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Abstract
Context: Thymol and carvacrol are components of many essential oils known to exert smooth muscle relaxation.

Aims: To evaluate the relaxant effect of thymol, carvacrol, and their acetate derivatives on isolated tracheal and penile corpus cavernosum smooth muscles of
guinea pigs, assess aphrodisiac activity in rats, and explore the potential biological targets via network pharmacology and molecular docking.

Methods: Organ bath experiments were conducted to assess ex vivo relaxant effect, while in vivo aphrodisiac activity was evaluated in rats by monitoring mount
latency, mount frequency, intromission latency, intromission frequency, and ejaculation latency. Computational methods were used to predict
pharmacokinetic and physicochemical properties, as well as potential gene targets for the compounds. Molecular docking was performed to study interactions
with BK potassium channels, which were suspected to mediate the relaxant effects.

Results: Thymol acetate produced the most relaxant effect on bronchial and penial muscles, followed by thymol, carvacrol acetate, and then carvacrol.
Iberiotoxin prevented this relaxant effect, confirming the involvement of potassium channels. Administration of thymol and thymol acetate to rats significantly
improved all aphrodisiac parameters. Computational analysis revealed a high number of gene targets, including potassium channels. Molecular docking
revealed the acetylated variants to bind to a modulatory interface within BK potassium channels. Furthermore, binding was similar to a known allosteric
channel activator.

Conclusions: Acetylation of thymol enhanced its bronchodilator, erectogenic, and aphrodisiac activities. Computational analysis suggests interaction with
genes encoding potassium channel domains. Molecular docking identified a modulatory pocket within BK potassium channels in which the acetylated
analogues bind similarly to a reference ligand.

Keywords: aphrodisiacs; carvacrol; computational analysis; molecular docking simulation; potassium channels; thymol.

Resumen
Contexto: El timol y el carvacrol son componentes de muchos aceites esenciales que se sabe que ejercen una relajacién del misculo liso.

Objetivos: Evaluar el efecto relajante del timol, del carvacrol y de sus derivados, el acetato, en los misculos lisos aislados de la traquea y del cuerpo cavernoso
del pene de cobayas, evaluar la actividad afrodisiaca en ratas y explorar los posibles objetivos biolégicos mediante farmacologia en red y acoplamiento
molecular.

Métodos: Se realizaron experimentos de bafio de 6rganos para evaluar el efecto relajante ex vivo, mientras que la actividad afrodisiaca in vivo se evalud en ratas
mediante el seguimiento de la latencia de la montura, la frecuencia de la montura, la latencia de intromisidn, la frecuencia de intromisidn y la latencia de la
eyaculacién. Se utilizaron métodos computacionales para predecir propiedades farmacocinéticas y fisicoquimicas, asi como posibles objetivos diana para los
compuestos. Se realizd un acoplamiento molecular para estudiar las interacciones con los canales de potasio BK, que se sospechaba que mediaban los efectos
relajantes.

Resultados: El acetato de timol produjo el mayor efecto relajante sobre los misculos bronquiales y penianos, seguido por el timol, el acetato de carvacrol y
luego el carvacrol. La iberiotoxina impidid este efecto relajante, lo que confirma laimplicacidn de los canales de potasio. La administracion de timoly de acetato
de timol a ratas mejor¢ significativamente todos los pardmetros afrodisiacos. El analisis computacional revel6 una gran cantidad de objetivos genéticos,
incluyendo canales de potasio. El acoplamiento molecular revelé que las variantes acetiladas se unen a una interfaz moduladora dentro de los canales de
potasio BK. Ademas, la unién fue similar a la de un activador de canal alostérico conocido.

Conclusiones: La acetilacion del timol mejord sus actividades broncodilatadoras, erectogénicas y afrodisiacas. El andlisis computacional sugiere unainteraccion
con genes que codifican dominios del canal de potasio. El acoplamiento molecular identific6 un bolsillo modulador dentro de los canales de potasio BK en el
que los analogos acetilados se unen de manera similar a un ligando de referencia.

Palabras Clave: afrodisiacos; carvacrol; analisis computacional; simulacién de acoplamiento molecular; canales de potasio; timol.
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Abbreviations: CAR: Carvacrol; CAR-Ac: Carvacrol acetate; CCh: Carbamylcholine; CCSM: Copus cavernosum smooth muscles; CE:
Copulatory efficiency; CRCs: Concentration response curves; CTD-VSD: Cytosolic tail domain-voltage sensing domain; DC: Degree of
centrality; EL: Ejaculation latency; FDR: False discovery rate; HRMS: High-Resolution Mass Spectrometry; IF: Intermission frequency; IL:
Intermission latency; MF: Mount frequency; MHz: Megahertz; ML: Mount latency; NMR: Nuclear Magnetic Resonance; PE: Phenylephrine;
PPIs: Protein-protein interactions; PSS: Physiological salt solution; SC: Sildenafil citrate; THY: Thymol; THY-Ac: Thymol acetate; TLC: Thin
Layer Chromatography; UPLC RS: Ultra-Performance Liquid Chromatography Resolution System.

