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INTRODUCTION
D-Limonene, monocyclic monoterpene, is a main component 

in numerous citrus oils (orange, lemon, mandarin, lime, and 
grapefruit) [1]. D-Limonene demonstrated various pharmacologi-
cal actions include anti-inflammatory [2-7], antioxidant [7-11], 
lipid-lowering [11], anti-atherogenic [11], anti-nociceptive [12], 
anti-diabetic [13] anti-fibrotic [14], chemo-preventive [1] and im-

munosuppressive [15] actions. Also D-Limonene managed meta-
bolic syndrome [16,17], and decreased of serum lipid levels via 
modulating liver X receptors signaling [16]. In addition, D-Lim-
onene exerted healing effects in the gastrointestinal tract [6,7,18], 
relieving occasional heartburn and gastroesophageal reflux dis-
order therefore; has been clinically used to dissolve cholesterol-
containing gallstones [1]. As for the anti-inflammatory effects, 
D-Limonene demonstrated anti-inflammatory effect specifically 
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ABSTRACT Cardiovascular diseases are the primary reason of mortality, among 
which myocardial infarction (MI) is the most dominant and prevalent. This study was 
considered to examine D-Limonene protective action against isoproterenol (ISO) in-
duced MI. Wister male rats were dispersed into four groups. Normal and D-Limonene 
control group in which rats administered saline or D-Limonene. ISO control animals 
were administered saline for 21 days then challenged with ISO (85 mg/kg, subcu-
taneously) on 20th and 21st day for MI induction. D-Limonene pretreated group in 
which animals were pretreated with D-Limonene 50 mg/kg orally for 21 days then 
administered ISO on 20th and 21st day. MI prompted variations were assessed by 
myocardial infarction area determination, blood pressure (BP) alterations, cardiac in-
jury biomarkers and inflammatory mediators measurements. For more depth inves-
tigation, both the apoptotic status was evaluated via measuring mRNA expression of 
Bcl-2 and Bax as well as mitogen-activated protein kinase-extracellular signal-regu-
lated kinase (MAPK-ERK) signal transduction were investigated via Western blotting. 
MI group revealed significant infarcted area, blood pressure alterations, myocardial 
injury enzymes intensification together with inflammatory cytokines amplification. 
MI was associated with activation of MAPK-ERK signal pathway and apoptotic status 
within the myocardium. On the other hand, pretreated with D-Limonene demon-
strated deterred infracted area, reduced myocardial enzymes, improved BP indices, 
lessened inflammatory levels. Furthermore, D-Limonene pretreatment caused a de-
cline in MAPK proteins pathway and Bax relative mRNA expression, while intensifying 
Bcl-2 mRNA expression promoting that D-Limonene may constrain MI induced myo-
cardial apoptosis. D-Limonene mitigated MI injury through MAPK/NF-κB pathway 
inhibition and anti-apoptotic effect.
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through reducing the levels of tumor necrosis factor (TNF)-α 
[2,3,6,12], interleukin (IL)-6 [2], IL-1β [2,12] and NF-κB [2,4,6].

Among all cardiovascular diseases, myocardial infarction (MI) 
is the most dominant and prevalent [19]. Disproportion between 
coronary blood required and supply to the heart results in MI 
[20]. Isoproterenol (ISO), β adrenergic agonist, in high doses, can 
upsurges myocardial burden, triggering myocardial dysfunction 
in animals mimicking the pathological and morphological devia-
tions happening in humans. Augmented free radicals production 
during MI causes stimulation of mitogen activated protein kinase 
(MAPK) signaling pathway [21].

MAPK involve three subfamilies; Extracellular signal-regulated 
kinase 1/2 (ERK1/2), c-Jun-N-terminal kinase (JNK) and p38. 
MAPK signaling pathway promote NF-κB, which provokes addi-
tional inflammatory cytokines triggering extra injury within the 
myocardium tissue [21]. ERK signaling pathway, the most stud-
ied, is involved in regulating multiple biological processes, such 
as survival, growth and death of various cells and inflammation-
related immune response [22]. While JNK and p38 MAPK 
prompt apoptosis, ERK stimulates cell existence and is found to 
be decreased in MI.

