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Abstract

Background: Myocardial injury is considered as a worldwide main cause of morbidity and mortality. The present
study aimed to investigate the probable cardioprotective activity of the naturally occurring endogenous fatty acid
ester methyl palmitate (MP) against isoproterenol (ISO)-induced myocardial injury in rats and the possible
underlying molecular mechanisms. The study was carried out in two consecutive sets of experiments; the first set
screened the cardioprotective dose of MP in ISO-intoxicated rats. In the second set, forty male Sprague Dawley rats
received either MP (150 mg/kg, p.o) three times/week for 2 weeks and/or 2 consecutive doses of ISO separated by
24 h (85 mg/kg, s.c) on the 13th and 14th days. Different cardiotoxicity and oxidative stress markers were assessed.
Furthermore, endothelial nitric oxide synthase (eNOS) levels were determined. For detection of apoptosis, Bax, Bcl-2,
and caspase 3 were estimated. To assess inflammation, toll-like receptor 4 (TLR-4) and tumor necrosis factor-alpha
(TNF-α) were measured using ELISA. Meanwhile, nuclear factor kappa B (NF-kB) and cyclooxygenase-2 (COX-2) were
detected immunohistochemically.

Results: Pretreatment with MP significantly ameliorated the cardiotoxicity and oxidative stress markers. It also
markedly elevated eNOS content, decreased apoptotic marker expression, and mitigated TLR-4 activation and other
inflammatory markers. Electrocardiography and histopathological examination also confirmed the cardioprotective
effect of MP.

Conclusion: The findings of this study indicated that MP possesses a potent cardioprotective activity against ISO-
induced myocardial injury through its significant antioxidant, anti-apoptotic, anti-inflammatory, and vasodilatation
activities.

Keywords: Myocardial injury, Methyl palmitate, ISO, Oxidative stress, eNOS, Apoptosis, TLR-4, Inflammation

© The Author(s). 2020 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

* Correspondence: ahmed.badreldin@fue.edu.eg
1Pharmacology, Toxicology and Biochemistry Department, Faculty of
Pharmaceutical Sciences and Pharmaceutical Industries, Future University in
Egypt, End of 90th St., 5th Settlement, New Cairo, Cairo 11835, Egypt
Full list of author information is available at the end of the article

Future Journal of
Pharmaceutical Sciences

Hamed et al. Future Journal of Pharmaceutical Sciences            (2020) 6:31 
https://doi.org/10.1186/s43094-020-00044-y

http://crossmark.crossref.org/dialog/?doi=10.1186/s43094-020-00044-y&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:ahmed.badreldin@fue.edu.eg


Background
Myocardial injury is known to be one of the most common
reasons of morbidity and mortality all over the world [1].
Although numerous medicinal and interventional treat-
ments for myocardial injury were significantly enhanced re-
cently, many patients develop poor prognosis which leads
to reduced quality of life and elevated mortality risk [2].
Among myocardial injury morbidities, myocardial ischemia
is considered as a major cause of cardiovascular deaths [3].
Prolonged myocardial ischemia results in necrosis of cardi-
omyocytes because of the abruption of the blood flow to a
part of the myocardium [4].
Isoproterenol [1-(3, 4-dihydroxyphenyl)-2-isopropyla-

mino ethanol hydrochloride] (ISO), is one of the synthe-
tized catecholamines which stimulate β-adrenoceptors
[3]. Activation of β1-adrenoceptors plays a major role in
the disturbance of the myocardial contraction and en-
ergy metabolism during stress conditions resulting in
the progression of cardiac remodeling and failure [5].
Induction of myocardial injury by ISO serves as an

ideal-standardized experimental model for studying the
useful effects of numerous drugs and heart functions as
ISO-induced cardiac aberrations in the experimental ani-
mals closely mimics the pathogenesis mechanisms in
humans [6]. High doses of ISO, within the range of 85–
300 mg/kg, were reported to induce diffuse myocardial
necrosis resulting in a progressive left ventricular dilata-
tion and myocardial hypertrophy in rats similar to the
acute myocardial ischemic injury in humans [7]. It was
proven that ISO is a fundamental causative agent of se-
vere oxidative stress within the myocardium through the
production of huge amounts of cytotoxic free radicals
which stimulate myocardial membrane phospholipids
peroxidation resulting in serious destruction of the myo-
cardial membrane [8].
Endothelial dysfunction is considered as a crucial

event in ISO-induced myocardial injury [9]. It was re-
ported that oxidative stress is a fundamental causative
factor for endothelial dysfunction mainly due to the ac-
celerated inactivation of nitric oxide (NO) by the react-
ive oxygen species (ROS) that profusely produced by
ISO, which further diminishes the bioavailability of NO
[10]. The powerful vasodilator NO is synthesized by
endothelial nitric oxide synthase (eNOS) enzyme. It reg-
ulates the vascular tone and provides marked cardiopro-
tection against ischemic damage [11]. It was proven that
eNOS is expressed by the myocardial cells where it con-
trols many aspects of heart functions such as heart rate
and contractility [12].
Apoptosis plays a major role in the pathogenesis of

