

Changes in Hemodynamic Parameters
Among Groups

LVEDP significantly increased in rats of the
CHF and ranolazine groups, whereas +dp/dt__ sig-
nificantly decreased (p<0.01), compared to those
in the sham operation group (NC). After 4-week
ranolazine administration, LVEDP significantly
decreased in rats of the ranolazine group, whereas
+dp/dt__ significantly increased (p<0.01), com-
pared to those in the CHF group (Table I).
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Pathological Changes in The Heart
Tissues of Rats Examined by HE Staining

HE-stained heart tissues were examined using
high-power (400x%) light microscopy. As shown in
Figure 1, the myocardial cells of rats in the NC
group were arranged tightly and regularly with
normal morphology, clear tissue structures, and
no infiltration of inflammatory cells. However, the
heart tissues of rats in the CHF group developed
severe lesions. Figure 1B shows that the myo-
cardial cells were hypertrophied and disordered
with unclear structures and partial infiltration of
inflammatory cells. The pathological changes ob-
served in rats of the ranolazine group were signifi-
cantly less severe, compared to those in the CHF
group; however, myocardial edema, adhesion,
and unclear structures were still observed. No tis-
sue inflammation was detected.

Changes in Al Among Groups

Using TUNEL staining, apoptotic cell nu-
clei were stained brown. As shown in Figure
2, apoptotic cells were rare in rats of the NC
group. Myocardial cells were arranged tight-
ly and regularly, and the nuclei were evenly
dispersed. There were more apoptotic nuclei
in the CHF and ranolazine groups than those

in the NC group. As shown in Table 11, the Al
values of the CHF and ranolazine groups were
significantly higher than that of the NC group
(»<0.01). Also, rats in the ranolazine group
showed less intense nuclear staining and a sig-
nificant decrease in the number of myocardial
apoptotic cells (AI), compared to those in the
CHF group (p<0.01).

Changes in Myocardial Protein
Expression Among Groups

Western blot analysis was used to determine
the expression levels of AKT, pAKT, caspase-9,
and Bcl-2 in the myocardial tissues of rats in
all groups. As shown in Figure 3, there was no
significant difference in the expression level of
AKT among groups. The expression levels of pA-
KT and Bcl-2 were the highest in the ranolazine
group, and there was a significant difference in
pAKT and Bcl-2 expression between the ranola-
zine and CHF group (p<0.001). The expression
levels of caspase-9 in both the CHF and ranola-
zine groups increased, compared to that in the NC
group. However, caspase-9 expression was sig-
nificantly lower in myocardial tissues of rats from
the ranolazine group than that in the CHF group
(p<0.001).

Table I. Comparison of hemodynamic parameters of three groups of rats (X+s).

Group Cases LVEDP (mmHg) +dp/dt__ (mmHg/s) -dp/dt__ (mmHg/s)
NC 10 497+0.83 6031.50 + 214.09 4830.51 £ 177.05
CHF 10 18.07 £ 2.11° 4270.19 £ 183.80" 2649.02 = 118.60
Ranolazine 10 12.42 £ 1.75" 4966.57 + 149.73% 3433.56 + 159.54™

Note: *p< 0.01 compared with the NC group; “p<0.01 compared with the CHF model group. LVEDP: left ventricular end-
diastolic pressure; +dp/dt__ : the maximal rate of left ventricular pressure rise; -dp/dt_ : the maximal rate of left ventricular

pressure decline; 1 mmHg = 0.133 kPa
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Figure 1. Pathological changes in myocardial cells of rats from all groups, examined by HE staining using light microscopy

(400x). A, NC group; B, CHF model group; C, ranolazine group.
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Table Il. Myocardial apoptosis index of three groups of rats.

Group Cases Al (%)
NC 10 3.01 £0.86
CHF 10 56.31 + 3.22*%
Ranolazine 10 17.95 + 1.70*#

Note: *p<0.01 compared with the NC group; #p<0.01
compared with the CHF model group.

Determination of Myocardial Apoptosis
In Vitro by ELISAPLUS

As shown in Figure 4, the number of myo-
cardial apoptotic cells was the highest in the Ctr
group. Ranolazine significantly decreased myo-
cardial apoptosis, compared to that in the Ctr
group (p<0.001). Concurrent administration of
LY294002 significantly increased the number
of apoptotic cells, compared to that in the Ran
group (p<0.001). There was no significant differ-
ence between the Ran+LY294002 and Ctr groups
(p>0.05).

Changes in Myocardial Protein
Expression Among Groups In Vitro

As shown in Figure 5, treatment with ranola-
zine or LY294002 in vitro did not affect AKT ex-
pression in myocardial cells (p>0.05). However,
treatment with ranolazine significantly increased
the expression levels of pAKT and Bcl-2, whereas
concurrent treatment with LY294002 significant-
ly inhibited the expression of pAKT and Bcl-2,
compared to those of the Ran group (p<0.001).
Moreover, ranolazine inhibited the expression of
caspase-9 in myocardial cells, whereas concurrent
treatment with LY294002 significantly increased
the expression of caspase-9, compared to that in
the Ran group (p<0.001).

