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ABSTRACT

Objective(s): Cardiac hypertrophy is a major pathological feature of cardiovascular disease worldwide.
The beneficial effects of terpenes on cardiovascular diseases are well known. In the current study,
the cardioprotective effects of nerolidol (NRD), a sesquiterpene alcohol, were evaluated using an
isoproterenol (ISO) induced cardiac hypertrophy mice model.

Materials and Methods: This study was performed by using the chronic subcutaneous infusion model
of 1SO. Male mice were administered NRD (100 mg/kg) orally for 7 days. On the 8" day with the
continuation of NRD dosing, mice received subcutaneous (SC) with ISO (10 mg/kg) for the next 14
days. Cardiac functions, including ejection fraction, cardiac output, and fractional shortening were
evaluated by trans-thoracic echocardiography, one day after the final treatment. Then, animals were
euthanized and hearts were isolated. The mRNA and protein expressions of cardiac hypertrophy,
apoptosis, and fibrosis markers in mice hearts were determined.

Results: Results showed an increased heart-to-body weight ratio. NRD reduced cardiac hypertrophy
by down-regulating the hypertrophic (ANP), apoptotic (Bax/Bcl-2), and fibrotic (Col1al) markers
and prevented cardiac remodeling by up-regulating expression of endothelial nitric oxide synthase
(eNOS) and anti-apoptotic (Bcl-xL) protein compared to 1SO-treated mice. Combining PCR and
western blotting data results demonstrated that NRD reverted the 1SO-induced cardiac hypertrophy.
Conclusion: These findings suggest that NRD prevents ISO-induced cardiac hypertrophy possibly by
elevating the levels of eNOS and Bcl-xL and reducing expression of hypertrophic, apoptotic, and
fibrotic markers. Thus, NRD may be used to treat ISO-induced cardiac hypertrophy.
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Introduction

CH and heart fajlure by promoting the excessive production

Cardiovascular diseases (CVDs) bring modifications
in the heart and blood vessels. Due to their higher rate
of morbidity and mortality, CVDs are a major worldwide
health issue. They are the major cause of death globally (1,
2). During 2019, 58% of global 18.6 million deaths from
CVDs occurred in Asia (3).

Cardiac hypertrophy (CH) contributes in the pathological
development of cardiovascular disorders and sustained
CH eventually leads to heart failure. Several therapeutic
strategies have been widely employed in the treatment
of ventricular hypertrophy and heart failure. There is
growing evidence that various pathophysiological factors,
such as neurohumoral activation, including angiotensin II
and sympathetic stimulation, ischemic heart conditions,
myocarditis, and diabetic cardiomyopathy, contribute to

of oxidative stress (4). Among a range of contributing
factors, the reduction or absence of nitric oxide (NO)
synthesis emerges as an important element in the initiation,
onset and advancement of conditions such as stroke,
hypertension (HTN), atherosclerosis, myocardial fibrosis,
myocardial infarction, and diabetes. NO, which is produced
in endothelial cells from the amino acid L-arginine, has a
basal tonic vaso-relaxing effect on the vascular wall (5).
ISO-induced CH, a well-known animal model of CH that
occurswithoutsystolic HTN, stimulates the 3-adrenoceptors.
Regression of left ventricular hypertrophy (LVH) is a
significant intermediate goal of antihypertensive therapy;
several published studies have found that antihypertensive
medications enhance ventricular hypertrophy regression
and myocardial healing (6). Research is necessary to
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investigate drugs that possess the ability to confer protective
advantages to the cardiovascular system. The preference
of medicinal plants and derived phytochemicals to treat
diseases has been increased recently.

