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Abstract

Background Although statins confer cardioprotection via HMG-CoA reductase inhibition, they are also known

to reduce CoQ10 biosynthesis. In light of previous reports suggesting that geraniol, a natural monoterpene with plei-
otropic cardioprotective effects, may intersect with the mevalonate pathway, we hypothesized that combining
geraniol with CoQ10 could yield enhanced cardioprotective benefits. Using in silico analyses and a rat model of myo-
cardial ischemia/reperfusion (I/R) injury (30-min LAD occlusion followed by 120-min reperfusion with continuous ECG
monitoring), we evaluated geraniol alone and with CoQ10. Male Wistar rats were allocated into five groups: sham, I/R,
geraniol+1/R, CoQ10+I/R, and geraniol+ CoQ10+I/R.

Results Preconditioning with geraniol and/or CoQ10 significantly decreased infarct size relative to the area at risk,
preserved myocardial histoarchitecture, and mitigated cardiac biomarkers (CK-MB, LDH, cTn-I) and ST-segment eleva-
tion. Molecularly, treatments suppressed GSK-3(3, a pivotal mediator of I/R injury, via activation of the Wnt/p3-catenin
pathway, while reinforcing antioxidant defenses (SOD, GSH) and reducing lipid peroxidation. They also inhibited
inflammatory mediators (pSer536-NF-kB, TNF-a), neutrophilic infiltration (ICAM-1, MPQ), curtailed caspase-3, and ele-
vated Bcl-2, reflecting strong anti-inflammatory and antiapoptotic actions. In silico docking also predicted the ability
of geraniol and CoQ10 to interact with GSK-33 and NF-kB. Notably, the combination therapy conferred the greatest
protection.

Conclusion Overall, these findings identify geraniol and CoQ10, particularly in combination, as promising cardiopro-
tective agents against I/R injury through modulation of Wnt/GSK-33/B3-catenin signaling and associated antioxidative,
anti-inflammatory, and antiapoptotic pathways.

Article Highlights

(1) Geraniol and CoQ10 guard against I/R injury.
(2) Combination therapy outperforms single treatments.
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(3) Limits infarct size, preserves heart structure & ECG.
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(4) Wnt activation with GSK-3p inhibition orchestrate protection.
(5) Treatments enhance antioxidant, anti-inflammatory, anti-apoptotic defense.

Keywords Myocardial ischemia/reperfusion, Geraniol, Coenzyme Q10, GSK-3(3, -catenin, Anti-inflammatory,

Antioxidant

Introduction

Despite advances in prevention and treatment, coro-
nary heart disease, including acute myocardial infarction
(AMI), remains a leading cause of death and disability
worldwide, with incidence and outcomes varying by age,
sex, and geographic region [1]. Recent epidemiological
data indicate that AMI incidence has risen over the past
decade, peaking in 2021, with a modest decline by 2024.
ST-elevated myocardial infarction (STEMI) comprised
over half of cases, predominantly affecting younger men,
whereas non-STEMI (NSTEMI) was more common
among older patients with comorbidities [2]. Hyperten-
sion, smoking, diabetes, and dyslipidemia were the most
prevalent risk factors [3]. AMI occurs when coronary
blood flow is abruptly reduced, depriving cardiac tissue
of oxygen and triggering ischemic injury, and while this
reduction is often multifactorial, it is most commonly ini-
tiated by rupture or erosion of an atherosclerotic plaque,
leading to platelet activation, thrombus formation, and
subsequent myocardial ischemia and necrosis [3, 4].

AMI precipitates ischemia-driven cellular injury [5],
a phenomenon that transpires during various cardiac
interventions [6]. Paradoxically, reperfusion therapy,
essential for salvaging myocardium, can exacerbate dam-
age through ischemia/reperfusion (I/R) injury [5, 6].
Myocardial I/R pathobiology involves disrupted bioener-
getics, neutrophilic infiltration, and excessive formation
of reactive oxygen species (ROS) [7] that flares upon rep-
erfusion [8], impairing cardiomyocytes and endothelial
cells while instigating inflammatory cascades [9]. Thwart-
ing I/R injury is, therefore, pivotal for mitigating ischemic
cardiac conditions [7].

The Wnt/Frizzled signaling pathway is a complex net-
work essential for various vital processes [10], with gly-
cogen synthase kinase-3f (GSK-3f), a key regulator
within this cascade [5]. Wnt signaling activation causes
GSK-3p inactivation to stabilize B-catenin, which acts as
a transcription factor [11] along with alleviating apop-
tosis by inducing B-cell lymphoma 2 (Bcl-2) [12]. A
previous study in the cardiovascular system indicated
that B-catenin signaling mediates protection against I/R
injury through its antiapoptotic effects [13]. While early
studies largely focused on chronic heart failure and post-
infarction remodeling, accumulating evidence highlights

a pivotal role for GSK-3f dysregulation in AMI. GSK-3f
has been implicated in the pathogenesis of AMI, influ-
encing cardiomyocyte survival, apoptosis, and inflam-
matory responses [14]. Both preclinical and clinical data
indicate that aberrant activation of GSK-3p during I/R
contributes to infarct expansion, adverse remodeling, and
impaired cardiac function. In fact, modulation of GSK-3
activity intersects with key signaling cascades, includ-
ing abrogation of nuclear factor kappa B (NF-«B), a cen-
tral orchestrator of inflammation [5, 15], to underscore
its cardioprotective role [16] during I/R, positioning it
as a promising therapeutic target to mitigate AMI and
enhance cardioprotection [14].

