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D-limonene (5 (one-methyl-four-[1-methylethenyl]) cyclohexane) diminishes CCl,-
induced cardiac toxicity by alleviating oxidative stress, inflammatory and cardiac
markers
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ABSTRACT

Background: The cardiovascular crisis is advancing rapidly throughout the world. A large number of
studies have shown that plant polyphenols affect major mechanisms involved in cardiovascular
events through their action on the antioxidant system, signaling, and transcription pathways. D-
limonene, a monocyclic monoterpene obtained from citrus fruits, is reported to possess many
pharmacological activities.

Methods: The experiment was designed to determine the protective effect of D-limonene against
cardiac injury induced by CCl, in Wistar rats. Rats were treated with two doses of D-limonene
against cardiac injury induced by CCl,. Serum toxicity markers, cardiac toxicity biomarker enzymes,
inflammatory mediators, anti-oxidant armory, lipid peroxidation, lipid profile, and histology were
done.

Results: CCl, intoxication resulted in a substantial rise in FFA, TC, TG, PL, LDL, VLDL, and a reduction in
HDL, restoring these changes with the administration of D-limonene at a dosage of 200 mg/kg.
CCl, administration also resulted in lipid oxidation and decreased antioxidant activity. At the same
time, D-limonene at a dosage of 200 mg/kg body weight inhibited LPO and restored in
vivo antioxidant components to normal. CC, intoxication also resulted in a significant increase in
inflammatory markers like IL-6, TNF-a, high sensitivity Corticotropin Releasing Factor (Hs-CRF), and
biomarkers of cardiac toxicity like alanine aminotransferase (ALT), lactate dehydrogenase (LDH),
creatine kinase (CK), creatine kinase MB (CKMB), and Troponin | & troponin-t activities. D-limonene
reversed all these changes to normal. Histology further confirmed our obtained results.
Conclusion: These findings indicate that D-limonene can ameliorate cardiac injury at a 200 mg/kg
body weight dosage. Henceforth, D-Limonene intervenes in mediating CCl, induced toxicity by
various signaling pathways.
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Introduction
the risk of CVD [2]. Foods such as whole grains, fruit, and veg-

The cardiovascular crisis is advancing rapidly throughout the
world. Until the next decade, nearly 24 million people are esti-
mated to die from cardiovascular diseases (CVDs) [1]. Never-
theless, some CVD-related fatalities could be prevented. A
large number of studies have shown that lifestyle changes,
including nutrition and diet, can play a key role in reducing

etables derived from plants have been shown to minimize the
risk of mortality for several diseases, including CVD [3,4]. The
necessary quantity and period of consumption of plant-
derived food were linked to a lower risk of CVD and thus
lower CVD mortality. The mechanisms by which plant-
derived foods demonstrate their preventive effects are not
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completely obvious, but preclinical studies have shown that
plant polyphenols are the key negotiators. Several studies
have reported that plant polyphenols affect major mechan-
isms involved in cardiovascular events through their action
on the antioxidant system, signalling, and transcription path-
ways [5-71.

Carbon tetrachloride (CCl,) is a highly severe hepatotoxin.
Besides harming the liver, it also causes significant damage to
other tissues and the heart by producing free radicals [8,9].
CCl, at higher dosages results in cell death, oxidative strain,
and inflammation resulting in serious cellular damage and
organ failure. The harmful effects of CCl, are caused by an
increased free radical formation, which plays a crucial role
in tissue degeneration and various animal models of heart
failure [10,11]. CCl, intoxication occurs in two steps: first,
the production of reactive oxygen species (CCls* and
CCl300*) via the interference of the metabolism of cyto-
chrome P450, culminating in lipid peroxidation (LPO); the
very next pathway leads to inflammation production and
the development of profibrogenic mediators through stimu-
lation of tissue macrophages [12]. Hence, holding the equili-
brium between free radical production and antioxidants and
restraining inflammation mediators can serve as an essential
mechanism for preventing the impact of harmful chemicals.
The role of oxidative stress and inflammation in the pro-
gression of many health conditions has contributed to the
probability that antioxidant and anti-inflammatory com-
pounds may be helpful to well-being. A variety of antioxi-
dant-potential compounds have been reported to reduce
the toxicity caused by CCl, [13-16].