NRD commonly known as peruviol, is an aliphatic
sesquiterpene alcohol (3,7,11-trimethyl-1,6,10-
dodecatrien-3-ol), with two distinct isomers. It is found in
various plants, such as lavender, lemon grass, and ginger.
NRD is reported safe for human consumption by FDA
(7). It has been proven to have antioxidant, anticancer,
antinociceptive, anti-inflammatory (8-10) antibacterial,
anti-neurodegenerative, and anticancer effects. NRD has
been shown to have neuroprotective, hepatoprotective,
and genoprotective activities (11). Prolonged use of NRD
has a cardioprotective impact on myocardial injury in an
animal model. It has been observed that NRD dramatically
lowered myocardial infarct size and oxidative stress in order
to lessen myocardial infarction (MI) induced by ISO (12).
However, effect of NRD on coronary heart issues has not
been investigated yet. This study focused on assessing the
inhibitory effects of NRD in ISO-induced CH in a mouse
model, exploring its potential role in mitigating CH.

Materials and Methods
Drugs and chemicals

Nerolidol (Catalog# W277207) and isoproterenol
(Catalog# 16379) were purchased from Sigma-Aldrich
(USA). Drugs and chemicals of analytical grade were used.

Animals

8- to 9-week-old male mice, were purchased from Charles
River Laboratories. Each mouse was housed in a group of
three and each cage was kept under a specialized pathogen-
free (SPF) environment and 12:12 light-dark (LD) cycle,
maintained at a temperature of 21.2 °C. Mice were provided
unlimited access to food and drink.

Treatment protocol for ISO-induced CH

Mice were randomly grouped into three study groups
(n= 7-8 mice per group): Group I (Control), Group II
(ISO), and Group III (NRD + ISO). To produce protective
effects of NRD, group III were treated daily orally via oral
gavage with NRD (100 mg/kg) and groups I and II received
an equivalent volume of vehicle (VEH) for 7 days. On the 8"
day the below mentioned 14 days’ regimen was followed for
mice treatment. Group I (Control) mice were treated with an
equivalent volume of VEH orally via oral gavage following
SC injection of saline; group II (ISO): the mice received a
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daily oral dose of an equivalent volume of VEH following
SC injection of ISO 10 mg/kg; group III (ISO+NRD): the
mice received NRD 100 mg/kg orally daily following SC
injection of ISO 10 mg/kg for 14 days (Figure 1). To assess
dose tolerability, mice were kept under observation for 30
min following each ISO injection. No morbidity or death
was seen in any of the experimental groups. One day after
the completion of the ISO injection, the mice were carefully
sacrificed by the decapitation method using isoflurane
anesthesia. Hearts of the mice were collected, washed with
phosphate-buffered saline (PBS), immediately frozen using
liquid nitrogen, and stored at -80 °C for further analysis.

Echocardiography

Cardiac functions were assessed using echocardiography.
One day after the last dose of ISO or sterile saline solution
injection, the response to NRD with extended ISO
administration (n = 8 per group) was assessed. Vevo 2100
system (Visual Sonics, Inc., Toronto, Ontario, Canada) with
an MS400 transducer was used to do echocardiography.
Isoflurane (3%) and oxygen were used to induce anesthesia
and maintained at 1-2% of isoflurane. A heated physiologic
monitoring stage was used to place the anesthetized mice in
a supine position. M-Mode parasternal short-axis images of
the left ventricle were acquired at the level of the papillary
muscles. To compute cardiac output, fractional shortening,
and ejection fraction, the Vevo 2100’ Visual Sonics cardiac
measurement program was used to manually trace the
endocardial and epicardial borders throughout three to four
cardiac cycles.