INTRODUCTION

Thymol (THY) is a member of the monoterpenes
present in members of the Lamiaceae family, especially
Thymus species, including Thymus vulgaris. THY is also
abundant in Trachyspermum ammi fruits, a member of
the Apiaceae family (Lee et al,, 2005; Saeedan et al.,
2024). Carvacrol (CAR), another monoterpene closely
related to THY, is abundant in T. vulgaris and Origanum
species (Baser, 2008). Both compounds possess a reac-
tive hydroxyl group, making their derivatization feasi-
ble (Zielifiska-Btajet & Feder-Kubis, 2020). THY is
widely distributed in essential oils and is associated
with multiple biological activities, including antimi-
crobial (Miladi et al., 2007), anti-inflammatory (Botelho
et al., 2016), wound healing (Riella et al., 2012), and an-
tioxidant (Deng et al., 2016). Due to its minimal tox-
icity, it shows promise as a botanical pesticide (Gao et
al., 2016). THY and THY derivatives were reported to
exert anticancer activity (Kang et al., 2016; Salehi et al.,
2018a; 2018b). CAR possesses antimicrobial, antioxi-
dant, analgesic, antispasmodic, and anti-inflammatory
activities amongst others (Tohidi et al., 2020; Zhang et
al., 2018; Zieliriska-Blajet & Feder-Kubis, 2020). CAR
has also been reported to possess anticancer activity
via decreasing the expression of matrix metalloprote-
ase 2 and 9 (Bayir et al.,, 2019). Furthermore, CAR-
derived Schiff base derivatives were reported to ex-
hibit anti-lung cancer activity (Bansal et al., 2022). Cru-
cially, THY derived from Trachyspermum ammi fruits
has been shown to activate various K* channel sub-
types, resulting in a bronchodilator action (Saeedan et
al., 2024).

The erectogenic and aphrodisiac properties of THY
and CAR, however, have not been thoroughly studied,
and it is unknown whether structural modification can
enhance their pharmacological effects. Acetylation of
the hydroxyl group is a simple chemical modification
that may alter its physicochemical properties, target af-
finity, and bioactivity. However, no study has assessed
the bronchodilator and aphrodisiac effects of acety-
lated THY and CAR derivatives, nor investigated the
molecular mechanisms underlying these actions.

The current investigation aimed to close this gap by
(i) assessing the potential ex vivo bronchodilator and
erectogenic activities of THY, CAR, and their acetate
derivatives using isolated tracheal and corpus caver-
nosum smooth muscles (CCSM) of guinea-pigs, (ii) es-
timate the in vivo aphrodisiac activity of THY and
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thymol acetate (THY-Ac) in Wistar rats; and (iii) ex-
plore possible targets and processes, with a focus on
BK-type potassium channels, using computational
techniques like network pharmacology, pharmacoki-
netic prediction, and molecular docking (Zhang et al.,
2024).

MATERIAL AND METHODS

General

1H, BC-NMR, and 2D-NMR data were collected on
a Bruker UltraShield Plus 500 MHz spectrometer at the
NMR Unit, College of Pharmacy, Prince Sattam Bin
Abdulaziz, operated at 500 MHz for protons and
125 MHz for carbon atoms, respectively. Chemical
shift values were reported in 0 (ppm) relative to the re-
sidual solvent peaks. Coupling constants (J) were re-
ported in Hertz (Hz). HRMS were determined by di-
rect injection using Thermo Scientific UPLC RS Ulti-
mate 3000 - Q Exactive hybrid quadrupole-Orbitrap
mass spectrometer, which combines high-performance
quadrupole precursor selection with high-resolution,
accurate-mass (HR/AM) Orbitrap™ detection. Silica
gel 60/230-400 mesh (EM Science), RP C-18 silica gel
40-63/230-400 mesh (Fluka) were used for column
chromatography. The thin-layer chromatography
(TLC) analysis was performed on Kiesel gel 60 F254
and RP-18 F254 (Merck) plates. A UV lamp (Entela
Model UVGL-25) operating at 254 nm was used to de-
tect spots on the TLC plates.