ISO-induced myocardial injury [13]. The free radicals
generated by ISO are known to activate the intrinsic
mitochondria-dependent apoptotic pathway in the cardi-
omyocytes [14]. Furthermore, β-adrenergic receptor

stimulation has been shown to increase the pro-
apoptotic gene expression leading to apoptosis [15].
The inflammatory cascades have crucial roles in myo-

cardial injury pathogenesis [16]. During myocardial in-
jury, damage-associated molecular patterns (DAMPs)
that also called alarmins are known to be released by the
stressed cells undergoing necrosis acting as danger sig-
nals resulting in activation of toll-like receptors (TLRs)
[17, 18]. In this context, TLRs were reported to be up-
regulated in cardiac tissues in the case of myocardial in-
jury where they trigger the production of many
inflammatory mediators augmenting the myocardial tis-
sue damage [19].
Recently, focusing on the protective roles of natural

products against myocardial injury has gained a lot of at-
tention [20]. Methyl palmitate (MP) is a naturally occur-
ring fatty acid ester which is released in the superior
cervical ganglion [21] and the retina [22] of rats. It has
been reported to guard against tissue injury in various
experimental models [23, 24]. Interestingly, MP is also
recognized as an attenuator of macrophages including
Kupffer cells [25]. These cytoprotective effects are
mainly attributed to its potent antioxidant, anti-
inflammatory, anti-apoptotic, and vasodilatation activ-
ities [26]. The anti-inflammatory effects of MP were
mainly mediated through diminishing the expression of
the transcription factor nuclear factor kappa B (NF-kB)
and the consequent production of pro-inflammatory cy-
tokines [27]. It was also elucidated that MP induces va-
sorelaxation via its direct action on smooth muscles
[28].
The target of this study is to elucidate the probable

cardioprotective activity of MP against ISO-induced
myocardial injury in rats and investigate the underlying
molecular mechanisms.

Methods
Drugs and chemicals
Methyl palmitate (MP), isoproterenol (ISO), and ureth-
ane were bought from Sigma Chemical Co. (St Louis,
MO, USA). Before administration, MP was dissolved in
corn oil, while ISO was dissolved in normal saline. All
solvents and chemicals were of the highest grade purity
available.

Animals
Sixty-five male Sprague Dawley rats weighing 150–200 g
were used. They were purchased from El-Nile Co., Cairo,
Egypt, and housed in an air-conditioned atmosphere, at
a temperature of 25 °C with alternatively 12 h light and
dark cycles. The standard diet and water ad libitum have
been made available to the rats. Standard diet pellets
(El-Nasr, Abu Zaabal, Egypt) were composed of not less
than 5% fiber, 20% protein, 6.5% ash, 3.5% fat, and a
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vitamin mixture. Rats were allowed to acclimate for 2
weeks before any experimentation. All procedures and
manipulations of experimental animals were carried out
according to the ARRIVE guidelines and in accordance
with UK Animals Act, 1986 [29], and approved by the
Research Ethics Committee for experimental and clinical
studies of Faculty of Pharmaceutical Sciences and
Pharmaceutical Industries, Future University in Egypt,
under the memorandum No.: (REC-FPSPI-9/60).

Experimental design
There were two consecutive sets of experiments for this
study. The first set aimed to determine the minimum ef-
fective cardioprotective dose of MP via examining the
doses 75, 150, and 300 mg/kg of MP against ISO-
induced myocardial injury in rats through the assess-
ment of the histopathological investigations and the car-
diotoxicity indices. To achieve this aim, rats were
randomized into five groups (5 animals each) and
treated for 14 consecutive days as follows: group 1 was
considered as a control group, where rats were given
corn oil, p.o, three times per week at alternating days for
2 weeks. To induce myocardial injury, rats in group 2
were given corn oil, p.o, three times per week at alter-
nating days for 2 weeks and then injected with 2 con-
secutive doses of ISO separated by 24 h (85 mg/kg, s.c)
on the 13th and 14th days [3]. Rats in groups 3, 4, and 5
were given MP in the doses 75, 150, and 300 mg/kg, p.o
respectively, three times per week at alternating days for
2 weeks and then injected with 2 consecutive doses of
ISO separated by 24 h (85 mg/kg, s.c) on the 13th and
14th days.
The consequent second set was carried out to investi-