To attenuate I/R insult, pharmacological compounds
targeting distinct signaling cascades have demonstrated
notable efficacy. Beyond conventional pharmacothera-
pies, nutraceuticals offer a broad safety margin and
serve as a preventive strategy to shield the myocardium.
Remarkably, statins confer cardioprotection primar-
ily by inhibiting 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase enzyme. Interestingly, geran-
iol, a naturally occurring monoterpene alcohol found
in rose, palmarosa, and various essential oils, has been
reported in several studies to modulate the mevalonate
pathway, potentially acting on HMG-CoA reductase [17,
18]. Geraniol exhibits multiple pharmacological benefits,
including antioxidant, anti-inflammatory, antimicro-
bial, and antiapoptotic properties, and has demonstrated
cardioprotective effects against various cardiac stress-
ors [19]. Notably, inhibition of the mevalonate pathway
can reduce coenzyme Q10 (CoQ10) levels in plasma and
platelets, which are often already deficient in cardiomyo-
pathy patients [20, 21]. Aside from being essential for
mitochondrial oxidative phosphorylation, particularly in
energy-demanding cells like cardiomyocytes [22], CoQ10
has redox-modulating prowess, constituting the corner-
stone of its myocardial safeguarding potential [23].

Given that curbing HMG-CoA reductase activity may
exhaust this vital bioenergetic cofactor, the present study
sought to decipher the mechanistic underpinnings of
geraniol’s cardioprotective efficacy, alone and in com-
bination with CoQ10, against myocardial I/R affront.
This approach allows investigation of complemen-
tary mechanisms of protection, including antioxidant,
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anti-inflammatory, and antiapoptotic effects, while
clarifying their potential synergistic impact on cardiac
resilience.

Materials and methods

Animals

This study adheres to the ARRIVE guidelines and the
Guide for the Care and Use of Laboratory Animals issued
by the US National Institutes of Health (NIH Publica-
tion No. 85-23, revised 1996). The study was conducted
on 48 healthy adult male Wistar rats purchased from the
National Research Centre, Giza, Egypt, each weighing
between 250 and 300 g. The rodents were hosted under
stable environmental settings, maintaining regulated
temperature and humidity levels, alongside a balanced
light/dark cycle, for one week preceding the experimen-
tal procedures. They were granted unrestricted access to
a standard commercial rat pellet diet and potable water.

Induction of I/R

Anesthetized rodents (administered ketamine (100 mg/
kg)/xylazine (10 mg/kg); intraperitoneally) [24] under-
went endotracheal intubation for facilitated mechani-
cal ventilation. To mitigate the onset of hypothermia, a
heating lamp was utilized, with body temperature closely
monitored using a thermometer. Subcutaneous periph-
eral limb electrodes were positioned, enabling continu-
ous electrocardiographic (ECG) surveillance throughout
the experimental period via a polygraph (Letica poly-
graph 4006, Spain). A dermal incision was executed along
the left clavicular midline, followed by meticulous blunt
muscle separation. After thoracotomy, the pericardium
was incised, and the left anterior descending (LAD) coro-
nary artery was ligated. Successful ischemic modeling
was confirmed upon the manifestation of ST-segment
elevation within 2 min. After a 30-min occlusion, the
clamp was disengaged, reinstating perfusion for a subse-
quent 120-min period [25].

Experimental design

Rodents were randomly allocated into five cohorts using
a simple randomization sequence generated in Microsoft
Excel, followed by sorting and sequential allocation into
experimental groups. In the initial cohort (n=8), ani-
mals underwent all surgical procedures except for coro-
nary artery ligation, serving as the sham-operated control
group. The remaining 40 rodents were apportioned into
four subsets (n=10 each). In the second group, animals
were subjected to left anterior descending (LAD) coro-
nary artery I/R to establish the untreated injury model.
Subjects in groups 3, 4, and 5 were administered geran-
iol (Ger, 100 mg/kg [26, 27]; Sigma-Aldrich Chemicals,
MO, USA), coenzyme Q10 (CoQ10, 200 mg/kg [28, 29];
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MEPACO Pharmaceutical Company, Cairo, Egypt), or
their concomitant regimen, respectively. The designated
compounds were orally gavaged for seven consecutive
days, and on the eighth day, all rodents in the latter three
cohorts underwent the I/R surgical procedure (Fig. 1).

Assessment of ECG

ECG recordings were obtained prior to ischemia induc-
tion to establish a baseline ECG pattern, which served
as the standard reference for each rat. Thereafter, ECG
tracings were continuously monitored throughout the
2-h experimental timeline encompassing ischemia and
reperfusion [30, 31]. The analysis of ST-segment eleva-
tion was specifically conducted using lead II as com-
monly employed in experimental myocardial I/R models
[32]. All ECG analyses were conducted by investigators
blinded to the experimental group allocation to minimize
assessment bias.

Assessment of area at risk and myocardial infarction size
Area at risk (AAR) using methylene blue

In the four cohorts subjected to I/R, two representative
rodents per group were selected for the evaluation of the
AAR. Following reperfusion and immediately prior to
euthanasia, the left coronary artery was re-occluded, and
0.6 ml of 1% methylene blue dye (Sigma Chemical Co.)
was injected into the left ventricle to delineate the AAR,
which was identified by visually tracing the unstained
region [33]. Subsequently, the heart was excised, envel-
oped in paraffin film to prevent desiccation, and frozen
for 60 min at — 20 °C. The ventricles designated for stain-
ing were sectioned transversely into four slices (2 mm
thick) from the apex to the occlusion site, and the AAR
was quantified as the region devoid of blue staining. Each
section was digitally captured using a high-resolution
camera, and planimetric assessment of the pale regions
was performed utilizing Image]® software. The AAR was
then computed as a percentage of the total ventricular
area for each slice.