Chemicals and drugs

Sildenafil citrate (SC) (Pfizer Inc., USA), hydroxy-
progesterone (Bayer Pharma AG, Germany), and estra-
diol benzoate (Misr Co. for Pharm. Ind., Egypt) were
used. Compounds were prepared with 2% of Tween 80
(Sigma-Aldrich, USA) in water. (R)-(-)-phenylephrine
hydrochloride (PE) and carbamylcholine chloride
(CCh) were purchased from Merck (NJ, USA) (previ-
ously, Sigma-Aldrich). All other chemicals and sol-
vents were of analytical grade.

Synthesis of acetylated derivatives

The acetylated derivatives (Fig. 1) THY-Ac and car-
vacrol acetate (CAR-Ac) were prepared by reacting
THY and CAR with acetyl chloride as previously de-
scribed (Alamri et al., 2024).
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Figure 1. Chemical structures of thymol (THY), thymol acetate (THY-Ac), carvacrol (CAR), and carvacrol acetate (CAR-Ac).
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Figure 2. Flow diagram summarizing the experimental workflow.

Animals

Male guinea-pigs (500-550 g) were procured from
King Saud University and kept at the Animal Care
Unit, College of Pharmacy, PSAU, KSA, maintained at
23-25°C. Male (220-250 g) and female (150-160 g) albino
rats were used for the aphrodisiac study and were ob-
tained from the lab animal unit at the College of Phar-
macy, Prince Sattam bin Abdulaziz University. The ac-
commodation of these animals was regulated to a con-
stant temperature range of 23-25°C. Free access to
drinking water and commercial-grade animal nourish-
ment were provided. All the ex vivo and in vivo experi-
ments performed adhered to the guidelines estab-
lished by the Institute of Laboratory Animal Re-
sources, Commission on Life Sciences, NRC. The
PSAU Bio-Ethical Research Committee approved the
study protocol under the reference numbers SCBR-
324/2024 and SCBR-321/2024, respectively.

Relaxant effects of THY, CAR, THY-Ac, and CAR-
Ac on isolated guinea-pig tracheal smooth muscle

An overview of the biological testing in this study
is depicted in Fig. 2. The trachea from guinea pigs
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sacrificed by cervical dislocation was dissected out and
kept in Krebs’ solution. The tracheal tube was cut into
2-3 mm-wide rings. Each ring was opened by a longi-
tudinal cut on the ventral side, opposite the smooth
muscle layer, forming a tracheal strip with a central
smooth muscle segment between the cartilaginous
portions at the edges (Abdel-Kader et al., 2024). The
preparation was then mounted in a 10 mL tissue bath
containing Krebs’ solution, maintained at 37°C, and
aerated with a mixture of 95% Oz and 5% COx (carbo-
gen). The composition of Krebs” solution was (mM):
NaCl 118.2, NaHCO; 25.0, CaClz 2.5, KCl 4.7, KHoPO4
1.3, MgS0O4 1.2, and glucose 11.7 (pH 7.4). A tension of
1 g was applied to each tracheal strip and maintained
constant throughout the experiment. After an equili-
bration period of at least 60 min, the preparations were
tested for contractile responses to CCh (1 pM), repeat-
edly using an isometric force transducer, connected to
an emkaBATH data acquisition system (France). Once
the tonic contraction became stable, the test materials
were added to the bath in increasing concentrations by
the cumulative method to assess their bronchial relax-
ant activity.
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Relaxant effects of THY, CAR, THY-Ac, and CAR-
Ac on isolated guinea-pig CCSM

After cervical dislocation of the guinea pigs follow-
ing a forceful jerk at the neck, penectomies were per-
formed to isolate the CCSM. CCSM strips were isolated
and cleaned off from the enveloping tunica albuginea
in cool physiological salt solution (PSS) using a magni-
fying glass and a Petri dish. A strip was tied with a
thread knot at one end to fix in the hook, while the
other end of the tissue was tied with a long thread,
which was attached to a transducer to measure the
stretch, and was mounted in a 20 mL water-jacketed
tissue bath containing PSS at 37°C and bubbled contin-
uously with air. The tissues were equilibrated for at
least 45 min without adding any drug, while the bath
buffer was changed to fresh solution at 15-minute in-
tervals. The tissue stretching force was maintained at 1
g in the unstimulated tissues by manually rotating the
knob of the transducer. CCSM strips were then con-
tracted with PE (10 pM). After a peak force was
achieved, different concentrations of the test samples
were added to the tissue bath to obtain the inhibitory
concentration response curves (CRCs), and the results
were expressed as percentage PE-contracted CCSM
(Abdelwahab et al., 2012).