The objective of this study was to investigate the underlying 
mechanism of Limonene in the attenuation of myocardial isch-
emia injury was interrelated to the MAPK/ERK/NF-κB pathway 
inhibition.

METHODS

Animals

Wister male rats (220–250 g) were kept in typical laboratory 
environment, allowed all the time to chow pellet nutrition and tap 
water ad libitum. Animal experimental practices and techniques 
entirely were applied in consistent with the Ethical Conduct for 
the Animals Use in Research. Recomendations and only after the 
permission from the Animal Research Ethics Committee at King 
Faisal University (KFU-REC/2019-2-4).

Experimental design

Rats were distributed into 4 groups haphazardly (n = 6). Nor-
mal group in which rats administered saline for 21 days orally 
then saline subcutaneously (s.c.) on 20th and 21st day. Limonene 
control group in which the animals were managed with D-Lim-
onene purchased from Sigma Company, (50 mg/kg, orally) [7,12] 
for 21 days and then injected with saline (s.c.) on 20th and 21st 
day day. ISO control group in which animals were administered 
saline orally for 21 days then administered ISO (85 mg/kg, s.c.) 
[19,23] on 20th and 21st day for myocardial infraction induction. 
D-Limonene pretreatment group in which animals were treated 
with D-Limonene 50 mg/kg orally for 21 days then received ISO 

(85 mg/kg, s.c.) on 20th and 21st day. All experimental animals 
were sacrificed 24 h after second dose of ISO.

Blood pressure (BP) detection

Twenty four hours after the second shot of ISO, BP measure-
ments recording were obtained from urethane anesthetized rats 
(1.5 g/kg) [24] via noninvasive onscreen tail-cuff system (Emka 
Technologies’ Systems, Paris, France) as indicated previously in 
details [25].

Heart to body ratio determentation and sample 
processing

Following BP measurements, blood samples from diferent 
eperimental groups were collected from the left ventricle, cen-
trifuged (20 min/4,000 rpm) and the detached serum was kept 
in −80°C deep freezer, for the subsequent biochemical investiga-
tions. Animals' hearts were rapidly separated, washed with saline, 
weighed and freezed (−20°C) as mentioned in earlier report [26].

Myocardial infarct size detection

Frozen hearts were cut into four to five sections and immersed 
in 1% Triphenyl Tetrazolium Chloride (TTC) solution (37°C, 20 
min, dark room). Myocardial infarction area was measured and 
expressed as percent of infarct size was measured by Image J soft-
ware (http://imagej.net) as mentioned before [27].

Myocardial enzymes detection

Myocardial enzymes are impeartive pointers of myocardial 
cells inevitability. Cardiac tissue homogenate obtained from dif-
ferent experimental groups were used to measure Creatine Phos-
phokinase (CPK), Creatine Kinase Myocardial Bound (CK-MB), 
Cardiac tropinin T (cTnT), and Cardiac tropinin I (cTnI) using 
ELISA kits.

Anti-inflammtory levels assay

The acquired suerm was used to detect different inflammtory 
mediators levels such as TNF-α, IL-6, IL-1β, and NF-κB using 
ELISA kits according to the manufacturer's directions (R&D Sys-
tems, Minneapolis, MN, USA).