There are various methods for induction myocardial infarc-
tion, myocarditis, and heart failure in vitro, in vivo in exper-
imental animals and patients. Some of which are genetically
modified, electrical methods, chemically induced methods,
and many more in experimental animals. CCl, is used as a
chemical agent to induce myocardial infarction/cardiotoxi-
city. It mimics the pathology close to humans by producing
free radicals, a rate-limiting process in cellular peroxidative
damage [17]. These free radicals and other related oxidative
species cause oxidative stress, which produces significant
interrelated changes in cellular metabolism, thus increasing
the calcium level inside the cell, which further causes
damage to the permeability and transport of ions through
the membrane and destroys the cells by LPO. This model
has been seen to elevate lactate dehydrogenase (LDH), cre-
atine kinase (CK), and malondialdehyde (MDA) levels and alle-
viate the level of antioxidant enzyme armoury, which includes
SOD, CAT, and GPx levels in the heart, indicating that the
heart can be targeted by CCl, [17,18]. It has also been
reported that the release of ROS can lead to myocardial
ischaemia with subsequent cell injury and mitochondrial dys-
function. Cell injury in the ischaemic area also causes infiltra-
tion of neutrophils, which produce ROS and cytokines.
Further cytokines like tumour necrosis factor-a (TNF-a)
trigger the mitochondrial release of ROS. In addition, an
increase in ROS has been detected in various animal
models of heart failure. Reports suggest that an increase in
oxidative stress, due to increased ROS production, a relative
deficit in the endogenous antioxidant machinery, or both,
can cause myocarditis, contractile dysfunction, and cardio-
myopathy. Similar results have been found in our study that
of increased ROS production, a deficit of anti-oxidant
armoury, anomalous increase in biomarkers of cardiac
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function, increased inflammatory mediators and increased
cardiac injury/cardiotoxicity in the disease control group,
and alleviation by D-limonene possibly by decreasing ROS,
cytokines, and increasing anti-oxidant machinery [18,19].

Natural dietary products with anti-oxidant and anti-inflam-
matory potential have acquired therapeutic significance due
to their protecting prospects against various ailments. D-
limonene is a monocyclic monoterpene, a colourless liquid
with a citrus odour at room temperature. Due to its lemon-
like smell, it has found its application in soaps and perfumes
and is found mainly in citrus oils. Oils obtained from citrus
species, such as lemon, grapefruits, orange peels, and many
more, have large quantities of D-limonene [16,20]. D-Limo-
nene, a monoterpene, was collected from different traditional
medicines, such as Curcuma longa, salvia species, Citrullus
colosynthis fruits, Adansonnia digitata, finger citron fruits,
etc. [21]. D-limonene is the main ingredient in lemon and is
mentioned in the Federal Aromatic Substances as safe
[22,23]. D-limonene has been categorized as having a broad
spectrum of biological activities, such as antioxidant, anti-
inflammatory, antibacterial, antiviral, anticancer, anti-
fibrotic, vasodilating, and anti-hypertensive. For experimental
models, the non-convulsant monoterpenes dose is con-
sidered safe. Furthermore, D-limonene does not cause a car-
cinogenic, mutagenic, or hepatotoxic threat to human life
[24-30]. Although there is no evidence of the effects of D-
limonene on cardiac toxicity, the current investigation was
however designed to decipher the protective function of D-
limonene by assessing its influence on multiple signalling
pathways like oxidative stress, inflammation, and cardiac
mechanisms in cardiac toxicity-induced CCl, experimental
study.

Materials and methods

Chemicals: D-limonene was purchased from Sigma-Aldrich
India. The majority of the chemicals and kits used in the
study were of high standard. Saline was used as a vehicle
for D-limonene [24,29].

Experimental layout

Twenty-four, five- to seven-week-old, albino rats (160-180 g)
of Wistar strain were randomly divided into four groups of six
rats each. The animals had easy access to diet and water and
were housed in a room at 25°C with a light/dark period of
12 h.

Group I: Served normal control and received 1 mL/kg body
weight of normal saline twice a week for three weeks.

Group lI: Disease control received CCl, (1 mL/kg body weight
1:1 mixture with olive oil) i.p. twice a week for three
weeks.

Group llI: Treatment group 1 CCl, (1 mL/kg body weight 1:1
mixture with olive oil) i.p. twice a week + 100 mg/kg
body weight D-limonene for three weeks by oral gavage.