Preparation of male and female rats for aphrodisiac
activity assessment

Male and female rats were prepared for the experi-
ment in accordance with the method of Al-Shdefat et
al. (2016). The male rats were trained sexually by pair-
ing with mature females, three times a day for four
days before commencement of the experiment. Unre-
sponsive males were excluded from the experiment.
Female rats were prepared to receive males sexually by
subcutaneous injection of estradiol benzoate (10
mg/kg body weight, 48 h before test) and progesterone
(1.5 mg/kg body weight, 4 h before test). The sexual
activity of the female rats was confirmed before the ex-
periment by pairing them with non-experimental
males.

Experimental procedure for aphrodisiac activity
assessment

The experiment was conducted 4 h after progester-
one administration in a calm laboratory under faint red
light, in transparent cages measuring 50 x 30 x 30 cm,
as described by Al-Shdefat et al. (2016). Male rats ex-
hibiting reactive sexual behavior were randomly as-
signed to 4 groups (n = 6 per group). The sample size
of six animals per group was selected based on earlier
comparable studies investigating sexual behavior in
rats (Nchegang et al., 2016; Rahman et al., 2023a; Tang
etal., 2017).
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Group I (Normal control): received 1% (v/v) Tween
20 as a vehicle at 5 mL/kg.

Group II (Reference): received SC at a dose of 16
mg/kg.

Groups Il and IV: received THY and THY-Ac at 20
mg/kg.

The 20 mg/kg dose of thymol was selected based
on earlier studies (Fouad et al., 2022) that reported sig-
nificant pharmacological activity at a comparable dose
without adverse effects on animals. The vehicle, SC,
THY, and THY-Ac were administered orally as a single
dose through an orogastric tube.

Sexual behaviour analysis

After 30 min, female rats were introduced to male
cages (1:1 ratio) and the male sexual behaviour was
monitored for one mating series. The in vivo sexual be-
havior assessments were conducted by investigators
blinded to treatment allocation to minimize observer
bias. The parameters of male sexual desire were deter-
mined as mentioned by Besong et al. (2018).

i.  Mount latency (ML): The amount of time that
passes between a female rat being introduced
into a male rat's cage and the initial mount.

ii. ~ Mount frequency (MF): The number of mounts
prior to ejaculation.

iii.  Intromission latency (IL): The time interval be-
tween the introduction of a female rat into the
cage and the male rat's initial intromission.

iv.  Intromission frequency (IF): The number of in-
tromissions prior to ejaculation.

v.  Ejaculation latency (EL): The amount of time
that passes between the initial intromission
and the ejaculation.

Copulatory efficiency (CE) was calculated based on
the previously stated parameters as equation [1].

CE= _r x 100 (1]
MF
The test was considered to be negative if the IL and

EL were > 20 min (Kenmogne et al., 2016).

Statistical analyses

Results are presented as mean + standard error of
the mean (S.E.M.). ECso with 95% confidence intervals
(CI) represents the median effective potency. A p-value
of less than 0.05 was considered a significant result. Re-
laxation CRCs were inspected using non-linear regres-
sion utilizing the GraphPad program (GraphPad, San
Diego, CA, USA).
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Computational determination of physicochemical
and pharmacokinetic properties

The SwissADME database was utilized to quantify
and predict physicochemical and pharmacokinetic
properties, including lipid solubility, rotatable bonds,
hydrogen-bonding, and absorption properties (Daina
etal., 2017).

Virtual screening of genes related to vasodilation
and bronchodilation

Identification of possible biological targets was per-
formed using the GeneCards® database using the
search terms “vasodilation” and “bronchodilation”
(Rebhan et al., 1998). The GeneCards® database com-
prises data on over 350,000 human genes, sourced from
over 150 sources, to identify genes related to biological
functions or disorders. The search term “aphrodisiac”
yielded only three gene targets (HBG2, PRL, and
XDH), which were already included among the vaso-
dilation and bronchodilation gene targets; therefore,
“aphrodisiac” was excluded as a search term to sim-
plify data depiction. Only the top 2,000 genes were
considered in the following steps to provide a stringent
detection criterion.

Virtual screening of potential gene targets of the test
compounds

Identification of potential gene targets for the test
compounds was performed using the SwissTargetPre-
diction database, which predicts targets based on
structural similarity to known ligands (Daina et al.,
2019). A probability score is assigned based on the
number of similar known ligands and the degree of
structural similarity. For this study, all targets with a
probability greater than 0 were considered.

Identification of overlapping genes between
bronchodilation, vasodilation, and the test
compounds

Venn diagrams were used to identify common gene
targets between the test compounds and our search
queries of “bronchodilator” and “vasodilation”
(https:/ /bioinformatics.psb.ugent.be/). Venn dia-
grams were also used to determine overlap among the
genes from the aforementioned search queries to ex-
amine related genes.