Isolation of RNA and quantification by real-time polymerase
chain reaction (qPCR)

According to instructions of the manufacturer, TRIzol
reagent (300 pl) was utilized to extract total RNA from
frozen heart tissue (20 mg). Concentrations of RNA were
determined by Nanodrop 8000 spectrophotometer by
checking the absorbance at wavelength of 260 nm. Then,
a high-capacity ¢cDNA reverse transcription kit was used
to synthesize first-strand cDNA from 1.5 pg of total RNA.
Real-time PCR using SYBR Green (Applied Biosystems) was
employed to quantify specific mRNA expression on an ABI
7900HT system (Applied Biosystems), utilizing 384-well
optical reaction plates. Applied thermocycler conditions
were: Denaturation was carried out at 95 °C for 10 min,
followed by 40 cycles of annealing/extension at 60 °C for
1 min and denaturation at 95 °C for 15 sec. Primer-BLAST
online tool was employed to validate primers used in this
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Figure 1. Experimental study design and treatment timeline to evaluate the antihypertrophic effect in C57BL/6N juvenile mice induced by isoproterenol
Mice were divided into three groups (n=8); Control, ISO, and ISO + NRD. Control group received VEH in first week and VEH + saline for next 2 weeks. ISO group received VEH
for the 1st week and VEH + ISO for the next 2 weeks, while ISO + NRD group received NRD for 1st week and NRD+ ISO for the next 2 weeks. Abbreviations; NRD: Nerolidol;

ISO: Isoproterenol; VEH: Vehicle; SC: Subcutaneous
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Table 1. Primer sequence applied to check the mRNA expression in heart tissues of mice

Gene Forward primer (5-3") Reverse primer (3™-5) Ref.
f-actin TATTGGCAACGAGCGGTTCC GGCATAGAGGTCTTTACGGATGTC (13)
ANP GGAGCCTACGAAGATCCAGC TCCAATCCTGTCAATCCTACCC (14)
Bax CGAATTGGAGATGAACTGGACAG CTAGCAAAGTAGAAGAGGGCAAC (15)
Bcl-2 TTGTAATTCATCTGCCGCCG AATGAATCGGGAGTTGGGGT (16)
eNOS TCAGCCATCACAGTGTTCCC ATAGCCCGCATAGCGTATCAG (17)

study, which are provided in Table 1. The mRNA expression
levels were normalized to B-actin and expressed relative to
the control group. Using the AACT method, relative gene
expression was calculated. To ensure the specificity of the
primers and purity of the final PCR product, melting curve
analysis was performed.

Extraction of protein and western blotting

In accordance with the manufacturers instructions,
homogenization of frozen heart tissues was performed as
described earlier, and concentration of protein was measured
utilizing the Pierce Bicinchoninic Acid (BCA) Protein Assay
Kit (Pierce, Thermo Fisher Scientific, Rockford, IL, USA).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) was employed to separate the protein (30 pg)
from each sample. Then, electroblotting was used to transfer
protein onto nitrocellulose membrane. Bcl-xL (Catalog#
2764S, 1:1000 dilution), Collagen-1 (Catalog# PA5-29569,
1:1000 dilution), and eNOS (Catalog# 32027S, 1:1000
dilution), primary rabbit antibodies (Catalog# ab137015
and abl51544; 1:1000 dilution) were procured from
Abcam (Cambridge, MA, USA). Primary rabbit antibody
against alpha-tubulin (Catalog# 2144; 1:1000 dilution) was
procured from Cell Signaling Technology (Danvers, MA,
USA). Secondary anti-rabbit antibodies conjugated to HRP
were procured from Jackson Immuno Research (Catalog#
111-035-144; 1:10,000 dilutions; West Grove, PA, USA).
Image] software (National Institutes of Health, Bethesda,
MD, USA) was employed to quantify band intensities.
Alpha-tubulin protein levels served as loading controls to

(8)

*

*
o
=)

* %k

N
=

Ejection Fraction (%)
8 8 8
i
o ]
Hp

-
=

Fractional Shortening (%)
w -
o o

=

> L O
p \‘.90 g ‘\Q_Q P &‘o 8 ‘\3'
< (+] (%) \(10

normalize the band intensities.

Statistical analysis

GraphPad Prism (version 7.01, La Jolla, CA, USA) was
employed to analyze the data. Data was analyzed using
the Shapiro-Wilk normality test. Parametric data was
analyzed using one-way analysis of variance (ANOVA),
followed by Tukey’s multiple comparison post hoc test and
non-parametric data was analyzed using Kruskal-Wallis,
followed by Dunn’s test. Statistical significance was set as
P<0.05.