gate the possible underlying molecular mechanisms of
the cardioprotective activity of MP using the dose of
150 mg/kg which was selected according to the results of
the first set of experiments. Rats were randomized into
four groups (10 animals each) and treated for 14 con-
secutive days as follows: group 1 was considered as a
control group where rats were given corn oil, p.o, three
times per week at alternating days for 2 weeks. Rats in
group 2 were given MP (150 mg/kg, p.o) three times per
week at alternating days for 2 weeks. Rats in group 3
were given corn oil, p.o, three times per week at alter-
nating days for 2 weeks and then injected with 2 con-
secutive doses of ISO separated by 24 h (85 mg/kg, s.c)
on the 13th and 14th days [3]. Group 4 rats were given
MP (150 mg/kg, p.o) three times per week at alternating
days for 2 weeks and then injected with 2 consecutive
doses of ISO separated by 24 h (85 mg/kg, s.c) on the
13th and 14th days.
In both sets of experiments, rats were weighed and

anesthetized with urethane (1.2 gm/kg, i.p.) 24 h after
the last ISO injection. Then, blood samples were

obtained from the retro-orbital plexus of the rats of the
first set and ECG was recorded for the rats of the second
set. The sampled blood was left to clot; serum was sepa-
rated by centrifugation at 3000g and 4 °C for 10 min and
kept at − 80 °C. The anesthetized rats were then sacri-
ficed by cervical dislocation. The heart tissues were dis-
sected, weighed, and washed with ice-cold saline.
Specimens from the hearts of three rats from each group
were fixed in the appropriate buffer for both histopatho-
logical assessments for the rats of the first set and im-
munohistochemical assessments for the rats of the
second set.
In the second set of experiments, specimens from

hearts of the rest seven rats of each group were homoge-
nized in ice-cold saline using a homogenizer to obtain
10% (w/v) heart homogenate and centrifuged at 3000g
and 4 °C for 10 min, then the supernatant was collected
and kept at − 80 °C prior to analysis.

Histopathological assessment of myocardial injury
Heart autopsy samples of rats of the first set were ob-
tained, washed, subjected to dehydration using alcohol,
cleared in xylene, and embedded in paraffin at 56 °C hot
air oven for 24 h. They were stained by hematoxylin and
eosin (H&E) for histopathological examination using a
light microscope (Olympus BX-50 Olympus Corpor-
ation, Tokyo, Japan).
To obtain a range of histological myocardial injury,

histopathological findings were classified into the follow-
ing degrees: (0) no change, (1) mild—focal myocytes
damage or small multifocal degeneration with slight de-
gree of inflammation, (2) moderate—extensive myofibril-
lar degeneration and/or diffuse inflammatory process,
and (3) severe—necrosis with diffuse inflammatory
process [30].

Assessment of cardiotoxicity indices
Serum creatine kinase myocardial band (CK-MB), aspar-
tate aminotransferase (AST), and lactate dehydrogenase
(LDH) enzyme activities were detected spectrophoto-
metrically using colorimetric kits (Biodiagnostics, Giza,
Egypt). Heart index was calculated according to the
equation: (heart weight/body weight) × 100.

Electrocardiography (ECG)
The ECG instrument (CardiMax FX-7102, USA) was
used for ECG recording and each recording consumed
at least 10 min. The recording rate was 25 mm/s and the
voltage was 1 mV/cm. Noise reduction was performed
using a digital filter. Analysis of ECG waves was per-
formed to calculate T wave, heart rate (beat/min), QT
interval, QTc interval by Bazett’s formula [QTc = QT/
(square root of RR interval)], and QRS complex.
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Assessment of oxidative stress markers
Cardiac contents of both malondialdehyde (MDA) and
reduced glutathione (GSH) and cardiac activity of super-
oxide dismutase (SOD) were estimated in heart hom-
ogenate using colorimetric kits (Biodiagnostics, Giza,
Egypt).

Assessment of endothelial nitric oxide synthase (eNOS)
Content of eNOS in heart homogenate was estimated
using ELISA kits (My BioSource, Inc., USA).

Assessment of apoptotic markers
Expression of the apoptotic proteins Bcl-2-associated X
(Bax), B cell lymphoma 2 (Bcl-2), and caspase 3 in the
heart tissues was determined immunohistochemically.
Paraffin-embedded tissue sections of 3 μm thickness
were rehydrated first in xylene and then in graded etha-
nol solutions, the slides were then blocked with 5% bo-
vine serum albumin (BSA) in tris-buffered saline (TBS)
for 2 h. After that, the sections were immunostained
with the primary antibody: Bax (catalog number: PA5-
11378), Bcl-2 (catalog number: PA5-20068), or caspase 3
(catalog number: PA1-29157) (Thermo Fisher Scientific,
USA) at a concentration of 1 μg/ml containing 5% BSA
in TBS and incubated overnight at 4 °C. After washing
the slides with TBS, the sections were incubated with
the corresponding goat anti-rabbit secondary antibody.
Washing with TBS and incubation for 10 min in 0.02%
diaminobenzidine containing 0.01% hydrogen peroxide
were then performed. Counter staining was carried out
using hematoxylin, and the slides were visualized using a
light microscope. The quantification of immunostaining
was performed using the Image-J® image analysis soft-
ware (NIH, USA) and presented as the optical density of
the stained sections per field (× 100).