Relative mRNA expression levels of Bcl-2 and Bax

RNA was extracted consuming TRIzol following to the manu-
facturer's directions (Invitrogen, Carlsbad, CA, USA). cDNA was 
created using Superscript II reverse transcriptase (Invitrogen) 
then amplified via SYBR green PCR master mix (Applied Bio-
systems, Foster City, CA, USA). The samples were analyzed in 
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duplicate, and β actin was used as house keeping gene. The Ct 
values were measured by 7900 HT Real-Time PCR System (Ap-
plied Biosystems) and the fold changes of gene expression were 
considered by the 2−ΔΔCt method [2]. Primer sequences used in 
this study were as follows: Bcl-2-F: 5’-CCGGG AGATCGTGAT-
GAAGT-3’, Bcl-2-R: 5’-ATCCCAGCCTCCGTTATCCT-3’, Bax-F: 
5’-GTGGTTGCCCTCTTCTACTTTG-3’, Bax-R: 5’-CACAAA-
GATGGTCACTGTC TGC-3’, β-actin-F: 5’-TGACAGGATG-
CAGAAGGAGA-3’, β-actin-R: 5’-TAGAGCC ACCAATCCA-
CACA-3’.

Western blot analysis

Forzen hearts were homogenised in RIPA buffer containing 
protease inhibitor, centrifuged (10,000 rpm, 10 min, 4°C), and 
the protein content in the gained supernatant was measured by 
NanoDropLitespectrophotometer (Thermo Fisher Scientific, 
Waltham, MA, USA). Protein samples (45 µg) were electropho-
resed in SDS-PAGE, transported to PDVF membrane, incubated 
with 5% BSA first and then with primary antibodies of ERK1/2, 
p-ERK1/2, JNK, p-JNK, p38, P-p38 and GAPDH (1:1,000). These 
primary antibodies were identified using HRP-conjugated sec-
ondary antibodies. Antigen–antibody reaction was pictured with 
enhanced chemiluminescence (ECL; Sigma Aldrich, St Louis, 
MO, USA) kit under gel documentation system. image J software 
was used to evaluate the acquired images.

Statistical analysis

Results are shown as mean ± standard deviation. Difference 
between the experimental groups were examined by ANOVA fol-
lowed by Tukey's post hoc test using Graph Pad Prism software 
(San Diego, CA, USA), version 7.0, with p ≤ 0.05 considered to be 
statistically significant.

RESULTS

Effect of D-Limonene on myocardial infarct size

Normal and D-Limonene control groups showed irrelevant 
infarction area, whereas MI group revealed significant (p < 0.05) 
infarction area and higher heart to body ratio. On the other hand, 
animals pretreated with D-Limonene demonstrated infracted 
area deterring effects as well as decreased heart to body ratio. Ex-
pressive images of the TTC-stained heart slices and infarcted area 
extent were illuminated in Fig. 1.

Effect of D-Limonene on myocardial enzymes

Our results shown that cardiac homogenate level of CK-MB, 
CPK, cTnT and cTnI were significantly (p < 0.05) intensified in 
animals suffering from MI. However, with D-Limonene interven-
tion, myocardial indicator enzymes dropped noticeably when 

Fig. 1. (A) Influence of D-Limonene pretreatment (50 mg/kg) on heart to body weight ratio, (B) TTC-stained heart illustrating the influence 
of D-Limonene pretreatment (50 mg/kg) for 21 days on infarcted area extent. Values were indicated as mean ± standard deviation (n = 6). MI, 
myocardial infarction; ISO, isoproterenol; TTC, Triphenyl Tetrazolium Chloride. Probability values (p < 0.05): where ҂designates statistically significant 
compared to normal animals, *designates statistically significant compared to MI animals using one-way ANOVA followed by Tukey’s test as a post-
hoc analysis.

B
A
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related with the ISO induced MI group (p < 0.05), revealing that 
D-Limonene may improve myocardial damage resulted from MI 
as shown in Fig. 2.

Effect of D-Limonene on BP detection

Myocardial performance was identified via measuring blood 
pressure indices to indicate the cardiac tissue operational condi-
tion. Systolic Arterial Pressure, Diastolic Arterial Pressure and 
Mean Arterial Pressure were altered significantly in MI control 
group revealing the MI status (Fig. 3). Pretreatment with D-
Limonene earlier to MI induction corrected markedly (p < 0.05) 

the myocardial performance as demonstrated by the improvment 
in blood pressure indices.