Results
Cardioprotective effects of NRD on echocardiographic
parameters

Cardiac function in mice was evaluated using
echocardiography after 14 days of treatment: Control group
received vehicle, the ISO group received ISO, whereas the
ISO+NRD group was treated with NRD along with ISO.
Echocardiographic images of representative M-Mode from
each group are shown in Figure 2A. Ejection fraction,
a precise indicator of systolic function, and fractional
shortening were found to be significantly higher in the
ISO+NRD group as compared to the ISO group. Ejection
fraction was improved by 16% in mice of ISO+NRD group
(Figure 2B). In the ISO-treated group, there was a notable
reduction of 10% in fractional shortening. Conversely,
the ISO+NRD group demonstrated an improvement in
fractional shortening by 9% (Figure 2C). This observation
highlights a potential ameliorative effect of the ISO+NRD
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Figure 2. Ameliorating effect of NRD on ISO-induced mouse cardiac dysfunction and hypertrophy

(A) Representative M-mode echocardiographic images of control, ISO, and ISO+NRD groups; (B-C) Ejection fraction and fractional shortening was shortened by ISO treatment
but increased by NRD administration; D) Cardiac output was reduced due to ISO treatment but increased due to NRD administration; (E) HW/TL was increased due to the ISO
treatment but reduced by NRD administration. Values are represented as means + SEM. *P<0.05, **P<0.01.

NRD: Nerolidol; ISO: Isoproterenol
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intervention on fractional shortening. Cardiac output
was increased by 30% in the mice of the ISO+NRD group
as compared to that of the ISO group (Figure 2D). Mice
treated with ISO+NRD exhibited a significant reduction in
the heart weight/tibia length (HW/TL) ratio as compared
to those treated with ISO, as shown in Figure 2E. One-way
ANOVA showed a significant effect of NRD on cardiac
output, ejection fraction, fractional shortening, and HW/
TL ratio.

Co-administration of NRD in prolonged ISO-treated mice
restored the mRNA and protein expression levels of markers
related to cardiac apoptosis, hypertrophy, and fibrosis in the
heart

Increased mRNA expression levels of ANP and Colllal
(1.5-fold and 2-fold, respectively) were observed in ISO
group mice hearts as compared to the control group (Figures
3A and 3B), and ANP and Colllal reversed the trend (1.1-
fold and 1.2-fold, respectively), observed with co-treatment
of NRD. The mRNA expression of eNOS was significantly
elevated up to 1.5-fold for the ISO+NRD group as compared
to control, and an increasing trend was observed between
ISO+NRD and ISO groups (Figure 3C).

Meanwhile, in the ISO+NRD group, the expression of Bax
was reduced while Bcl-2 was increased as compared to the
ISO group, resulting in a significant decrease in the Bax/Bcl-2
ratio in ISO+NRD group relative to ISO group (Figure 3D).

Protein expression of eNOS was significantly elevated
after treatment with NRD, with a notable 2-fold elevation
in eNOS levels noted in the ISO+NRD group as compared
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*
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to the ISO group (Figure 3F). Further evaluation of reversal
of ISO-induced apoptosis by NRD treatment was done
using western blotting. Western blotting data demonstrated
a significant increase (P<0.01) in Bcl-xL in the ISO+NRD
group (Figures 3E and 3G) as compared to the ISO group.

Discussion

Medicinal plants contain phytochemicals that are
utilized in the development of novel medications, offering
health benefits with fewer side effects (18). NRD showed
multiple pharmacological activities, ie. antiparasitic,
analgesic, antioxidant, and anticancer activities (7, 19).
Further, it has been reported to produce cardioprotective
(18), neuroprotective, and renoprotective effects (19, 20). It
has been reported that NRD reduces myocardial infarct size
significantly and suppresses oxidative stress to attenuate MI
induced by isoproterenol (20). Prior to this research, there
were no documented instances of antihypertrophic effects
of NRD. The current study evaluated the cardioprotective
effects of NRD in ISO-induced CH model of mice.