Assessment of inflammatory markers
Toll-like receptor 4 (TLR-4) content was estimated in
heart homogenate using ELISA kits (Cloud-Clone Corp.,
USA). Content of tumor necrosis factor-alpha (TNF-α)
was also detected in heart homogenate using ELISA kits
(CUSABIO, USA). Nuclear factor kappa B (NF-kB) and
cyclooxygenase-2 (COX-2) expression in heart tissues
were further determined immunohistochemically as
mentioned earlier using the primary antibody: NF-kB
(catalog number: PA5-16545) or COX-2 (catalog num-
ber: PA5-17614) (Thermo Fisher Scientific, USA).

Data analysis
Data are presented as mean ± SD; statistical data ana-
lysis was performed using one-way ANOVA followed by
Tukey as a post hoc test. The 0.05 level of probability
was used as a criterion for significance. GraphPad Prism

version 7 for Windows 8 (GraphPad Software, San
Diego, CA, USA) was used for all statistical analysis.

Results
Prior to experimentation in both sets of experiments, all
rats were observed and weighed. They were within the
normal weights (150–200 g) without any observed
abnormalities.

Histopathological examination of heart using H&E stain
By screening of the cardioprotective dose of MP, histo-
pathological findings revealed normal histological struc-
ture of myocardial muscle of the control group. The
muscle bundles appeared as short branched, joined to
each other, and formed a network. Cross striation and
oval prominent central single nuclei were observed.
Myocardial fibers showed regular arrangements, clear
striations, and no apparent pathological alterations. The
degree of myocardial muscle damage revealed no change
[(score = 0), (Fig. 1a)].
The cardiac muscle fibers of ISO-intoxicated group

showed focal areas of coagulative necrosis in which the
muscle bundles appeared deeply eosinophilic with loss
of its striation. Massive number of inflammatory cells’
infiltration were detected in-between the necrotic
muscle bundles. Disorganization of myocardial fibers
was also observed. There was widespread of subendocar-
dial necrosis accompanied by intramuscular edema. The
myocardial muscle showed severe damage and necrosis
with diffused inflammatory process [(score = 3), (Fig.
1b)].
Histological examination of cardiac muscle tissue sec-

tion of MP (75 mg/kg)-pretreated group showed focal
necrotic areas of deeply eosinophilic muscle bundles as-
sociated with marked intramuscular edema, inflamma-
tory cell infiltrations, and derangement of muscle
bundles. Damaged myocardial muscle with necrosis and
diffuse inflammatory process was observed [(score = 2),
(Fig. 1c)].
Histological examination of cardiac muscle tissue sec-

tion of MP (150mg/kg)-pretreated group showed few in-
flammatory cells’ infiltration, with marked preservation of
myocardial bundles in contrast with ISO-intoxicated
group. The myocardial muscle showed mild multifocal de-
generation with slight degree of inflammation [(score = 1),
(Fig. 1d)].
Histological examination of cardiac muscle tissue sec-

tion of MP (300 mg/kg)-pretreated group showed con-
gestion of small branches of coronary blood vessels
which are engorged with blood and few inflammatory
cells’ infiltration was also observed. The myocardial
muscle exhibited mild multifocal degeneration with
slight inflammatory process [(score = 1), (Fig. 1e)].
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Cardiotoxicity indices
Myocardial injury induced by ISO was further confirmed
by the assessment of cardiotoxicity indices. As shown in
Fig. 2, ISO significantly elevated serum activities of CK-
MB, AST, and LDH enzymes by 39%, 58%, and 65% re-
spectively and increased the heart index by 28%,

indicating cardiac hypertrophy, as compared to the con-
trol group. In comparison with the ISO group, no sig-
nificant changes were detected for MP 75mg/kg
pretreated group, while pretreatment with MP 150mg/
kg significantly decreased serum activities of these car-
diac enzymes by 24%, 28%, and 34% respectively and

Fig. 1 Representative photomicrographs of heart sections stained by H&E (magnification × 400). a Control group showing normal histological
structure of the myocardial bundles (arrows). b ISO-intoxicated group showing multiple focal areas of coagulative necrosis and massive number
of inflammatory cells’ infiltration (arrows). c MP (75mg/kg)-pretreated group showing focal necrotic areas and marked inflammatory cell
infiltration (arrows). d MP (150 mg/kg)-pretreated group showing cardiac muscle bundles with few inflammatory cells’ infiltration (arrows). e MP
(300 mg/kg)-pretreated group showing congestion of small branches of coronary blood vessels with few inflammatory cells’ infiltration (arrows)