Group IV: Treatment group 2 CCl, (1 mL/kg body weight 1:1
mixture with olive oil) i.p. twice a week + 200 mg/kg
body weight D-limonene for three weeks by oral
gavage 28. Doses of CCl; and D-limonene were based
on previous studies from our lab and from another lab
reports as well [18,24,31-37].
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Sample collection

After the treatment schedule was completed, the animals
were euthanized under anaesthesia, blood was collected by
cardiac puncture [19] in clean and dry test tubes, left to clot
for 30 min, centrifuged at 3000 rpm for serum separation
and the serum sample was used to measure lipid profile.
The hearts were removed aseptically for the preparation of
cell-free extract and were used for the estimation of bio-
markers/hallmarks of cardiac function such as creatine
kinase (CK), creatine kinase-MB (CK-MB), troponin-t, LPO,
inflammatory markers, high-sensitive C-reactive protein (Hs-
CRP), interleukin-6 (IL-6), tumour necrosis factor-alpha (TNF-
), in vivo antioxidants like catalase (CAT), superoxide dismu-
tase (SOD), glutathione peroxidase (GPx), etc. The protocols
involved were duly approved by the committee constituted
for animal ethics vide No. BERC-014-05-21.

Preparation of cell-free extract of cardiac tissue

These were cut into small pieces after removing hearts asep-
tically and homogenized in Potter-Elvehjem type homogen-
izer in 100 mM KH,PO, (potassium dihydrogen phosphate)
buffer composed of 1T mM EDTA (ethylenediaminetetraacetic
acid), pH 7.4. It had been further centrifuged for 30 min at
12,000g. The supernatant was collected for LPO, inflamma-
tory, cardiac, and in vivo antioxidant marker estimation [38].

Determination of lipid peroxidation

LPO was assayed in cardiac tissue according to Wright et al. [39].

Determination of in vivo antioxidants

Catalase (CAT) activity was assayed in cardiac tissue according
to Claiborne [40].

The superoxide dismutase (SOD) estimation in cardiac
tissue was done by Marklund and Maruklund [41].

The glutathione peroxidase (GPx) estimation in cardiac
tissue was done by Mohandas et al. [42].

Determination of lipid profile

The estimation of serum-free fatty acids (FFAs), total cholesterol
(TQ), phospholipids (PLs) and triglycerides (TGs), high density
lipoproteins (HDLs), low-density lipoproteins (LDLs), and very
low-density lipoprotein (VLDL) estimations were carried out
by Roche diagnostics kits (Roche Diagnostics GmbH, Mannheim,
Germany) or commercially available kits from Merck India.

Determination of inflammatory and cardiac markers

The inflammatory and cardiac markers like Hs-CRPs, IL-6, TNF-
a, CK, CK-MB, and troponin-t were estimated by using ELISA-
based kits as per the instruction of manufacturer.

Table 1. Effect of different doses of D-limonene on lipid profile.

Histology

Slices from the left ventricles of each heart were fixed in a
10% neutral buffered formalin solution and embedded in
paraffin, sectioned at 4 um, subsequently stained with
haematoxylin/eosin, and observed under a light microscope
mainly for inflammatory, cellular damage, and necrotic
changes with respect to control healthy rats’ heart [18].

Statistical analysis

To estimate the effect of treatment, analysis of variance
(ANOVA) was carried out followed by Tukey—-Kramer multiple
comparisons test, and minimum criterion for statistical signifi-
cance was set at P <.05.

Results
Effect of CCl, and D-limonene on lipid profile

As shown in Table 1, CCl, intoxication resulted in substantial
increases in FFA, TC, PL, TG, LDL, VLDL, and substantial
reduction in HDL. D-limonene (200 mg/kg body weight)
treatment significantly restored these levels near the
normal. However, treatment with D-limonene (100 mg/kg
body weight) tends to result in inconsequential changes in
lipid profile levels.

Effect of CCl, and D-limonene on biomarkers of
cardiac function

CCl, toxicity showed a significant increase in hallmarks/bio-
markers of cardiac function like CK, CK-MB, and Troponin-t
in comparison to control. The treatment with D-limonene
(200 mg/kg body weight) significantly reversed these
markers near to normal while treatment with D-limonene
(100 mg/kg body weight) showed significant improvement
in CK compared to the CCl, group (Table 2).

Effect of CCl, and D-limonene on cardiac antioxidants

CCl, toxicity resulted in a considerable decrease in CAT, SOD,
and GPx activity and an increase in LPO levels in cardiac tissue
relative to the control group. D-limonene (200 mg/kg body
weight) administration greatly enhanced the activity of
cardiac enzymatic antioxidants near to normal and decreased
the unusual increase of LPO. D-limonene (100 mg/kg body

Table 2. Effect of different doses of D-limonene on cardiac toxicity markers.