Infarct area using TTC stain

The previous methylene blue slices were re-used to clar-
ify the actual infarcted area relative to the injured one
using the TTC dye (Sigma-Aldrich Co.) that was added
to the slices to distinguish viable tissue from the necrotic
tissue [34]. The TTC stain can quantify the necrotic area
reliably within “3—6 h" after coronary occlusion, even
before histologic changes can be diagnosed [35]. There-
fore, the slices were soaked in TTC and incubated in the
dark for 20 min at room temperature. At the end of the
incubation period, the color of the viable tissue turns
deep red (tri-phenyltetrazolium), while the pale area
indicates the infarcted non-viable tissue. Once the color
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Fig. 1 Schematic representation of the experimental design illustrating five groups: sham, I/R, and three cohorts preconditioned with geraniol,
CoQ10, or their combination for seven consecutive days. I/R injury was induced on day 8 (30 min/2 h). ECG recordings were obtained, blood
samples were collected, and heart tissues were harvested post-euthanization

has been established, the slices were fixed in 10% forma-
lin for another 20 min to increase the contrast [36]. The
infarct size was determined by measuring the area of
infarction in a series of slices, and the average was calcu-
lated to be presented as the infarct area. The percentage
of infarct area to AAR (infarct area/AAR)% was calcu-
lated by dividing the calculated infarct area by the AAR
and multiplied by 100 [37].

Preparation of samples

Following 120 min of reperfusion, aortic blood was
drawn to isolate sera, which were portioned and pre-
served at — 80 °C for subsequent assessment of serum
biomarkers. Thereafter, the hearts from six specimens
per cohort were swiftly harvested, rinsed with chilled
saline, weighed, and homogenized in ice-cold saline to
yield a 10% tissue homogenate [38].

Assessment of biochemical markers:
Assessment of serum myocardial
biomarkers

The corresponding ELISA colorimetric kits, pur-
chased from Kamiya Biomedical Company (WA, USA),
were used to measure the serum levels of lactate dehy-
drogenase (LDH; cat # KT-20242), while that of cardiac

cellular  injury

troponin I (cTn-I; cat. # MBS727624) was supplied from
MyBioSource, Inc (CA, USA), and creatine kinase—
MB isoenzyme (CK-MB; cat # E0311Ra) was supplied
from Shanghai Crystal-day Biotech Co. (Shanghai,
China); all instructions were followed according to the
manufacturer.

Measurement of redox parameters

The cardiac content of malondialdehyde (MDA), a
marker for lipid peroxidation, was determined using the
TBARS Assay Kit (Oxiselect ', San Diego, CA, USA; cat.
# STA-330), while the corresponding kits for reduced glu-
tathione (GSH; cat. # GR 2511) and superoxide dismutase
(SOD; cat. # SD 2521) were procured from Biodiagnos-
tic Co. (Cairo, Egypt). Tissue protein was determined
according to Bradford’s method using the corresponding
kit (Protein Assay Kit (SK3041; Bio Basic, ON, Canada)).

Assessment of inflammatory markers

The myocardial concentrations of phosphorylated
(S536)-NF-kB (MyBioSource, Inc., CA, USA; cat. #
MBS846727) and tumor necrosis factor (TNF)-a (Ray-
Biotech, GA, USA; cat. # ELR-TNFalpha-001C) were
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quantified utilizing ELISA assay kits, adhering strictly to
the protocols delineated by the respective manufacturers.

Measurement of neutrophil infiltration parameters

The homogenate was employed for the quantification of
intercellular adhesion molecule-1 (ICAM-1) contents
using the respective ELISA assay kit (EIAab Co., Wuhan,
China; cat. # E0048r). Moreover, the chromogenic assay
method of Krawisz et al. [39] was implemented to evalu-
ate the enzymatic activity of myeloperoxidase (MPO),
wherein one enzymatic unit was characterized as the
amount catalyzing the degradation of 1 pmol of peroxide
per minute.

Assessment of GSK-3f3 /B-catenin pathway

and the antiapoptotic marker Bcl-2

The ELISA assay kits were procured from MyBioSource,
to quantify the myocardial contents of GSK-3f (cat. #
MBS766198) and B-catenin (non-phospho active, cat. #
MBS7269476), and from Cusabio (Wuhan, China) for the
antiapoptotic biomarker Bcl-2 (cat. # CSB-E08854r). The
experimental procedures for all utilized kits were meticu-
lously executed in strict accordance with the manufac-
turer’s guidelines.

Histological examination

The hearts from two representative animals per group
[40] were carefully excised in their entirety and meticu-
lously dissected to remove any adhering connective tis-
sue and major blood vessels. Immediately following
extraction, the hearts were immersed in a fixative solu-
tion comprising 10% formalin saline to preserve tissue
integrity and prevent autolysis. After fixation, the speci-
mens were dehydrated through a graded series of ethanol
solutions, cleared in xylene, and subsequently embedded
in paraffin to facilitate sectioning. Thin tissue sections
were then cut using a microtome, mounted onto glass
slides, and stained with hematoxylin and eosin (H&E)
to highlight cellular and structural details. The prepared
slides were examined under a light microscope to assess
histopathological changes associated with I/R injury and
the effects of the administered treatments.

Immunohistopathology assay

Paraffin-embedded cardiac tissue sections were mounted
on positively charged slides by using avidinbiotin—per-
oxidase complex (ABC) method. Sections from each
group were then incubated with these primary antibod-
ies targeting caspase-3 (ABclonal; cat. # A11953; USA);
then, the reagents required for ABC method were added
(Vectastain ABC-HRP kit, Vector laboratories). Marker
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expression was labeled with peroxidase and colored with
diaminobenzidine (DAB, produced by Sigma) to detect
antigen—antibody complex. Negative controls were
included using non-immune serum in place of the pri-
mary or secondary antibodies. IHC stained sections were
examined using an Olympus microscope (BX-63).

Quantitative analysis of staining was conducted by
determination of reaction area percentage in 7 micro-
scopic fields using Image] 1.53t, Wayne Rasband and
contributors, National Institutes of Health, USA.