ISO is a well-known non-selective beta-adrenergic
agonist that predominantly activates 8, -adrenergic receptors
in the heart and B,-adrenergic receptors in various tissues,
including smooth muscle. Pl-adrenergic effects increase
the workload on the heart and lead to induced cardiac
dysfunction and ventricular hypertrophy by increasing
ventricular collagen content (21). Overexpression of 3,-AR
has been reported to increase superoxide anion generation,
which in turn drives hypertrophic and fibrotic signaling
cascades and contributes to cardiac remodeling and failure
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Figure 3. (A, B, C, D) prolonged NRD coadministration with ISO ameliorated ISO- induced fibrosis, cardiac hypertrophy, and apoptosis in mice
Mice of the NRD group were treated for one week orally with 100 mg/kg NRD and ISO while treating the control group with VEH. On the 8th day ISO and NRD groups were
injected SC with ISO (10 mg/kg), 3 hr after NRD administration, while the control group received saline for 14 days (n = 7-8). mRNA expression of (A) ANP, (B) Colllal, (C)

eNOS, and (D) Bax/Bcl-2 ratio in the hearts
VEH: Vehicle; ISO: Isoproterenol; NED: Nerolidol

Results were normalized to B-actin and presented relative to the male control group. Data is depicted as means + SEM. *P<0.05, **P<0.01, as compared to the ISO treatment
group using one-way ANOVA followed by Dunnett’s multiple comparisons test. (E, F, G) NRD coadministration with ISO reduced cardiac hypertrophy, apoptosis, and fibrosis.
Expression levels of the antihypertrophic, fibrosis, and apoptosis markers: (E) Bcl-XL, (F) eNOS, (G) Colllal estimated by western blotting. Data is presented as means + SEM
(n = 3-4). Results are depicted as means + SEM (n = 3-4). Analysis of data was done using one-way ANOVA followed by multiple comparisons tests. Note: *P<0.05, **P<0.01,

**P<0.001.
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(22, 23). Furthermore, data suggest that ISO induced
overactivation of {,-adrenergic receptor causes increase
in vascular oxidative stress with subsequent endothelial
dysfunction, which is linked to eNOS uncoupling (24,25).
eNOS regulates the release of NO, which plays an important
part in preserving homeostasis of the vascular wall and
vascular tone (25). The reduced availability of NO, due to
increased degradation by superoxide anions or impaired
synthesis, hasbeen recognized as a pivotal factor contributing
to endothelial dysfunction in various cardiovascular
disorders (26). NO can promote angiogenesis, decrease
cardiomyocyte hypertrophy, decrease ability of cardiac
fibroblasts to produce extracellular matrix proteins, and
impact various steps responsible for the pathophysiology
of LV remodeling. Additionally, it causes vasodilation,
reducing cardiac afterload and preload. However, findings of
this study demonstrate that prolonged ISO administration
induced cardiac dysfunction and CH that were restored
in NRD-treated mice. Like other biological systems, CH
is regulated by both stimulatory and counter-regulatory
signaling pathways. Previous in vivo studies revealed that
eNOS exerts antihypertrophic effects in mice, and NOS1/3
deficient mice develop CH, leading to premature mortality.
eNOS improves cardiac function by reducing contractility
of heart. Hence, it seems that low amounts of NO produced
by eNOS from maladaptive CH lead to adverse remodeling
and early death. In short, eNOS plays a crucial part in the
onset and advancing of HTN as well as ISO-induced CH.
Thus, targeting eNOS and oxidative stress could serve as
a potential therapeutic strategy for treating HTN and CH
(22). The induction of CH in cardiac myocytes leads to an
increase in collagen production. This process is linked to
multiple signaling pathway activation leading to fibrotic
responses that ultimately contribute to the remodeling of
the cardiac extracellular matrix (27). Research has shown
that the administration of isoproterenol leads to a significant
up-regulation of collagen genes, particularly collagen-I and
collagen-III. These changes are associated with fibrotic
remodeling in cardiac tissue, which can further compromise
cardiac function (28).