Discussion

CHF is one of the most common critical illness-
es in clinical practice with a complicated patho-
genesis. Most patients with CHF have a history
of heart diseases, including coronary heart dis-
ease, hypertension, and myocarditis'"'. Recently,
there is increasing belief that CHF is associated
with ventricular remodeling, the neuroendocrine
system, and various humoral factors'*'*. Cur-
rent clinical therapies include diuretics, nitrates,
and cardiac stimulants according to the different

causes of CHF?. Specifically, ventricular remod-
eling is directly affected by ventricular myocar-
dial apoptosis". Abnormal apoptosis of myocar-
dial cells can result from the abnormal activation
of the inherent cellular death program by certain
stimulating factors in the myocardial cells. Myo-
cardial cells of patients with heart failure under-
go remodeling of their energy metabolism with
blocked cellular metabolism. The accumulation
of colony-stimulating factors promotes myocardi-
al apoptosis, eventually leading to ventricular re-
modeling. Therefore, inhibition of the expression
of apoptosis-stimulating factors and reduction of
myocardial apoptosis may be a potential mecha-
nism for the treatment of CHF.

In this study, ranolazine was administered to
rats with heart failure, and the cardiac function,
hemodynamics, myocardial Al, and expression
levels of apoptosis-related proteins were assessed
to investigate the possible application of ranola-
zine in the treatment of heart failure. Moreover, the
mechanism underlying the antiapoptotic effects of
ranolazine was further verified by in vitro culture
of impaired myocardial cells with ranolazine and
LY?294002. Results showed that the LVEDP value
of the CHF group was 18.07 = 2.11 mmHg, indi-
cating that CHF rat model was successfully es-
tablished. Ranolazine could significantly improve
the cardiac function of rats and increase the +dp/
dt_  value, compared to those of the CHF group
(Table I). HE staining showed that treatment with
ranolazine could ameliorate the pathological
changes in the myocardial tissue (Figure 1). De-
termination of myocardial Al by TUNEL staining
showed that the number of TUNEL-positive cells
in the ranolazine group was significantly reduced,
and Al was significantly lowered (Figure 2, Table
IT). Western blot analysis showed that ranolazine
promoted AKT phosphorylation and increased
the expression of the anti-apoptotic factor, Bel-2;
however, it did not affect AKT expression. The
expression level of caspase-9 in the myocardial
tissues of rats in the ranolazine group significant-
ly decreased, compared to that in the CHF group
(»<0.001). Isolated myocardial cells from CHF
rats were cultured in vitro and treated with ranola-
zine or ranolazine+LY294002. As shown in Fig-
ures 5, ranolazine inhibited myocardial apoptosis,
promoted the expression of pAKT and Bcl-2, and
inhibited the expression of caspase-9 in vitro.
LY?294002 blocked ranolazine-induced inhibition
of apoptosis. The number of apoptotic cells was
significantly higher in the ranolazine+LY294002
group than that in the Ran group, and there was
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Figure 2. Myocardial apoptosis in rats of all groups, visualized by TUNEL staining (400%). A, NC group; B, CHF model group;

C, ranolazine group.
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Figure 3. Determination of expression levels of myocardial proteins in rats of all groups by Western blot analysis. "p>0.05,
compared to the CHF model group; “p<0.001, compared to the CHF model group.

no significant difference in the number of apop-
totic cells between the ranolazine+LY294002 and
Ctr groups. Moreover, LY294002 inhibited AKT
phosphorylation, compared to that in the Ran
group (p<0.001). Also, LY294002 inhibited the
expression of Bcl-2 and promoted the expression
of caspase-9. Neither ranolazine nor LY294002
had any effect on AKT expression.

According to previous studies'®!’, the PI3K/
AKT signaling pathway is closely related to heart
failure. Activation of PI3K promotes phosphoryla-
tion of AKT and activates downstream signaling. It
plays an important role in the cardiovascular sys-
tem, myocardial apoptosis, and metabolism. In this
work, we showed that administration of ranolazine
promoted AKT phosphorylation, as evidenced by
the significant increase in pAKT expression. AKT
is an important downstream kinase regulated by
PI3K, and an increase in pAKT/AKT ratio suggests
that the PI3K-AKT pathway is activated, possibly
promoting the recruitment of myocardial protec-
tive factors. In addition, we showed that ranolazine
could inhibit the expression of the proapoptotic
factor, caspase-9 and promote that of the antiapop-
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totic protein, Bcl-2 owing to inhibition of the mito-
chondrial apoptotic pathway, eventually inhibiting
myocardial apoptosis. Referring to the previous
literature'®"”, we speculated that ranolazine might
inhibit the activation of the proapoptotic molecule,
Bcl-2/Bcl-XL-associated death promoter (BAD)
by promoting AKT phosphorylation, which result-
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Figure 4. Determination of the effects of ranolazine/
LY294002 on myocardial apoptosis in vitro by ELISAPLUS,
Pairwise comparison, "p>0.05, "p<0.001.
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Figure 5. Determination of the effects of ranolazine/LY294002 on the expression of related myocardial proteins by Western
blot analysis. "p>0.05, compared to the CHF model group; “p<0.001, compared to the CHF model group.

LY294002 is a specific inhibitor of the PI3K/AKT
pathway®. LY294002 prevents the activation of
AKT and downstream signaling pathways by in-
hibiting AKT phosphorylation, which reduces cell
viability and promotes myocardial apoptosis. The
results of this investigation showed that LY294002
could significantly block the antiapoptotic effects
of ranolazine, mainly by inhibiting AKT phosphor-
ylation and regulating the expression of related
proteins, such as caspase-9 and Bcl-2.

Conclusions

We showed that ranolazine could improve the
cardiac function, reverse myocardial pathological
changes, slow ventricular remodeling, and inhib-
it myocardial apoptosis in rats with heart failure.
The underlying mechanism might be closely re-
lated to the regulation of AKT phosphorylation,
affecting the activation of the PI3K/AKT signal-
ing pathway.
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