AAR and infarct size measurements, histopathological
changes, and immunohistochemical analysis were per-
formed by a pathologist blinded to experimental group
allocation.

Molecular docking

A virtual molecular docking study was performed using
Discovery Studio 4.0 to investigate the potential mecha-
nisms of action of geraniol and CoQ10 against glyco-
gen synthase kinase-3 beta (GSK-3p) and nuclear factor
kappa B (NF-kB). The three-dimensional structures of
geraniol and CoQ10 were retrieved from the PubChem
database in SD file format. The ligands were prepared by
applying the CHARMm force field and MMFF partial
charges, followed by energy minimization.

The crystal structure of GSK-3p complexed with an
inhibitor [41] (PDB ID: 4ACD) was obtained from the
Protein Data Bank. The protein structure was examined
for missing residues and corrected accordingly, hydrogen
atoms were added, and the same force field was applied.
Energy minimization was performed using the Adopted
Basis Newton—Raphson (NR) algorithm for 2000 steps.
The active site of the receptor was defined based on the
binding region of the co-crystallized reference inhibitor,
3-amino-6-{4-[(4-methylpiperazin-1-yl)sulfonyl]phenyl}-
N-pyridin-3-ylpyrazine-2-carboxamide (GR9). Subse-
quently, the C-Docker protocol was utilized to dock the
reference inhibitor, geraniol, and CoQ10 into the active
site of GSK-3p. For each ligand, ten distinct binding con-
formations were generated along with their correspond-
ing C-Docker interaction energies) in Kcal/mol. Docking
validation was obtained via redocking of the complexed
inhibitor (GR9) from protein data bank, and ligand align-
ment was performed where generated RMSD was 1.03 A.

Similarly, the crystal structure of human NF-«kB p52
bound to DNA [42] (PDB ID: 1A3Q) was retrieved and
prepared using the same procedure. The potential bind-
ing site was identified from the reported inhibitory cavi-
ties within the structure. Geraniol and CoQ10 were then
docked into the NF-kB binding site using the C-Docker
protocol.

Molecular dynamic simulations were conducted in
Discovery Studio 4.0 using a combination of the Steepest
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Descent and Conjugate Gradient algorithms for energy
minimization over 1000 steps. The simulations were car-
ried out in three phases, namely heating, equilibration,
and production over a temperature range of 50-300 K
and for a total simulation time of 200 ns under an num-
ber of particles, volume, and temperature (NVT) ensem-
ble, employing a leap-frog integrator with a time step of
1,000 and explicit solvent model BMSW (Boltzmann—
Simple Switching) [43]. The resulting trajectories were
analyzed to determine total energy (kcal/mol) as a func-
tion of time (ns), as well as van der Waals and hydrogen
bonding energies. Additionally, root-mean-square devia-
tion (RMSD) and root-mean-square fluctuation (RMSF)
analyses were performed to evaluate conformational sta-
bility and residue flexibility.

Statistical analysis

Based on data obtained from 6 to 8 animals per group,
all values are expressed as the mean*SD. For all the
assessed values, homoscedasticity test was conducted
using Bartlett’s test. Statistical analyses were conducted
using a one-way analysis of variance (ANOVA) to assess
differences among groups, followed by Tukey’s post hoc
test for multiple comparisons. For the parameters where
the assumption of homogeneity of variances is violated,
the Welch’s ANOVA test is used followed by Games-
Howell’s multiple comparison test. A probability value (P)
of less than 0.05 was considered statistically significant.
Pearson’s correlation coefficient was calculated to assess
the correlation between GSK-3f and (-catenin, between
GSK-3p and the rest of the markers, and between
[-catenin and NF-kB. All statistical procedures and rep-
resentations of the data were generated using GraphPad
Prism version 8.0.

Results

Geraniol and/or CoQ10 attenuate ST-segment elevation
following myocardial I/R affront

As illustrated in Fig. 2, panel (A) shows electrocardio-
graphic (ECG) recordings, while panel (B) quantifies
ST-segment elevation during ischemia. At the onset of
ischemia, a modest yet significant increase in the ST seg-
ment was detected relative to the sham group. This eleva-
tion progressed throughout the ischemic phase, reaching
approximately 1.7-fold of sham values.

Panel (C) demonstrates the reperfusion phase, where
ST-segment elevation further intensified upon reperfu-
sion initiation and remained significantly elevated at the
end of the reperfusion period. Pre-treatment with geran-
iol, CoQ10, or their combination mitigated these altera-
tions, with the combined regimen restoring ST-segment
values closest to baseline.
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Geraniol and/or CoQ10 reduce myocardial infarct size
Myocardial I/R injury produced a marked infarct size
reaching 66.23% of the area at risk (AAR). Precondi-
tioning with geraniol, CoQ10, or their combination sig-
nificantly limited infarct expansion, with the combined
regimen exerting the most pronounced cardioprotective
effect (Fig. 3A-C).

Geraniol and/or CoQ10 suppress myocardial injury
biomarkers

As shown in Fig. 4, I/R injury induced a substantial rise
in cardiac biomarkers, including (A) CK-MB, (B) cTn-I,
and (C) LDH, which increased by approximately 4-, 6.6-,
and 3.9-fold, respectively, compared to sham. Pre-treat-
ment with geraniol and/or CoQ10, however, significantly
blunted these elevations. Notably, geraniol alone and in
combination with CoQ10 nearly normalized these bio-
markers, indicating robust cardioprotection.

Geraniol and/or CoQ10 preserve myocardial
histoarchitecture

As depicted in Fig. 5, representative myocardial histol-
ogy sections reveal that (A, B) control groups exhibited
intact cardiac architecture with well-organized fibers,
clear striations, and absence of inflammatory infiltration.
In contrast, (C, D) I/R injury resulted in severe structural
disruption, including vascular congestion [V], inflamma-
tory cell infiltration [M], and myocardial degeneration
[D]. Pre-treatment with (E, F) geraniol or (G, H) CoQ10
markedly attenuated these alterations, while (I, J) their
combination conferred superior preservation of myocar-
dial structure [My].