Fig. 2 Effect of different doses of MP on serum activities of CK-MB, AST, and LDH and heart index in ISO-intoxicated rats. a CK-MB. b AST. c LDH.
d Heart index. Rats were pretreated with different doses of MP (75, 150, and 300mg/kg, p.o) three times per week on alternating days for 2
weeks and then injected with 2 consecutive doses of ISO (85 mg/kg, s.c) on the 13th and 14th days; data are presented as mean ± SD (n = 5); a,
b, or c: significantly different from control, ISO, or MP 75 mg/kg groups respectively at P < 0.05 using one-way ANOVA followed by Tukey as a
post hoc test. ISO isoproterenol, MP methyl palmitate, CK-MB creatine kinase myocardial band, AST aspartate aminotransferase, LDH
lactate dehydrogenase
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reduced the heart index by 15%. Moreover, pretreatment
with MP 300mg/kg markedly reduced the serum activ-
ities of these enzymes by 19%, 25%, and 24% respectively
and diminished the heart index by 12%.
Based on the histopathological examination and the

cardiotoxicity indices assessment, the middle dose of MP
(150 mg/kg) showed a significant cardioprotection which
was more prominent than the lowest dose (75 mg/kg),
while the highest dose (300 mg/kg) did not show more
protection than the middle dose. Accordingly, the dose
of 150 mg/kg was the minimum effective cardioprotec-
tive dose which was selected to be used in the second
set of experiments.
Since there were no significant differences between

MP (150 mg/kg) only and normal control groups for the
results of the second set of experiments, all comparisons
for the upcoming parameters were referred to the nor-
mal control group.

Electrocardiography (ECG)
As shown in Table 1 and Fig. 3, normal cardiac activity
was detected by ECG tracing for both control and MP
only treated rats. On the other hand, ISO-intoxicated
rats showed several marked ECG changes including
inverted deep T wave in 80% of the intoxicated rats and
significant tachycardia evidenced by the marked eleva-
tion of the heart rate by 37% as compared to the control
group. Moreover, ISO intoxication showed significant
prolongation of QT and QTc intervals and widening of
QRS complex by 138%, 173%, and 163% respectively as
compared to the control group. Pretreatment of ISO-
intoxicated rats with MP effectively normalized all of the
ECG changes, which evidenced by the prevention of T
wave inversion in 90% of the pretreated rats and the sig-
nificant reduction of heart rate, QT interval, QTc inter-
val, and QRS complex by 25%, 49%, 50%, and 38%
respectively as compared to ISO group.
MP methyl palmitate, ISO isoproterenol, HR heart

rate, QT QT interval, QTc corrected QT, QRS QRS
complex

Oxidative stress markers
As revealed in Fig. 4, ISO-induced oxidative stress in
cardiac tissues were evaluated by measuring MDA

content which was increased by 31% in the ISO-
intoxicated group as compared to the control group.
Conversely, MP-pretreated group showed marked reduc-
tion in MDA content by 21% as compared to the ISO
group. Moreover, both GSH content and SOD activity
were assessed in the cardiac tissues, where ISO markedly
decreased GSH content and SOD activity by 19% and
37% respectively in comparison with the control group.
Meanwhile, MP-pretreated rats showed significant in-
crease in GSH content and SOD activity by 16% and
42% respectively in comparison with the ISO group.

Endothelial nitric oxide synthase (eNOS)
The vasodilator property of MP was evaluated by the as-
sessment of eNOS content in the cardiac tissues. As
shown in Fig. 7, ISO significantly decreased eNOS con-
tent by 47% in comparison with the control group, while
MP-pretreated group exhibited a significant increase in
eNOS content by 57% as compared to the ISO group.

Apoptotic markers
The apoptotic tissue injury induced by ISO was assessed
by the immunohistochemical examination of the pro-
apoptotic markers Bax and caspase 3 and the anti-
apoptotic marker Bcl-2 expressions within the myocar-
dium. Control and MP groups showed almost negative
immunostaining for the pro-apoptotic proteins and in-
tense immunostaining for the anti-apoptotic marker.
Notably, ISO significantly elevated the expression of the
pro-apoptotic protein Bax as evidenced by the intensive
brown staining and markedly reduced the expression of
the anti-apoptotic protein Bcl-2. Additionally, ISO
showed markedly elevated expression of caspase 3 as evi-
denced by the intensive brown staining. On the other
hand, MP pretreatment ameliorated these changes to ap-
proach the levels of the control group (Figs 5 and 6).