Analysis of protein-protein interactions

Gene targets of our test compounds, which overlap
with the top 2,000 genes related to bronchodilation and
vasodilation, were analyzed for known protein-protein
interactions (PPIs) by using the “STRING: functional
protein association networks” database (Szklarczyk et
al., 2023). This is performed to identify the most

https://jppres.com

Smooth muscle relaxant effects of thymol and carvacrol

influential genes targeted by the test compounds. All
genes with a confidence score > 0.4 were considered for
this study.

Network construction

The Cytoscape bioinformatics software 3.10.3 was
used to analyse and highlight the genes with the high-
est interactions (degree of centrality) obtained by the
PPI analysis (Kohl et al., 2011). This software was also
used to construct a detailed network of the gene targets
of the test compounds to display the commonality and
exclusivity of their gene targets.

Enrichment analysis of disease pathways

The gene targets of the test compounds related to
bronchodilation and vasodilation were analysed using
the ShinyGO database to highlight the diseases associ-
ated with these genes. This analysis incorporates data
on the number of genes and related pathways from the
“Disease Alliance” database and assigns a significance
score based on the false discovery rate (FDR). A lower
logl0(FDR) indicates a higher probability of signifi-
cance (Ge et al., 2020).

Molecular docking study

Molecular docking was performed to predict the in-
teraction mechanism of CAR-Ac and THY-Ac with
KCNMA1, which encodes the pore-forming segment
of human BK channels. This target was chosen due to
KCNMAL1 being a common target of the acetate vari-
ants, and due to previous data indicating that these
molecules exert their activity by opening potassium
channels (Saeedan et al, 2024). Docking was per-
formed using Autodock vina software (Dallakyan &
Olson, 2014). Here, the cryo-EM structure of the hu-
man Slol Channel (encoded by the KCNMA1 gene,
PDB ID: 6v38, resolution of 3.80 A) was used (Tao &
MacKinnon, 2019). The targeted site was determined to
be at the CTD-VSD (cytosolic tail and voltage-sensing
domains, respectively) interface based on the evidence
from the literature (Zhang et al., 2022). ChemDraw was
used to generate the 3D structures of compounds in
Mol format. The structure of the human Slol (BK)
Channel was cleaned before docking to remove co-
crystallized water molecules and ions using the
BIOVIA Discovery Studio Visualizer 2021 tool (Sys-
temes, 2021). The Autodock tools v1.5.6 program was
used to generate the pdbqt files and to determine the
grid-box covering all essential residues within the tar-
geted active site with size of (X=24,Y =22, Z=20) and
dimensions of (center x = 176.168 A, center_y =
171.825 A, center_z = 147.805 A). BIOVIA Discovery
Studio Visualizer 2021 and Pymol programs were used
to analyze the docking results.

J Pharm Pharmacogn Res (2026) 14(1): 5


https://jppres.com/
https://bioinformatics.psb.ugent.be/webtools/Venn/

Alamri et al. Smooth muscle relaxant effects of thymol and carvacrol
1001 *k 1005
5 801 s 801
=1 ## ®
© * X
®©
o 60 < 501
o =
<
Q
@) i 401
o 40 S_)
4 o
° 2
= 20 o 20
0_ i l—
0.
CAR CARAc THY  THY-Ac CAR-Ac fft‘::')‘?c THY-Ac T:'I)'.'r“)‘(’

Concentrations (0.3 mg/mL)

Figure 3. Inhibitory effect of CAR, THY, CAR-Ac, and THY-Ac against
1uM CCh-induced contractions in the isolated guinea-pig tracheal
preparations.

*p<0.05, **p<0.01 showing comparison of CAR vs. CAR-Ac, and THY vs THY-Ac,
respectively, whereas #p<0.01 shows comparison of the relaxation of CAR vs
THY (One-way ANOVA, followed by Tukey-Kramer Multiple Comparisons Test).
CAR: Carvacrol; CAR-Ac: Carvacrol acetate; THY: Thymol; THY-Ac: Thymol
acetate.

Concentrations (0.3 mg/mL)

Figure 4. Inhibitory effect of THY-Ac and CAR-Ac against 1 uM
CCh-induced contractions in the isolated guinea-pig tracheal
preparations preincubated with iberiotoxin (IbTX; 180 nM).

Values shown represent mean +SEM, n = 5. CAR-Ac: Carvacrol acetate;
THY-Ac: Thymol acetate.