Geraniol and/or CoQ10 modulate the cardiac GSK-3f3/
B-catenin/Bcl-2 /caspase-3 trajectory in rats subjected

to I/R injury

Induction of I/R injury (Fig. 6) significantly activated pro-
apoptotic signaling, evidenced by a sixfold increase in
myocardial GSK-30, accompanied by marked reductions
in B-catenin and Bcl-2 levels by 75% and 84%, respec-
tively. Pre-treatment with geraniol, CoQ10, or their com-
bination significantly reversed these alterations, with the
combination almost completely restoring axis homeo-
stasis. Similarly, immunohistochemical analysis (Fig. 7)
revealed a dramatic increase in caspase-3 expression
(63-fold) in the I/R group. However, all treatments signif-
icantly reduced caspase-3 expression, with the combina-
tion exerting the most pronounced suppression reaching
95% decrease in caspase-3 expression.
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Fig. 2 Effect of preconditioning with geraniol and/or CoQ10 regimens on ST-segment elevation. A Representative ECG records, B onset and end
of the ischemic phase, and C onset and end of the reperfusion phase. Data of 6-8 animals were presented as mean + SD. Welch's ANOVA (ischemia)
followed by Games-Howell's multiple comparison test and one-way ANOVA followed by Tukey's post hoc test (reperfusion) were adopted to assess
significant differences. A probability value (P) of less than 0.05 was considered statistically significant
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Fig. 3 Effect of geraniol and/or CoQ10 on A the area at risk (AAR),
B infarcted area, and C percent of infarcted area to AAR using
methylene blue and TTC, respectively, in rats subjected to I/R injury
(n=2, each of 4 sections). The AAR was defined as regions not stained
with blue dye, shown in the upper panels, and the infarct area
was defined as regions not stained with TTC (white area), shown
in the lower panels. The infarct size, or the percent infarct area,
was evaluated as a percentage of the infarct area relative to the area
at risk. Data of 8 observations were presented as mean =+ SD.
One-way ANOVA followed by Tukey’s post hoc test was adopted
to assess significant differences. A probability value (P) of less than
0.05 was considered statistically significant. AAR: area at risk; TTC:
2,3,5-triphenyltetrazolium chloride

Geraniol and/or CoQ10 restore redox balance in rats
subjected to I/R injury

As shown in Fig. 8, I/R injury induced severe oxidative
duress, reflected by a 389% increase in (A) MDA levels,
alongside depletion of the defense molecules (B) GSH
and (C) SOD. Treatment with geraniol and/or CoQ10,
on the other hand, restored antioxidant defenses and
reduced lipid peroxidation, with the combined regimen
demonstrating superior efficacy.
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Combined geraniol and CoQ10 regimen mitigate
myocardial inflammatory markers in rats subjected to I/R
injury

Figure 9 shows that I/R injury triggered a robust inflam-
matory response, evidenced by about fivefold elevations
in the transcriptional regulator (A) p(S536)-NF-«kB and
(B) TNF-a. This upsurge extended to cause around
4.5-fold elevation in the neutrophil infiltration-related
markers (C) ICAM-1 and (D) MPO. All treatments sig-
nificantly attenuated these inflammatory mediators,
with the combination therapy restoring several param-
eters to near-sham levels. Notably, geraniol exhibited
stronger effects on ICAM-1 normalization, whereas
CoQ10 produced partial attenuation.

Correlation analysis between GSK and assessed
parameters

Pearson’s correlation analysis revealed strong associa-
tions between GSK-3f and multiple pathological mark-
ers, as well as B-catenin and NF-kB. As shown in Fig. 10,
GSK-3p showed strong positive correlations (P<0.0001)
with injury, oxidative, and inflammatory markers and
strong negative correlations with antioxidant and antia-
poptotic indices. Conversely, B-catenin negatively cor-
related with NF-kB, reinforcing the interconnected
regulatory role of this signaling axis.

Geraniol and CoQ10 possible inhibition of GSK3f

and NF-kB

Since activated GSK-3f is strongly implicated in the
pathogenesis of cardiac disorders and promotes NF-«B
activation, thereby sustaining pro-inflammatory signal-
ing, both GSK-3p and NF-kB represent interconnected
therapeutic targets. This rationale guided their selec-
tion in the present in silico study to explore the poten-
tial inhibitory mechanisms of geraniol and to compare its
activity with CoQ10.

Molecular docking was then performed to assess
the inhibitory potential of geraniol and CoQ10 against
GSK-3p relative to the co-crystallized reference ligand
(GRY). As illustrated in Fig. 11, the reference complex
formed hydrogen—bond interactions with key residues
Argl48, Argldd, Tyrl40, Glu249, Alal43, and Glu253,
exhibiting a—(C-docker interaction energy) of -19.56
kcal/mol. In comparison, geraniol demonstrated compa-
rable binding behavior, forming hydrogen bonds with the
critical residues Argl48 and Tyr140, with a—(C-docker
interaction energy) of -10.69 kcal/mol and RMSD of 2.03
A in ligand validation overlay study. In contrast, CoQ10
displayed a—(C-docker interaction energy) of — 39.21
kcal/mol but interacted with non-essential residues,
including Ser215, Tyr216, and Ile228 through hydrogen
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dehydrogenase

bonding, as well as m-interaction with Arg228, located Subsequent docking studies against NF-kB revealed
away from the active binding site. that geraniol was successfully accommodated within the
inhibitory cavity (A1/A2 pockets) (Fig. 12) compared to
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key interacting residues reported in the literature [44],
exhibiting an interaction energy of — 25.99 kcal/mol and
forming hydrogen bonds with His105 and Lys153, similar
to the literature study on natural compounds, along with
ni-interactions involving Alal04 and Ile119. Conversely,
CoQ10 failed to occupy the inhibitory binding pocket of
NF-«B.