Inflammatory markers
The effects of ISO on inflammatory cascades were
assessed by measuring the cardiac contents of TLR-4
and TNF-α and the cardiac expression of NF-kB and
COX-2.
As illustrated in Fig. 7, ISO significantly elevated the

cardiac contents of TLR-4 and TNF-α by 112% and 67%

Table 1 Effect of MP (150 mg/kg) on ECG pattern in ISO-intoxicated rats

Groups T wave inverted rats (%) HR (bpm) QT (s) QTc (s) QRS (s)

Control 0 (0%)b 335 ± 31b 0.042 ± 0.01b 0.11 ± 0.023b 0.019 ± 0.002b

MP (150 mg/kg) 0 (0%)b 341 ± 69b 0.044 ± 0.007b 0.13 ± 0.029 b 0.028 ± 0.004b

ISO 8 (80%)a 458 ± 20a 0.1 ± 0.02a 0.3 ± 0.055a 0.05 ± 0.01a

MP (150 mg/kg) + ISO 1 (10%)b 344 ± 21b 0.051 ± 0.012b 0.15 ± 0.013b 0.031 ± 0.006b

Rats were pretreated with MP (150 mg/kg, p.o) three times per week at alternating days for 2 weeks and then 2 consecutive doses of ISO separated by 24 h (85
mg/kg, s.c) on the 13th and 14th days; data are expressed as mean ± SD (n = 10), except for T wave inversions which are indicated as %
a, bSignificantly different from control or ISO groups respectively at P < 0.05 using one-way ANOVA followed by Tukey as a post hoc test
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respectively, in comparison with the control group. On
the other hand, MP-pretreated rats showed marked
amelioration of TLR-4 and TNF-α contents by 27% and
32% respectively, in comparison with the ISO group.
Moreover, immunohistochemical analysis was per-

formed for the evaluation of the cardiac expression of
both transcription factor NF-kB and COX-2 enzyme,
where the control and MP groups showed almost nega-
tive immunostaining for both proteins. On the other
hand, ISO elevated the cardiac expression of both NF-kB
and COX-2 evidenced by the intensive brown staining.
Meanwhile, MP-pretreated group showed significant
prevention of these increments evident by the mild im-
munostaining for both proteins (Fig. 8).

Discussion
The present study aimed to elucidate the potential cardi-
oprotective activity of methyl palmitate (MP) against

isoproterenol (ISO)-induced myocardial injury in rats, as
well as the principal molecular mechanisms through
examining its effects on various oxidative stress, apop-
totic, and inflammatory markers. The study was carried
out in two consecutive sets of experiments.
The results of the first set of experiments showed

that ISO intoxication is associated with severe myo-
cardial damage with multiple focal areas of coagula-
tive necrosis, massive number of inflammatory cells’
infiltration in-between the necrotic muscle bundles,
disorganization of myocardial fibers, and widespread
of subendocardial necrosis accompanied by intramus-
cular edema. Myocardial injury induced by ISO was
further proven by the marked increase in the serum
activities of the cardiac enzymes CK-MB, AST, and
LDH. Moreover, ISO significantly increased the rela-
tive heart weight as compared to the control group
reflecting cardiac hypertrophy. These findings are in

Fig. 3 Effect of MP (150 mg/kg) on ECG pattern in ISO-intoxicated rats. a Control group showing normal pattern. b MP group showing normal
pattern. c ISO-intoxicated group showing inverted deep T waves, prolonged QT and QTc intervals, and widened QRS complex (arrows). d MP-
pretreated group showing normal pattern
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agreement with those of previous studies, confirming
ISO cardiotoxicity [5, 31–33].
The middle dose of MP (150 mg/kg) showed a sig-

nificant cardioprotective effect which was evidenced
by the marked preserving of the normal architecture
of the myocardium as well as the significant improve-
ment of the serum cardiac enzyme activities and heart
index. These findings are consistent with previous
studies that proved the potent cardioprotective effect
MP [26].
Consequently, the middle dose of MP (150 mg/kg) was

selected to be used in the second set of experiments for
the elucidation of the underlying molecular mechanisms
of the cardioprotective activity of MP.

The chief criterion used for the definite diagnosis of
myocardial injury is the evolving pattern of ECG abnor-
malities [34]. It was reported that inversion of T wave in-
dicates the presence of myocardial ischemic injury [35].
Meanwhile, prolongation of QT interval elucidates slow
ventricular conduction [34] and widening of QRS complex
indicates diffused myocardial damage [36]. In this study,
ISO-intoxicated group showed a significant tachycardia,
inversion of T wave, prolongation of both QT and QTc
intervals, and widening of QRS complex. Similar changes
in ECG tracing in ISO-intoxicated rats have been reported
in previous studies [37–39]. These abnormal changes in
ECG were not noticed in animals pretreated with MP con-
firming its cardioprotective effect.