Effects of D-Limonene on expression levels of MAPK-
ERK pathway proteins

ERK signal transduction pathway displays an imperative part 
in myocardial injury [28]. Based upon this hypothesis, the influ-
ence of D-Limonene on the proteins involved in MAPK-ERK sig-
nal transduction including ERK, JNK and P38 were investigated 
via Western blotting (Fig. 4). The active Phosphorylated ERK, 
JNK was considerably augmented in MI animals compared to 

Fig. 2. Influence of D-Limonene pre-
treatment (50 mg/kg) for 21 days 
on cardiac injury markers in ISO in-
duced MI: (A) CPK, (B) CK-MB, (C) cTnI 
and (D) cTnT. Values were indicated as 
mean ± standard deviation (n = 6). MI, 
myocardial infarction; ISO, isoproterenol; 
CPK, Creatine Phosphokinase; CK-MB, 
Creatine Kinase-Myocardial Bound; cTnI, 
Cardiac Tropinine I; cTnT, Cardiac Tropo-
nin T. Probability values (p < 0.05): where 

҂designates statistically significant com-
pared to normal animals, *designates 
statistically significant compared to MI 
animals using one-way ANOVA followed 
by Tukey’s test as a post-hoc analysis.

A B

C D

Fig. 3. Influence of D-Limonene pre-
treatment (50 mg/kg) for 21 days on 
blood pressure indices. (A) SAP, (B) DAP, 
and (C) MAP. Values were indicated as 
mean ± standard deviation (n = 6). SAP, 
Systolic Arterial Pressure; DAP, Diastolic 
Arterial Pressure; MAP, Mean Arterial 
Pressure; MI, myocardial infarction; 
ISO: isoproterenol. Probability values 
(p < 0.05): where ҂designates statistically 
significant compared to normal animals, 
*designates statistically significant 
compared to MI animals using one-way 
ANOVA followed by Tukey’s test as a 
post-hoc analysis.

C
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control groups suggesting that MI is associated with activation of 
MAPK-ERK signal transduction pathway (Fig. 4). While Limo-
nene pretreatment, caused a decline in the protein expression of 
MAPK proteins pathaway. In addition, p-ERK/ERK ratio in the 
MI animals was significantly greater than in MI control groups, 
although this ratio dropped in D-Limonene treatment group.

Effects of D-Limonene on myocardial inflammatory 
mediators

Plentiful inflammatory cytokines including TNF-α, IL-6, NF-
κB, and IL-1β were extensively augmented in animals suffering 
from MI, while management with D-Limonene obviously less-
ened (p < 0.05) the inflammatory cytokines levels (Fig. 5).

Effects of D-Limonene on Bcl-2 and Bax mRNA 
expression levels

mRNA relative expression of anti-apoptotic protein (Bcl-2) and 
proapoptotic protein (Bax) were identified via RT-PCR as illus-
trated in Figure 6. The outcomes of our study disclosed that Bax 
mRNA expression level was significantly amplified, while Bcl-
2 mRNA expression was remarkably inferior in MI animals (p < 

0.05), demonstrating an apoptotic status arising with myocardi-
um of MI group. In the animals pretreatment with D-Limonene, 
Bax relative mRNA expression deteriorated prominently, while 
Bcl-2 intensified, promoting that D-Limonene may constrain MI 
induced myocardial apoptosis.

DISCUSSION
In the current study, ISO-induced myocardial injury model 

were implemented to identify the cardio-protection actions of D-
Limonene against myocardial infraction and to propose a mecha-
nism of action for such protection. Significant infarction area, 
myocardial enzymes intensifications together with blood pressure 
alterations occurred in the experimental animals indicate clearly 
that ISO induced MI model was effectively generated in rats.