These docking findings were further validated by
molecular dynamics simulation studies performed on
both the free and geraniol-bound forms of GSK3p and
NF-kB over a 200-ns simulation period. The total energy
of free GSK-3p ranged from — 10,590 to — 10,806 kcal/
mol, while the geraniol-bound complex exhibited a com-
parable and stable range of — 10,610 to — 10,732 kcal/
mol (Fig. 13). Similarly, free NF-kB displayed total energy
values between — 9693 and — 9783 kcal/mol, whereas
the geraniol-bound system maintained a stable energy
profile.

Analysis of hydrogen bonding further supported the
enhanced stability of the geraniol-protein complexes.
Free GSK-3B exhibited hydrogen bonding energies
between — 2397 and — 2524 kcal/mol, which slightly
increased upon geraniol binding (— 2378 to — 2535 kcal/
mol), indicating additional stabilizing interactions. Like-
wise, the hydrogen bonding energy of free NF-«xB (— 1829
to — 1933 kcal/mol) increased in the presence of geraniol
(— 1848 to — 1975 kcal/mol).

As depicted in Fig. 14A, trajectory analysis demon-
strated that the root-mean-square deviation (RMSD) of
free GSK-3B ranged from 1.55 to 3.34 A, while the geran-
iol-bound complex fluctuated between 1.12 and 10.29
A, with minor deviations observed in the later stages of
the simulation. For NF-kB, the RMSD of the free pro-
tein ranged from 1.66 to 6.76 A, whereas the geraniol-
bound form exhibited improved stability, ranging from
1.65 to 5.07 A. Furthermore, RMSF analysis across amino
acid residues (Fig. 14B) indicated that geraniol binding
induced local conformational fluctuations within accept-
able limits, without compromising the overall structural
integrity of either protein system.

(See figure on next page.)
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Discussion

This study provides the first evidence that combined
administration of geraniol and CoQ10 is associated with
enhanced cardioprotection against myocardial I/R injury.
While each compound conferred notable cardioprotec-
tion, their combination was accompanied by greater
improvement in myocardial histoarchitecture and reduc-
tion of ST-segment elevation, infarct size, and injury
biomarkers (CK-MB, cTn-1, LDH). To different extents,
all treatments also counteracted apoptosis in associa-
tion with modulation of the GSK-3p/B-catenin/Bcl-2/
caspase-3 axis, restoring redox equilibrium, suppressing
inflammatory cascades, and inhibiting ICAM-1/MPO
hub, thereby reducing neutrophil infiltration and high-
lighting their potent anti-inflammatory effects.

Although animal I/R models do not fully emulate
human STEMI complexity, they recapitulate key path-
ological features, including ischemia resulting from
coronary artery obstruction, followed by blood flow
restoration, which bizarrely aggravates myocardial
impairment [4, 31]. Both also provoke ST-segment
elevation, infarct formation, and elevated cardiac bio-
markers, supporting their translational relevance to
align with our findings and others [45, 46].

Reduction of infarct size represents a pivotal deter-
minant in assessing cardioprotective efficacy during
I/R injury [47]; accordingly, the ability of CoQ10 to
minimize infarct size, associated with improved myo-
cardial performance, underscores its cardioprotective
effects to align with a prior report [48, 49]. Notably,
although geraniol has not been previously explored in
the context of I/R injury, our findings revealed its abil-
ity to diminish infarct size expansion to coincide with
a previous evidence from isoproterenol-induced cardi-
otoxicity model, indicating its capacity to limit infarct
extension and attenuate cardiac biomarker release [27],
suggesting a potential cardioprotective profile.

On the molecular level, the GSK-3B/p-catenin cas-
cade has been recognized as an important contribu-
tor to the pathophysiology of myocardial I/R injury [5,
14]. GSK-3p, a key regulatory kinase, governs B-catenin
degradation and thereby influences multiple cellular
processes relevant to cardiovascular integrity [50]. In

Fig. 5 Photomicrographs of myocardial tissue sections from rats subjected to I/R (H & E stain, X40 [left], and X80 [right]; n=5 non-overlapped
sections of 2 animals). Panels A & B display the normal histoarchitecture of the myocardial bundles [My] in the sham group, characterized by tightly
aligned fibers with a transverse orientation, centrally located nuclei, intact blood vessels, and the absence of infiltrated inflammatory cells

in the interstitial space. Conversely, the deleterious effects of I/R injury are evident in panels C & D, showing severe congestion in the myocardial
blood vessels [V] along with focal infiltration of inflammatory cells [M] in the degenerated myocardium [D]. Pre-administration of either E

& F geraniol or G & H CoQ10 markedly attenuated I/R-induced damage, as illustrated by the preservation of myocardial bundles, absence

of vascular congestion, and reduced inflammatory infiltration. In line with biochemical findings, the section of 1 & J combined pre-administration
of both agents provided the highest degree of myocardial protection against I/R insult
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Fig. 5 (Seelegend on previous page.)
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Fig. 6 Effect of preconditioning with geraniol and/or CoQ10 on myocardial contents of A GSK-33, B 3-catenin, and C Bcl-2 in rats subjected to I/R
insult. Data of 6 observations were presented as mean + SD. Welch's ANOVA test followed by Games-Howell's multiple comparison test was adopted
to assess significant differences. A probability value (P) of less than 0.05 was considered statistically significant. Bcl-2: B-cell lymphoma-2; CoQ10:

coenzyme Q10; GSK-3f3: glycogen synthase kinase-3beta

the present study, the observed biochemical profile sug-
gests a potential association between the cardioprotec-
tive effects of CoQ10 and/or geraniol and alterations
in this axis. Specifically, the aptitude of these agents