Fig. 4 Effect of MP (150 mg/kg) on cardiac content of MDA and GSH and cardiac activity of SOD in ISO-intoxicated rats. a MDA. b GSH. c SOD.
Rats were pretreated with MP (150mg/kg, p.o) three times per week on alternating days for 2 weeks and then injected with 2 consecutive doses
of ISO (85 mg/kg, s.c) on the 13th and 14th days; data are presented as mean ± SD (n = 7); a or b: significantly different from control or ISO
groups respectively at P < 0.05 using one-way ANOVA followed by Tukey as a post hoc test. MP methyl palmitate, ISO isoproterenol, MDA
malondialdehyde, GSH reduced glutathione, SOD superoxide dismutase

Hamed et al. Future Journal of Pharmaceutical Sciences            (2020) 6:31 Page 8 of 14



Catecholamines produce excessive amounts of free
radicals inducing myocardial injury, due to their trans-
formation into aminochromes, which undergo redox
cycling in mitochondria resulting in the production of
profuse amounts of oxygen-derived free radicals leading
to loss of myocardial membranes function and integrity
[40]. Herein the present study, ISO-intoxicated rats ex-
hibited severe oxidative damage evidenced by the signifi-
cant elevation in cardiac content of malondialdehyde
(MDA), the lipid peroxidation product, and the marked
reduction of the antioxidant defenses reduced glutathi-
one (GSH) and superoxide dismutase (SOD) enzyme.
These oxidative stress insults were previously reported
in ISO intoxication models [30, 39]. On the contrary,
MP pretreatment showed effective protection against
ISO-induced oxidative insults evidenced by diminishing
of MDA content and restoring of both GSH content and
SOD activity. In this regard, MP had been proven to
possess potent antioxidant capabilities [27, 41].
Endothelial nitric oxide synthase (eNOS) enzyme has

major roles in the regulation of the vascular tone and
providing marked cardioprotection against ischemic
damage through the production of nitric oxide (NO)
which is a potent vasodilator [11]. In the present study,
ISO intoxication caused a marked reduction in the car-
diac content of eNOS enzyme, which is consistent with
previous studies that reported the diminished eNOS

activity in experimental models of myocardial injury fol-
lowing ISO intoxication [6]. In contrast, MP pretreat-
ment showed marked conserving of eNOS content
within the myocardium. This implies that MP possesses
promising vasodilator properties. These findings were in
agreement with previous reports which proved that MP
can induce aortic vasodilation and offer neuroprotection
against cerebral ischemia where it diminished tissue ne-
crosis and neuronal cell death caused by middle cerebral
artery occlusion in the rat [42].
The free radicals evoked by ISO damage the mito-

chondrial membrane phospholipids resulting in loss of
membrane potential stimulating caspase 3 to initiate car-
diomyocytes’ apoptotic degradation [13]. The mitochon-
drial membrane potential is mainly regulated by the pro-
apoptotic proteins such as Bcl-2-associated X (Bax) and
the anti-apoptotic proteins such as B cell lymphoma 2
(Bcl-2) [14]. Translocation of Bax to the outer mito-
chondrial membrane is believed to open the mitochon-
drial voltage-dependent anion channel leading to
increased mitochondrial permeability [43]. Meanwhile,
Bcl-2 plays a critical role in the conserving of mitochon-
drial membrane integrity and stability [44].
Herein the present study, ISO intoxication elicited an

apoptotic cell death in the cardiac tissues as it increased
the expression of the pro-apoptotic markers Bax and
caspase 3 and diminished the expression of the anti-

Fig. 5 Immunohistochemical analysis of Bax and Bcl-2 in heart sections (magnification × 400). a and e Control group showing minimal Bax
expression and maximal Bcl-2 expression respectively. b and f MP group showing minimal Bax expression and maximal Bcl-2 expression
respectively. c and g ISO-intoxicated group showing extensive heavy Bax expression and minimal Bcl-2 expression respectively. d and h MP-
pretreated group showing mild Bax expression and extensive Bcl-2 expression respectively. i and j Quantitative image analysis for
immunohistochemical staining of Bax and Bcl-2 respectively expressed as optical densities (OD) across 10 different fields for each rat section. k
The ratio of Bax to Bcl-2 expression in the heart of different groups. Data are presented as mean ± SD (n = 10); a or b: significantly different from
control or ISO groups respectively at P < 0.05 using one-way ANOVA followed by Tukey as post hoc test. MP methyl palmitate, ISO isoproterenol,
Bax Bcl-2-associated X, Bcl-2 B cell lymphoma 2
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apoptotic marker Bcl-2. Moreover, calculating the ratio
of Bax/Bcl-2 showed elevated ratios in ISO-intoxicated
group confirming the apoptotic effects of ISO. These
effects were in agreement with previous studies that re-
ported the crucial role of apoptotic events in the patho-
physiology of ISO-induced myocardial injury [13, 20].
On the other hand, pretreatment of the rats with MP
prevented the apoptotic effects of ISO as evidenced by
downregulating the apoptotic proteins Bax and caspase
3 expressions while upregulating Bcl-2 expression. In
this regard, MP had been reported to have potent anti-
apoptotic effects in different experimental models via re-
ducing Bax/Bcl-2 ratio [45].
Necrosis plays vital roles in cardiomyocyte death espe-