RESULTS

Effects on isolated guinea-pig tracheal smooth
muscle

When tested in isolated guinea-pig tracheal tissues
against CCh (1 pM)-induced contractions, CAR exhib-
ited significantly lower efficacy (p<0.01) compared to
THY with maximum relaxant effects of 42.5 £ 0.5
(CAR) vs. 67.5 + 2.5 (THY), respectively (Fig. 3). How-
ever, both the acetate derivatives of CAR and THY in-
creased their relaxation with Enax recorded as 62.5 £ 2.5
for CAR-Ac (p<0.05 compared to CAR) and 92.5 £ 2.5
for THY-Ac (p<0.01 compared to THY) as shown in
Fig. 3.

When CAR-Ac and THY-Ac were tested against
CCh in the preincubated tracheal tissues with iberio-
toxin (IbTX; 180 nM), the relaxant responses were com-
pletely abolished (Fig. 4).

Effects on isolated guinea-pig CCSM

When tested on 1 uM PE-induced contractions,
CAR exhibited significantly lower efficacy (p<0.01)
compared to THY with maximum relaxant effects of
38.5 £3.5% (CAR) vs. 67.5 £ 2.5% (THY), respectively
(Fig. 5). However, both the acetate derivatives of CAR
and THY increased their relaxation with Emax recorded
as 59 £ 3% for CAR-Ac (p<0.05) and 96 + 2% for THY-
Ac (p<0.01) as shown in Fig. 5.
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Aphrodisiac effects of THY and THY-Ac

The results of the aphrodisiac activity of SC, THY,
and THY-Ac in male rats are presented in Table 1 and
Fig. 6. These results showed that THY and THY-Ac
greatly enhanced male rats' sexual behavior, with effi-
cacy patterns similar to those of the reference medica-
tion, SC. While THY generated a moderate but consid-
erable reduction in ML (67.5 £ 2.17 s), SC and THY-Ac
both significantly decreased it (38.2 + 1.50 s and 54.1 +
1.92 s, respectively) compared to the NC group (86.7 +
2.14 s). For IL, a similar pattern was observed, with SC
and THY-Ac causing the largest drops (54.6 £ 1.80 s
and 72.7 + 2.46 s, respectively) compared to the NC
group (138.5 + 5.49 s). SC, THY, and THY-Ac resulted
in a significant (p<0.05) increase in MF, with SC exhib-
iting the highest value (12.6 + 0.44), followed by THY-
Ac (9.3 £0.32) and THY (8.4 + 0.10) compared to the
NC rats (6.7 + 0.27). Similarly, the IF was significantly
higher in SC-treated rats (7.9 + 0.35), and to a lesser ex-
tent in THY-Ac (5.2 + 0.22) and THY (4.4 + 0.18) com-
pared to the NC group (3.1 + 0.12). All treatments pro-
longed EL duration, with SC having the greatest effect
(377.6 £10.48 s), followed by THY-Ac (339.4 + 10.96 s)
and THY (316.2+11.10 s), whereas the NC group (248.5
+ 11.10 s) showed the shortest duration. Rats treated
with SC had the highest CE percentage (62.7 £ 2.15%),
followed by THY-Ac (55.91 £1.92%) and THY (52.38 +
1.88%) (Fig. 6). NC rats had the lowest efficiency (46.27
+1.26%).
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Figure 5. Inhibitory effect of CAR, THY, CAR-Ac, and THY-Ac
against 1 uM PE-induced contractions in CCSM isolated from
guinea-pig penis.

*p<0.05, **p<0.01 showing comparison of CAR vs. CAR-Ac and THY vs.
THY-Ac, respectively, whereas #p<0.01 shows comparison of the
relaxation of CAR vs. THY (One-way ANOVA, followed by Tukey-Kramer
multiple comparisons test). CAR: Carvacrol; CAR-Ac: Carvacrol acetate;
THY: Thymol; THY-Ac: Thymol acetate.

Figure 6. Effect of SC, THY, and THY-Ac on the copulatory
efficiency of male rats.

fIndicates significance compared to the normal control group at
p<0.05. *Indicates significance compared to the SC group at
p<0.05. NC: Normal control; SC: Sildenafil citrate; THY: Thymol;
THY-Ac: Thymol acetate.

Table 1. Effect of SC, THY, and THY-Ac on the aphrodisiac parameters of male rats.