For more in depth exploration, earlier studies presented that 
numerous signaling pathways such as MAPK pathway proteins 
are tangled in ISO‐induced myocardial injury [28]. MAPK regu-
lates the expressions of various apoptosis-related genes, such as 
Bcl-2 and Bax, which are key genes determining whether the 
apoptotic signaling pathway is activated after receiving extracel-
lular stimulus signals in cells. So hereby in the present study, we 

Fig. 4. Influence of D-Limonene pretreatment (50 mg/kg) for 21 days on protein expression of (A) p-ERK/ERK (B) p-JNK/JNK and (C) p-p38/
p38 ratios in ISO induced MI. Values were indicated as mean ± standard deviation (n = 6). ERK, extracellular signal-regulated kinase; JNK, c-Jun-N-ter-
minal kinase; ISO: isoproterenol; MI, myocardial infarction. Probability values (p < 0.05): where ҂designates statistically significant compared to normal 
animals, *designates statistically significant compared to MI animals using one-way ANOVA followed by Tukey’s test as a post-hoc analysis.

A

B
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tried to explore the effect of D-Limonene on myocardial hyper-
trophy and heart injury induced via ISO.

In the current study, ISO prompt apoptosis through an upregu-
lation of JNK, p38 MAPK along with amplified pro-apoptotic 
proteins (Bax) and diminished ERK and anti-apoptotic protein 
(Bcl-2). In addition, we demonstrated an activation in ERK and 
JNK phosphorylation induced in MI animals. JNK and p38 
MAPK subfamilies induced apoptosis and both were upregulated 
in MI animals causing inflammatory as well as apoptotic states 
within myocardial cells. While ERK which promotes cell survival 
was diminished within myocardium. Inhibiting MAPK pathway 
had revealed to protect against myocardial injury in the experi-
mental animals as mentioned previously [21,22,29]. Triggering 

JNK was presented to have a pro‐apoptotic role in ISO induced 
apoptosis [30]. Also, reports have demonstrated that inhibiting 
ERK phosphorylation enhances reoxygenation and inhibits apop-
tosis and inflammatory response in myocardial cells [22].

Because of its pleasurable citrus fragrance, D-Limonene is 
extensively used as a flavor and essence additive in multiple fra-
grances, soaps and foods [1]. In the existing study, D-Limonene 
causes significant infarction area limitation, myocardial enzymes 
reduction together with improvement in blood pressure altera-
tions in animals experienced MI indicating the cardio protection 
effects of D-Limonene on ISO induced MI model. Accordingly, 
we tried to understand the mechanisms lies behind this cardio 
protection.

Fig. 6. (A) Influence of D-Limonene 
pretreatment (50 mg/kg) on Bcl-2 
mRNA expression, (B) Influence of D-
Limonene pretreatment (50 mg/kg) 
on Bax mRNA expression. Values were 
indicated as mean ± standard deviation 
(n = 6). MI, myocardial infarction; ISO: iso-
proterenol. Probability values (p < 0.05): 
where ҂designates statistically significant 
compared to normal animals, *desig-
nates statistically significant compared 
to MI animals using one-way ANOVA 
followed by Tukey’s test as a post-hoc 
analysis.

A

B

Fig. 5. Influence of D-Limonene pre-
treatment (50 mg/kg) for 21 days on 
cardiac inflammatory markers. (A) IL-
1β, (B) IL-6 (C) TNF-α, and (D) NF-κB. Val-
ues were indicated as mean ± standard 
deviation (n = 6). IL, interleukin; TNF, 
tumor necrosis factor; MI, myocardial 
infarction; ISO: isoproterenol. Probability 
values (p < 0.05): where ҂designates sta-
tistically significant compared to normal 
animals, *designates statistically signifi-
cant compared to MI animals using one-
way ANOVA followed by Tukey’s test as a 
post-hoc analysis.