to reduce GSK-3p levels in parallel with increased
B-catenin expression may indicate a possible involve-
ment of this pathway in their cardioprotective poten-
tial, although direct evidence of pathway participation
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Fig. 7 Photomicrographs of caspase-3 immunostaining. A, B Sham panels showing negative expression of caspase 3 in cardiac muscle fibers,
whereas C, D the I/R group revealing severe positive expression for the enzyme (arrow). Pretreatment with E, F geraniol shows mild positive
expression of caspase 3 (arrow), while G, H the CoQ10 group shows moderate positive expression of caspase 3 (arrow). A negative immune
expression of caspase-3 was detected in I, J the combination treated group. Panel K illustrates values of reaction area % of caspase 3 presented
as means + SD. Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test; P<0.05. ANOVA, analysis of variance; CoQ10:
coenzyme Q10; ger: geraniol; I/R: ischemia reperfusion; Sh: sham
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Fig. 8 Effect of pre-administration of geraniol and/or CoQ10 on myocardial contents of A MDA, B GSH, and C SOD activity in rats subjected to I/R
injury. Data of 6 observations were presented as mean + SD. One-way ANOVA followed by Tukey's post hoc test was adopted to assess significant
differences. CoQ10: coenzyme Q10; MDA: malondialdehyde; GSH: reduced glutathione; SOD: superoxide dismutase

needs to be verified. In the same vein, former reports
have shown that modulation of this pathway is linked
to cardioprotective outcomes of naringenin [51] and
aloperine [52], which preserved p-catenin levels while

reducing GSK-3f activity. Moreover, activation of

Wnt/B-catenin signaling has been reported to mitigate
cardiac malformations induced by 4-tert-octylphe-
nol [53]. In the same context, a recent review under-
scored GSK-3fB inhibitors as particularly captivating

therapeutic candidates due to their capacity to fine-
tune pivotal molecular pathways implicated in myocar-
dial I/R injury [5].

Moreover, the association between reduced GSK-3f
activity and enhanced cardiac function, cardiomyocyte
survival, and a decline in cardiac injury markers (cIn-
I, LDH, CK-MB) has been recorded earlier [54, 55] to
align with the present finding, where GSK-3 levels were
observed to vary in parallel with these injury markers.
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Fig. 9 Effect of pre-administration of geraniol and/or CoQ10 on myocardial contents of A p(5536) NF-kB, B TNF-a, C ICAM-1, and D MPO in rats

subjected to I/R injury. Data of 6 observations were presented as mean + SD. Welch's ANOVA test followed by Games-Howell's multiple comparison
test was adopted to assess significant differences. A probability value (P) of less than 0.05 was considered statistically significant. CoQ10: coenzyme
Q10; ICAM-1: intercellular adhesion molecule-1; MPO: myeloperoxidase; p(5536)-NF-kB: phosphorylated nuclear factor kappa B at serine 536; TNF-a:

tumor necrosis factor alpha

Additionally, higher GSK-3B levels were associ-
ated with amplified oxidative stress, inflammation,
and apoptosis, whereas treatment with the examined
agents coincided with attenuation of these alterations,
highlighting their antioxidant, anti-inflammatory, and
antiapoptotic capacities. Moreover, elevated GSK-3f3
levels correlated positively with MDA, MPO, ICAM-1,
TNF-a, and NF-kB, whereas negative correlations were
observed with antioxidant defenses (GSH, SOD) and

the antiapoptotic marker Bcl-2. Furthermore, GSK-3f
exhibited an inverse relationship with B-catenin, which
in turn negatively correlated with NF-kB, in agree-
ment with a previous report in a hepatic I/R model
[56]. Collectively, these findings support an association
between the GSK-3[B/B-catenin axis and myocardial
injury-related processes; however, they do not establish
a direct mechanistic role in the current experimental
setting.
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Fig. 10 Person’s correlation coefficient analysis (P <0.0001) shows strong positive correlations between strong negative correlations

between GSK-3f3 and A B-catenin, F Bcl-2, G GSH, J SOD with strong positive correlations between GSK-33 and B cTn-1, C LDH, D CK-MB, E MPO,

H MDA, I ICAM-1, KTNF-alpha, and L NF-«B. Meanwhile, B-catenin has strong negative associates with M NF-kB. Bcl-2: B-cell lymphoma 2; CK-MB:
creatine kinase-MB isoenzyme; cTn-1: cardiac Troponin I; GSH: reduced glutathione; p-GSK3[: glycogen synthase kinase-3 beta phosphorylated

at serine 9; ICAM-1: intercellular adhesion molecule 1; LDH: lactate dehydrogenase; MDA: malondialdehyde; MPO: myeloperoxidase; p(S536)-NF-kB:
nuclear factor kappa B phosphorylated at serine 536; SOD: superoxide dismutase; TNF-a: tumor necrosis factor alpha; r, Pearson’s correlation

coefficient

During reperfusion, excessive ROS generation and
inflammatory responses exacerbate myocardial damage.
ROS promote lipid peroxidation [57], overwhelm antioxi-
dant defenses [57, 58], and impair myocardial function
[59]. In the present study, geraniol and CoQ10, particu-
larly in combination, were associated with reduced lipid
peroxidation and restoration of GSH and SOD, consist-
ent with their antioxidative effects reported in non-
cardiac [26, 60] and cardiac injury models [19, 27, 49,
61, 62]. Although these effects coincided with changes
in GSK-3p and pB-catenin, a direct mechanistic link
needs to be established. Previous evidence suggests that
GSK-3p may contribute to mitochondrial dysfunction

and ROS generation [63] and redox imbalance [64], while
B-catenin elevation mitigates ROS [65].