This study is the first to propose the potential efficacy
of NRD in the treatment CH. Previous research has
indicated ISO-induced impairment of cardiac function
(29). In our current work, results of echocardiography
depict that ISO+NRD treated mice caused improvement
in ejection fraction and fractional shortening along with
increase of cardiac output. Overexpression of eNOS acts as
negative modulator of hypertrophic response to adrenergic
stimulation in eNOS-Tg mice model (30). Similar
findings in other groups provide evidence in support of
these results. Many studies have demonstrated that NO
generation or increased eNOS activity help to reduce
cardiac abnormalities such ischemic damage and CH (31).
PCR and western blotting results of current study revealed
that ISO+NRD co-treated mice had decreased expression
trend of the cardiac hypertrophic marker (ANP), fibrotic
(Colllal) and apoptotic (Bax/Bcl-2) along with significant
increased expression of antihypertrophic markers (eNOS,
Bcl-xL) to produce cardioprotective effects.

It has already been reported that eNOS on myocardial
cells would show its distinct role as negative regulator of
CH (30). In this investigation, we report that increased
eNOS expression generated by NRD treatment prevents
ventricular hypertrophy caused by prolonged ISO infusion.
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When ISO+NRD mice were compared to ISO treated
mice, CH was significantly reduced. In general, reactive
oxygen species (ROS) are key regulators of apoptosis and
an excess of ROS causes apoptosis (32). The results of the
current study revealed that in hearts of ISO-treated mice,
elevated expression of Bax/Bcl-2 (pro-apoptotic proteins)
and decreased expression of Bcl-xL (anti-apoptotic protein)
as compared to control mice were observed (33,34) that has
been reverted by NRD treatment. Apoptotic markers were
down-regulated whereas anti-apoptotic markers were up-
regulated with the treatment of NRD which is consistent with
earlier findings (35, 36). The apoptotic pathway is regulated
by Bcl-2 protein family (37). Bcl-2 proteins are located in
different cell organelles such as mitochondria, endoplasmic
reticulum, and nuclear membranes. They interact with
oxygen-free radicals that are responsible for the induction
of apoptosis. In the cell, these proteins are likely to prevent
apoptosis by scavenging ROS within the cell. Anti-Bcl-2
gene products have been shown to inhibit programmed
cell death in ventricular myocytes (38, 39). This research
work demonstrated that NRD exerts a repressive effect on
cell death in CH by modulating apoptosis through the Bcl-2
protein family. The mechanisms of the hypertrophicresponse
to adrenergic stimulation have been extensively studied.
Previous studies reported that ISO raises the collagen volume
of the heart in most animals (30). Our findings show that
NRD+ISO treated mice had lower collagen levels than ISO-
treated mice. While the use of a single marker per pathway
provides preliminary insights into NRD’s potential effects
on morphological changes and cell viability, incorporating
additional markers or complementary methodologies,
such as histological or immunostaining in tissue sections,
could further substantiate these findings. This approach
has been recognized as a limitation of the present study.
Nonetheless, echocardiographic, PCR and western blotting
results revealed that NRD has the potential to provide a
cardioprotective agent against ISO-induced CH.

Conclusion

The findings of the present study highlight the potential
of NRD as a promising therapeutic strategy targeting the
eNOS pathway for the prevention of CH. These findings
suggest that NRD has significant clinical implications
in managing CH. However, several challenges must be
addressed prior to clinical translation. Further studies
are required using different animal models to elucidate
underlying mechanisms. Moreover, dosage optimization,
safety, pharmacokinetics and long-term efficacy must be
evaluated through extensive preclinical studies before going
into clinical trials.
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