Groups ML (s) MF IL (s) IF EL (s)

NC 86.7+2.14* 6.7+0.27* 138.5+5.49* 3.1+0.12* 248.5+11.10*
sC 38.2+1.50! 12.6 +£0.44t 54.6+1.80! 7.9+0.35 377.6 £ 10.48!
THY 67.5£2.17™ 8.4+0.10™ 85.0+2.25™ 4.4+0.18" 316.2+11.10"
THY-Ac 54.1+1.92™ 9.3+0.32" 72.7+2.46™ 5.2+0.22* 339.4£10.96™

Values are expressed as mean + S.E.M., n = 6 rats/group. findicates significance compared to the normal control group at p<0.05. *indicates significance compared to
the SC group at p<0.05. SC: Sildenafil citrate; THY: Thymol; THY-Ac: Thymol acetate; ML: Mount latency; MF: Mount frequency; IL: Intromission latency; IF: Intromission

frequency; EL: Ejaculation latency.

Table 2. Relative biological activity, physicochemical properties, and pharmacokinetic interactions.

Compound Brc{n.cht:dilator Ere.ct.ogaenic Apl}rc')diasiac LogP Rotatable H-bond H-bond Gl BBB
activity activity activity bonds acceptor  donor abs. perm.
CAR + + ND 2.82 1 1 1 High Yes
THY +H+ +H + 2.8 1 1 1 High Yes
CAR-Ac ++ ++ ND 3.02 3 2 0 High Yes
THY-Ac +HH +HH+ ++ 3.1 3 2 0 High Yes

Gl abs.: gastrointestinal absorption; BBB prem.: blood-brain barrier permeation; ND: not determined. *Relative activity comparison between the test compounds.

CAR: Carvacrol; CAR-Ac: Carvacrol acetate; THY: Thymol; THY-Ac: Thymol acetate.

When combined, SC had the highest aphrodisiac
activity across all criteria, while THY and THY-Ac both
significantly outperformed the NC group, indicating
their potential as aphrodisiacs.

Physicochemical and pharmacokinetic properties

The acetylated derivatives had higher lipid solubil-
ity and more rotatable bonds and H-bond-accepting at-
oms, due to the structural modification. All test
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compounds were also predicted to have blood-brain
barrier penetration and high gastrointestinal absorp-
tion (Table 2).

Genes related to vasodilation, bronchodilation, and
the test compounds

A broad approach was chosen due to the physiolog-
ical overlap and involvement of smooth muscles in
vasodilation, bronchodilation, and the erection reflex
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Bronchodilator Vasodilation

Figure 7. Venn diagrams of the number of genes related to bronchodilation and vasodilation (A), and the test compounds (B).

Table 3. Number of gene targets for the test compounds overlapping with bronchodilation and vasodilation.

Overlapping with top

Overlapping with top

Compound Gene targets 2,000 bronchodilator genes 2,000 vasodilation genes
CAR 27 12 19
THY 23 10 16
CAR-Ac 46 16 29
THY-AC 33 14 23
Combined 88 33 56

(Gustafsson & Persson, 1991; Wespes, 2022; Wilson,
2011). Venn diagrams were utilized to assess the over-
lap between bronchodilation and vasodilation genes
(Fig. 7). The GeneCards® database provided a higher
number of genes (4,060) related to the search query
“bronchodilator” compared to “vasodilation” (3,394).
The search term “aphrodisiac” provided only three
gene targets and was therefore disregarded due to
overlap with the previous search terms. Venn dia-
grams were also used to display the number of gene
targets for the test compounds (Fig. 7).

Overlap between the test compounds’ targets and
the top 2,000 genes related to bronchodilation and vas-
odilation was quantified (Table 3). Interestingly, the
acetylated variants are predicted to interact with a
higher number of biological targets. Furthermore,
there was greater overlap with genes related to vasodi-
lation than with those related to bronchodilation, ob-
served across all test compounds.

A network was constructed by the Cytoscape soft-
ware to highlight common and exclusive gene targets
of the test compounds, as depicted in Fig. 8. Interest-
ingly, the acetylated variants had more common gene
targets when compared with the natural compounds,
i.e., CAR-Ac and THY-Ac had more common targets
compared to CAR with CAR-Ac, or THY with THY-Ac.

https://jppres.com

When considering only the top 2,000 genes related
to bronchodilation and vasodilation, the Cytoscape
network becomes simpler, revealing numerous potas-
sium channel-encoding genes (Fig. 9). Interestingly,
this is consistent with previously reported biological
activity  involving potassium channel opening
(Saeedan et al., 2024).

Vasodilation-related genes targeted by both CAR-
Ac and THY-Ac included four genes known to encode
potassium channel domains. A brief description of
these genes is listed in Table 4.