Beyond oxidative damage, ROS trigger inflammatory
cascades via cytokine induction [9]. In line with this,
I/R elevated NF-kB and TNF-«, while treatment with
geraniol and/or CoQ10 coincided with reductions in
these markers, supporting their anti-inflammatory pro-
file, as previously reported [27, 66]. Notably, GSK-3f3
has been previously implicated in the modulation of
inflammatory pathways, including those involving
NF-kB and downstream cytokine expression [14, 67,
68]. Moreover, GSK-3p has been linked to inflamma-
tory regulation in other models, including hepatocyte
injury and TNF-a-mediated responses [69]. In line with
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this, the present data demonstrated that NF-kB levels
were elevated in the I/R model and positively correlated
with GSK-3B, while treatment with geraniol and/or
CoQ10 coincided with reductions in both markers, fur-
ther supporting a potential association between GSK-
3pB-related signaling and inflammatory responses under
these conditions.

Oxidative stress and inflammation also contribute to
endothelial dysfunction and neutrophil infiltration [70].
Consistently, I/R increased ICAM-1 expression and MPO
activity [71], reflecting enhanced neutrophil recruitment
[72]. The ability of geraniol and CoQ10 to attenuate
these markers was associated with reduced inflamma-
tory burden to coincide with previous studies showing
reduced ICAM-1 and MPO in various models [23, 26,
73, 74]. Given the established contribution of neutro-
phils to infarct expansion [75, 76], these findings may
partly explain the observed reduction in infarct size and
improved cardiac function [77], although causality can-
not be inferred. The role of GSK-3f in modulating neu-
trophils’ infiltration cannot be ruled out, where an earlier
study proved that inhibition of this kinase resulted in a
decrease in both ICAM-1 and MPO [78]. Whether this
holds true for geraniol and/or CoQ10 needs to be proven.

Myocardial I/R induces cardiomyocyte demise is medi-
ated through apoptosis and/or necrosis, with apoptosis
being the predominant mode [79], regulated by Bcl-2
family proteins [80]. In the present study, precondition-
ing with any of the tested agents and especially their com-
bination opposed the apoptotic role of I/R and increased
Bcl-2 while reduced caspase-3, indicating their antiapop-
totic potentials, consistent with prior reports for geraniol
[26] and CoQ10 [81]. The protective role of Bcl-2 in lim-
iting ischemic injury has been previously demonstrated
[82], which may be partly related to the modulation of
GSK-3p/B-catenin axis. This notion was verified ear-
lier, where previous studies suggest that GSK-3f activity
is linked to apoptotic signaling [82], and that increased
[-catenin may influence Bcl-2 expression [12].

Furthermore, the inhibitory interaction of geraniol on
GSK-3p was examined in silico and comparatively evalu-
ated against CoQ10 to clarify its mechanism of action.
Consistent with the biochemical pattern demonstrating
the superior efficacy of geraniol over CoQ10, molecular
docking and dynamics analyses revealed that geraniol
effectively occupied the inhibitory binding site of GSK-3
through key hydrogen bonds with Tyr140 and Argl4s,
whereas CoQ10 interacted with less relevant residues
distant from the active site. Moreover, molecular dynam-
ics simulations and trajectory analyses revealed that the
geraniol-GSK-3p complex exhibited stability comparable
to that of the free protein. The formation of hydrogen
bonds and the observed stable fluctuations suggest that
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geraniol might induce conformational changes in GSK-3f3
that may be associated with effective inhibition. Likewise,
geraniol, but not CoQ10, successfully bound the inhibi-
tory site of NF-kB, further confirming the concordance
between the computational and experimental findings
and the molecular dynamics simulations and trajec-
tory analyses further confirmed the high stability of the
geraniol-NF-kB complex relative to the free NF-kB pro-
tein. The RMSD values remained low and consistent, and
the fluctuations were steady throughout the simulation
period. These findings indicate the formation of stable
hydrogen bonds between geraniol and NF-«kB, suggest-
ing potential structural and functional changes consistent
with inhibitory activity.

Although the study offers important observations,
some limitations merit consideration. The use of a pre-
treatment experimental design may limit direct clini-
cal translation to acute myocardial infarction settings,
where interventions are typically administered after
ischemic onset. In addition, allocation of animals to
different endpoints resulted in relatively small sample
sizes for certain assays (e.g., histology and area at risk),
which may influence the robustness of these outcomes
despite alignment with common practice in I/R stud-
ies. Although alterations in GSK-3p and [B-catenin were
observed, the absence of direct mechanistic validation
precludes definitive conclusions regarding the underlying
mechanisms, and thus the findings should be interpreted
as associative rather than causal. Furthermore, the use of
a single animal species and sex may limit generalizabil-
ity across biological contexts. The lack of long-term out-
come assessment also precludes conclusions regarding
sustained cardioprotective effects or potential delayed
adverse consequences.

Conclusion

Our investigation is the first to highlight the cardiopro-
tective potential of geraniol, either independently or
in synergy with CoQ10, in mitigating myocardial I/R-
induced damage, with their combination exhibiting
superior efficacy. Additionally, this study accentuates a
potential association between modulation of GSK-3p
and attenuation of I/R-driven pathological events,
including inflammatory responses, oxidative stress, neu-
trophil infiltration, and apoptotic cell loss. These coor-
dinated changes were accompanied by reduced infarct
size, diminished ST-segment elevation, lower cardiac
biomarkers, and preservation of myocardial histoarchi-
tecture, supporting the therapeutic potential of this
combinatorial approach. However, further studies are
required to validate the direct involvement of GSK-3f
in these cascades and to elucidate the mechanistic basis
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underlying the cardioprotective effects of geraniol and
CoQ10. Future investigations should focus on defin-
ing the precise molecular mechanisms of their potential
synergy, evaluating long-term outcomes, and assessing
their translational relevance in clinically representative
models.
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