cially during the initial ischemic insult [46]. The necrotic
tissue injury is associated with the release of various

intracellular components that called danger-associated
molecular patterns (DAMPs) [17, 47]. The pattern rec-
ognition receptors (PRRs), the main molecules of the in-
nate immune system, recognize these DAMPs hence
switching on several inflammatory cascades [48].
Among PRRs, toll-like receptors (TLRs) that have car-

dinal roles in mediating myocardial inflammation are en-
gaged by DAMPs activating many inflammatory
responses [49]. Toll-like receptor 4 (TLR-4), whose the
highest expression in cardiac tissues as compared to the
other TLRs, plays a pivotal role in the pathogenesis of
multiple cardiovascular disorders [50]. Upon TLR-4
stimulation, intracellular adaptor proteins are recruited
to the signaling complex and stimulate downstream cas-
cades [50, 51]. Myeloid differentiation primary response
protein (MyD88) is the first and the most critical

Fig. 6 Immunohistochemical analysis of caspase 3 in heart sections (magnification × 400). a Control group showing minimal degree of caspase 3
expression. b MP group showing minimal caspase 3 expression. c ISO-intoxicated group showing extensive heavy caspase 3 expression. d MP-
pretreated group showing mild caspase 3 expression. e Quantitative image analysis for caspase 3 immunohistochemical staining expressed as
optical densities (OD) across 10 different fields for each rat section. Data are presented as mean ± SD (n = 10); a or b: significantly different from
control or ISO groups respectively at P < 0.05 using one-way ANOVA followed by Tukey as post hoc test. MP methyl palmitate, ISO isoproterenol
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adaptor protein that recruited to the signaling complex
resulting in the activation of downstream pathways cul-
minating in nuclear factor kappa B (NF-kB) activation
[52]. Notably, NF-kB is the ubiquitous transcriptional
factor that regulates the expression of numerous pro-
inflammatory mediators such as tumor necrosis factor-
alpha (TNF-α) and cyclooxygenase-2 (COX-2) enzyme
[53]. In quiescent cells, NF-kB is inhibited by interacting
with the inhibitory kappa B (IkB) protein in the cyto-
plasm [54]. Upon NF-kB activation, it translocates into
the nucleus where it upregulates the gene expression of
numerous pro-inflammatory cytokines [55].
In the current study, ISO intoxication elicited ampli-

fied inflammatory responses in the myocardium as

evidenced by the increased cardiac contents of TLR-4
and TNF-α cytokine. Besides, the expression of the tran-
scription factor NF-kB and COX-2 enzyme was also up-
regulated in ISO-intoxicated rats. These findings are in
agreement with former studies that proved the inflam-
matory insults induced by ISO [5, 56]. In this context,
previous studies have demonstrated that the elevated ex-
pression of TLR-4 mediates adverse ventricular remodel-
ing following myocardial injury in animal models via
boosting inflammatory and fibrotic processes [26]. On
the other hand, MP pretreatment effectively abolished
all these inflammatory signals as shown by the marked
reduction in the cardiac contents of TLR-4 and TNF-α
in addition to the significant reduction in the cardiac

Fig. 7 Effect of MP (150 mg/kg) on cardiac content of eNOS, TLR-4, and TNF-α in ISO-intoxicated rats. a eNOS. b TLR-4. c TNF-α. Rats were
pretreated with MP (150 mg/kg, p.o) three times per week on alternating days for 2 weeks and then injected with 2 consecutive doses of ISO (85
mg/kg, s.c) on the 13th and 14th days. Data are presented as mean ± SD (n = 7); a or b: significantly different from control or ISO groups
respectively at P < 0.05 using one-way ANOVA followed by Tukey as a post hoc test. MP methyl palmitate, ISO isoproterenol, eNOS endothelial
nitric oxide synthase, TLR-4 toll-like receptor 4, TNF-α tumor necrosis factor alpha
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expression of NF-kB and COX-2 proteins. These results
point out the anti-inflammatory properties of MP, which
help in its cardioprotective effects besides its antioxidant,
anti-apoptotic, and vasodilatation activities. In this con-
text, the anti-inflammatory effects of MP were reported
in former studies [24, 25]. Additionally, it was reported
that MP mitigated cyclophosphamide-induced cardio-
toxicity via suppressing the TLR-4/NF-kB signaling
pathway [26].

Conclusion
The present study elucidated for the first time the cardi-
oprotective role of MP against ISO-induced myocardial
injury in rats. The main mechanisms underlying this car-
dioprotective effect were abrogating TLR-4/NF-kB in-
flammatory pathway, enhancing cardiac eNOS content
and the potent antioxidant and anti-apoptotic activities
of MP. Thus, pretreatment with MP could provide a
new promising solution for the protection against myo-
cardial injury. Additional studies may be performed for
further elucidation of the other mechanism(s) of the
beneficial effects of MP in this model.
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