Group CK (U/L) CK-MB (U/L) Troponin (pg/mL)
| (Control) 82.73+2.76 103.22 + 5.87 17.23£0.97

II (CCly) 507.97 +6.42°  213.76 +4.62° 32,63 +1.04°

Il (Treatment-1)  337.42+7.89°  187.21+4.39 27.16+1.13

IV (Treatment-2) 15423 +1.35°  132.14+237° 21.14+0.76°

Values are expressed as mean = SE, n=6; °signifies difference with control
while PSsignifies difference with CCl,.

Group FFA TC PL TG HDL LDL VLDL

I (Control) 49.12+2.13 68.24 +3.17 86.72 + 6.41 442+1.13 4134 +2.57 11.1+0.83 9.41+0.73
11 (CCly) 105.2 + 5.3 1284 +7.23° 12932 +8.5° 113.1£9.41° 17.14+0.72 53.71+3.7° 21.62+2.18°
IIl (Treatment Group-1) 86.9+4.91 102 +6.37 118.16 + 6.82 98.74 + 8.43 27.67 +1.87 424 +2.98 17.76 £2.46
IV (Treatment Group-2) 5717 +232° 79.13 +3.83° 95.12+6.1° 57.84+2.17° 36.92 +1.73° 21.09+0.92° 12.36 £0.97°

Values are expressed as mean + SE, n = 6; signifies difference with control while Psignifies difference with CCl,.



Table 3. Effect of different doses of D-limonene on lipid peroxidation and
enzymatic antioxidants.

MDA (nm/ SOD (units/ GPx (nm/mg
Group m/g tissue) mg protein) Cat (u/min) tissue)
| (Control) 241+0.27 3.87+043 1243 +1.21 4247 +4.07
Il (CCLy) 497 +0.73% 1.57+0.31°% 531+0.78% 23.76 +1.45°
Il (Treatment-  3.76 +0.62 243+0.76 793+1.13 27.76 £ 1.85
1)
IV (Treatment-  2.84+034°  3.12+027° 1094+1.03° 39.67+124

2)

Values are expressed as mean = SE, n = 6; signifies difference with control
while signifies difference with CCl,.

weight) administration showed insignificant changes in those
parameters (Table 3). However, it could be possible that other
proteins could also contribute to the total activities of the
enzymes mentioned above and not just the enzymes men-
tioned alone, which could be considered as a limitation of
the current study.

Effect of CCl, and D-limonene on cardiac
inflammatory markers

CCl, toxicity resulted in considerable elevations relative to
regulation in cardiac tissue levels of IL-6 (Figure 1), Hs-CRP
(Figure 2), and TNF-a (Figure 3). D-limonene (200 mg/kg
body weight) treatments have substantially decreased the
levels of these inflammatory markers to near normal
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Figure 1. Effect of different doses of D-limonene on IL-6. Group I: Control;
Group II: CCly4 group; Group lll: CCl,+ D-limonene (100 mg/kg body weight);
values are expressed as mean + SE, n=6; *signifies difference with control
while *signifies difference with CCl,, ***indicates significance at P <.001 and
*indicates significance at P <.01.
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Figure 2. Effect of different doses of D-limonene on Hs-CRP markers. Group I
Control; Group II: CCl, group; Group Ill: CCl;+ D-limonene (100 mg/kg body
weight); values are expressed as mean = SE, n = 6; *signifies difference with
control while *signifies difference with CCl,, ***indicates significance at P
<.001 and *™indicates significance at P < .01.
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compared to the CCl,, group but D-limonene 100 mg/kg
body weight showed no significant response (Figures 1-3).

Effect of CCl, and D-limonene on cardiac tissue
histology

The histological examination of the heart tissues of the
control rats (group I) showed normal structure in the branch-
ing of cardiac fibres having striated eosinophilic sarcoplasm
and central vesicular oval nuclei. The interstitial spaces con-
taining fibroblasts and blood capillaries between them are
narrow, whereas CCl, administered rats (group Il) show
anomalies like increased spacing between cells with con-
gested capillaries surrounded by acidophilic homogenous
material and infiltration of inflammatory cells. Deeply
stained pyknotic nuclei, necrosis, oedema, and degenerated
cardiomyocytes also appear. However, co-treatment with D-
limonene led to a marked improvement in these abnormal-
ities like the minimal separation between the cells and few
pyknotic nuclei, cellular infiltration in group lll, and restor-
ation of histo-architecture as though to near normal in
group IV compared to CCl, group (Figure 4).