A B

C D
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Firstly, this study revealed that D-Limonene lessen numerous 
inflammatory mediators. Several reports documented Limonene 
anti-inflammatory actions through decreasing multiple inflam-
matory mediators levels such as TNF-a, IL-6, NF-κB, and IL-1β 
[2-5]. For instance, Kummer et al. [3] identified that Limonene 
reduced leukocytes infiltration and TNF-α in zymosan induced 
peritonitis in BALB/C mice. Also Limonene inhibited NO pro-
duction, MMP-1 and MMP-13 in IL-1β activated human chon-
drocytes [5]. In addition, Limonene showed renal protective effect 
against Dox-induced renal damage [31], gastroprotection [2], and 
enhanced epithelial resistance in colonic HT-29/B6 cell monolay-
ers [6] via attenuating inflammatory states. Another study pro-
vided that Limonene reserved the production of TH1 and TH2 
cytokines by activated T cells [15]. For more in depth investiga-
tion, numerous mechanisms were proposed explaining why D-
Limonene produces these actions. For instance, Tang et al. [32], 
proved that D-Limonene increased AMPKα 1/2 activation caus-
ing a decrease in NF-κB nuclear translocation, prevention of the 
target genes transcription including proinflammatory cytokines 
which defends PC12 cells against corticosterone-induced dam-
age [32]. Another report proved that D-Limonene reduced pros-
taglandin E2 (PGE2) production, transforming growth factorβ 
(TGFβ) gene expression in ulcerative colitis rats [7]. 

Secondly, we tried to study D-Limonene anti-apoptotic effects 
in MI. In the current study, D-Limonene deteriorated Bax, while 
intensified Bcl-2, signifying that Limonene may constrain MI 
induced myocardial apoptosis status happening within the myo-
cardium. Several studies supported the anti-apoptotic effect of D-
Limonene [10,32]. For example, Bai et al. [10] demonstrated that 
D-Limonene has the ability to lessen the Bax/Bcl-2 ratio and so 
successfully, shields lens epithelial cells from Hydrogen Peroxide 
(H2O2)-induced apoptosis through inhibiting p38 MAPK phos-
phorylation.

Thirdly, we tried to study MAPK/NF-κB pathway as a possible 
pathway for explaining the cardio-protective effects of D-Limo-
nene. Our data showed that D-Limonene markedly inhibited the 
ISO‐induced JNK/ERK signaling pathways, suggesting that the 
inhibitory effects of Limonene on JNK, ERK may contributed to 
cardio-protection. In addition, p-ERK/ERK ratio decreased in 
D-Limonene pretreated group suggesting that D-Limonene can 
effectively inhibit the excessive phosphorylation of ERK. Previ-
ous reports identified this pathway as a possible pathway though 
which D-Limonene produce several pharmacological actions. For 
example, Limonene attenuated the activation of NF-κB, ERK, 
JNK, and p38 MAPK signaling pathways, and prevented LPS-in-
duced acute lung injury [33]. Another MAPK downstream tran-
scription factor is NF-κB, which undergoes phosphorylated with 
subsequent increase in nuclear translocation, promoting tran-
scription of numerous pro-inflammatory genes which provoke 
the myocardial damage and dysfunction. Current study demon-
strated that ISO administration resulted in increased expression 
of NF-κB in myocardium, which further activates the release of 

extra inflammatory cytokines (TNF-α, IL-1β, and IL-6), and all 
these alterations were efficiently reversed via D-Limonene.

This is the first article revealing the molecular mechanisms via 
which D-Limonene enhances myocardial infraction injury to our 
knowledge. We identified that MAPK/NF-κB pathway inhibition 
with subsequent transcriptional regulation as well as D-Limonene 
anti-apoptotic effect together play a substantial role in mediating 
D-Limonene’s cardio-protective pharmacological actions. Ad-
ditional studies are essential to establish the clinical application of 
D-Limonene in ischemic heart diseases patients.
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