Discussion

CCly is an effective agent for evaluating the tissue injury. It is
due to a high affinity to CYP450 expressing tissues, and the
heart muscle represents the best target for injury by this
organic pollutant. It is reported to damage the different
organs and blood by creating chemical toxicity through the
generation of free radicals. These radicals lead to peroxi-
dation by interacting with membrane lipids resulting in an
imbalance in lipid synthesis and degradation [12,43]. The acti-
vated metabolites of CCl, target the lipids very easily result-
ing in membrane damage [44]. The membrane damage
results in the generation of radicals and LPO, thus also in an
increased accumulation of lipids, which is considered to be
a pathological condition; the excessive accumulation results
in impaired organ function [43,44]. In the present study,
CCl, resulted in the elevation of TC, FFA, TG, PL, LDL, and
VLDL, and reduced HDL because CCl, is reported to
enhance the synthesis of FFA and TG from acetate, thus pro-
viding a substrate for excessive production of these mol-
ecules. CCl, is also reported to inhibit the synthesis of
apolipoproteins, thus resulting in the decreased synthesis of
these molecules [45,46]. The administration of D-limonene
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Figure 3. Effect of different doses of D-limonene on TNF-a. Group I: Control;
Group lI: CCl4 group; Group lll: CCl,+ D-limonene (100 mg/kg body weight);
values are expressed as mean + SE, n=6; *signifies difference with control
while *signifies difference with CCl,, ***indicates significance at P<.001 and
*indicates significance at P <.01.
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Figure 4. Effect of different doses of D-limonene on histoarchitecture of heart tissue. Microphotograph of H&E-stained sections of the heart. Group I: shows normal
histology, the arrow represents striated eosinophilic sarcoplasm, ‘n’ represents central vesicular nuclei, interstitial spaces are represented by ‘s.” Group II: has CCl,-
treated section shows numerous pathological indications, double arrows represent increased spacing between cells with congested capillaries, ‘stars’ indicate
periventricular infiltration of inflammatory cells. ‘d’ shows deeply stained pyknotic nuclei. Group Ill: CCl,+ D-limonene (100 mg/kg body weight); myofibrils
appear closer, with less wide interstitial spaces. Group 1V: CCl,+ D-limonene (200 mg/kg body weight) showed it decreased nuclear degeneration; normal
myofibers with central nuclei represented by (n), and regular narrow interstitial spaces (s).

(200 mg/kg body weight) reversed lipid changes in CCl,-
treated rats. It has been reported that D-limonene regulates
the formation of fatty tissue and production of fat through
the involvement of transcriptional factors PPAR[?], C/EPB-q,
and CEPB-B and their downstream goals by activating the
Akt-signalling pathway and by preventing oxidative stress
through inhibition of H,0,-induced caspase-3 and -9 acti-
vations and by inhibiting H,0,-activated p38MAPK phos-
phorylation [30,47,48].

The cardiovascular system contains a number of protec-
tion mechanisms including enzymatic antioxidants, endogen-
ous free radical scavengers, vitamins E and C, and reduced
glutathione to guard the cell against invasion by free radicals
and LPO by-products. The varied enzyme actions towards
CCl, insult have been reported by a large number of
studies [12-14,29]. Cellular depletion of these enzymes has
been linked to LPO caused by toxic substances. The pro-
gression of cardiomyopathy induced by adriamycin also
involves LPO [49,50]. The present study is in agreement
with previous studies that the antioxidant defence system
of cardiac muscle was working at lower rates irrespective of
oxidative stress in CCls-induced cardiac injury [29]. The treat-
ment with 200 mg/kg body weight of D-limonene prevented
LPO and resulted in enhanced activities of SOD, CAT, and GPx.
The findings of the present experiment, therefore, suggest
that D-limonene (200 mg/kg body weight) shields the
cardiac tissue against CCl, intoxication and elevates antioxi-
dant tendency. However, it could be possible that other pro-
teins could also contribute to the total activities of the
enzymes mentioned above and not just the enzymes men-
tioned alone, which could be considered a limitation to the
current study as we have not used any specific inhibitors in
our current study.

The compounds with a basic isoprene structure have been
reported to exhibit antioxidant properties since limonene
contains two isoprene units which render it a strong antioxi-
dant molecule [27,28,30,51]. Limonene has been reported to
saturate the pulmonary membrane and protect the lungs
against both exogenous and endogenous ozone and other
oxidative oxidant substances; other studies have reported
that the essential oil obtained from celery, possessing
74.6% of limonene, has inhibitory activity towards MDA [52].

A cardiac insult measurement involves a battery of cardiac
markers including CK, CK-MB, AST, alanine aminotransferase
(ALT), ALP, LDH, troponin-t, and TC. However, all of these
are not confined to cardiac tissue; only increased serum
levels of CK-MB and troponin-t have universally been
accepted as a reliable indicator of cardiac injury [53-55].
The membrane peroxidation results in the leakage of these
molecules in the plasma, thus enhancing their levels in the
serum which acts as a marker of cardiac injury. Lipid and
protein peroxidation follows myocardial cell membrane
injury resulting in leakage of various enzymes like CK, CK-
MB, LDH, Hs-CRP into the bloodstream and are increased
after CCl, administration as reported previously [12,56].
Therefore, mitigating the disturbance of cardiomyocyte cell
membrane antioxidants like D-limonene may prevent cardio-
myocyte injury induced by CCl, and subsequent leakage of
cellular enzymes [57]. CCl, toxicity resulted in enhanced
leakage of CK, CK-MB, and troponin-t, which are in line with
the previous research that CCl, causes cardiac tissue disrup-
tion and secretion of CK-MB and troponin-t into the serum
[58,59]. A significant reduction was observed in CK, CK-MB,
and troponin-t level biomarkers of cardiac function with D-
limonene (200 mg/kg body weight) suggesting improved
cardiac function which is in concurrence with the findings



that limonene protects against cardiovascular disease by low-
ering hypertension and cardiac arrhythmias [30,57]. However,
these biochemical parameters which include CK, CK-MB, and
troponin-t are just biomarkers of cardiac damage/injury.
Actual cardiac function relates to the measurement of
cardiac output, ventricular pressure, ejection fraction, or elec-
trophysiological test or other functional assays could be con-
sidered as a limitation to the current study as it is not clear if
function is impacted by CCl,/D-limonene in any case.

The inflammatory response has been identified as a crucial
mechanism for causing organ damage during different stres-
ses. CCl, insult results in tissue damage which is reflected by
the increased secretion of inflammatory cytokines Hs-CRP, IL-
6, and TNF-a. CRP is predominantly produced by liver, adipo-
cytes, and smooth vascular muscle cells in stimulus to
increase the secretion of IL-6 and TNF-a of the tissue [59-
61]. The elevation in inflammatory cytokines by CCl, is a
result of the activation of nuclear factor kappa-B (NF-kB) as
shown in our previous study [29] and stimulates the release
of inflammatory cytokines like IL-6, CRP, and TNF-a. Induction
of these markers has a critical role in the CCl,-mediated
cardiac injury and dysfunction [13,15]. D-limonene (200 mg/
kg body weight) markedly attenuated the increased levels
of inflammatory markers TNF-q, IL-6, and Hs-CRP to near
normal. The anti-inflammatory properties of D-limonene
have previously been proven through the inhibition of
redox-dependent NF-kB and other downstream inflammatory
cytokines which are key players in exhibition of inflammation
as reported previously [26,29]. The limonene is also reported
to exhibit its anti-inflammatory activity by saturating the cell
membrane being a low molecular weight lipophilic com-
pound, thus providing anti-inflammatory protection to the
cell [62]. Control group heart slides stained with haematoxylin
and eosin showed healthy cardiac structures. Nevertheless,
CCl4 group cardiotoxicity showed inflammatory cell infiltra-
tion, widespread necrosis, vacuolization of cytoplasm, swel-
ling, interstitial oedema, and loss of myofibres. Treatment
with D-limonene (100 and 200 mg/kg body weight) reversed
all the changes induced by CCl, intoxication, and heart struc-
tures appeared normal, suggesting that D-limonene has a
potent protective effect in this model of cardiac injury. Alle-
viation of histopathological changes could be attributed to
D-limonene at both the doses as reported earlier [18,63].

Conclusion

In the present research, the findings indicate that D-limonene
derived from different citrus fruits can ameliorate cardiac
injury induced by CCl, intoxication through its antioxidant
and anti-inflammatory potential. These results reveal that D-
limonene has protective potential against the toxic effects
of CCl, by enhancing antioxidant machinery, attenuating
LPO, inhibiting inflammatory cascade, and restoring histo-
pathological changes to normal.
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