Protein-protein interactions

Analysis of known and predicted PPIs was per-
formed using the STRING database for the 33 broncho-
dilation-related genes (Fig. 10) and 56 vasodilation-re-
lated genes (Fig. 11) separately. The analysis revealed
a low enrichment p-value of 4.88e-15 for PPIs involv-
ing bronchodilation genes targeted by the test com-
pounds. Vasodilation genes were assigned an even
smaller enrichment p<1.0e-16, indicating a significant
interaction between these genes.

Further analysis using Cytoscape revealed the
genes with the highest degree of centrality (DC), i.e,,
the highest number of PPIs (Figs. 12 and 13).
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Figure 8. Predicted gene targets of carvacrol (CAR), thymol (THY), carvacrol acetate (CAR-Ac), and Thymol acetate (THY-Ac).

Among bronchodilation genes, the top three genes
in terms of DC were ALB (albumin, DC = 17), PTGS2
(prostaglandin-endoperoxide synthase 2, also known
as COX2, DC = 15), and EGFR (epidermal growth fac-
tor receptor, DC = 14). For vasodilation, a higher num-
ber of interactions was observed due to the greater
number of targeted genes, with the top three genes be-
ing the same as in bronchodilation but in a different
order: PTGS2 (DC = 25), ALB (DC = 24), then EGFR
(DC =22).

Enrichment analysis of disease pathways

Analysis using ShinyGO revealed that many of the
targeted bronchodilation genes were involved in
asthma (Fig. 14). These genes were assigned low FDR
values, indicating a highly significant probability.

https://jppres.com

GO analysis of diseases related to vasodilation
genes targeted by the test compounds revealed signif-
icant targeting of hypertension-related genes (Fig. 15).

Molecular docking

Molecular docking was performed to investigate
the interaction of THY-Ac and CAR-Ac with human
BK-type potassium channels. This selection was based
on two reasons: previously reported activity involving
potassium channels, including BK-type channels
(Saeedan et al., 2024). Also, a common gene target for
both THY-Ac and CAR-Ac was KCNMA1, which en-
codes a critical domain of BK potassium channels (also
known as Slol). Initially, the docking protocol was val-
idated by redocking the compound BC5, known to be
an allosteric BK channel opener, into the active site of
human BK-type potassium channels (Zhang et al,
2022).
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Table 4. Description of gene targets of carvacrol acetate (CAR-Ac) and thymol acetate (THY-Ac) known to encode potassium channel domains.

Gene Description
KCNMA1 Potassium Calcium-Activated Channel Subfamily M Alpha 1
KCNN1 Potassium Calcium-Activated Channel Subfamily N Member 1
KCNN2 Potassium Calcium-Activated Channel Subfamily N Member 2
KCNN3 Potassium Calcium-Activated Channel Subfamily N Member 3
The binding site was located between the N-termi-
DISCUSSION

nus of the cytosolic tail domain (CTD) and the voltage

sensor domains (VSDs) interface (Fig. 16A). THY-Ac
and CAR-Ac were found to bind to a pocket in a man-
ner similar to that of the reference compound BC5, and
in close proximity to the natural modulator ligand;
magnesium (Fig. 16B). These compounds showed a
docking score of -7.9, -5.8, and -5.9 kcal/mol for BC5,
THY-Ac, and CAR-Ac, respectively.
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The present work assessed the bronchodilatory,
erectogenic, and aphrodisiac properties of thymol, car-
vacrol, and their acetylated derivatives using comple-
mentary ex vivo, in vivo, and computational (in silico)
methods. The results show that THY and CAR have
notable smooth muscle relaxant effects in both tracheal
and corpus cavernosum tissues. These findings are
supported by an in vivo assessment of sexual behavior
study and in silico predictions. Additionally, the find-
ings support the idea that acetylation enhances smooth
muscle relaxation and aphrodisiac activity.
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Figure 10. PPI network of bronchodilation genes targeted by the test compounds, as depicted by the STRING database.

Line colours indicate the type of interaction indexed in the database. Purple and cyan lines indicate known interactions. Green, red, and blue

lines indicate predicted interactions: gene neighbourhood, gene fusions, and gene co-occurrence, respectively. Tan, light blue, and black lines
represent similarities in other genetic features, such as protein homology and gene co-expression.
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Figure 13. PPI network as depicted by the Cytoscape software to highlight the vasodilation genes with the highest DC (highest: red;
lowest: light yellow).

Ex vivo experiments demonstrated that both THY  channels are important mediators of the smooth mus-
and CAR caused concentration-dependent relaxation cle relaxant action. The relaxant properties of THY,
of the tracheal and corpus cavernosum smooth mus- CAR, and their acetylated derivatives are consistent
cles of guinea pigs. THY-Ac had the greatest ex vivore-  with earlier findings that the monoterpene carveol has
laxant effect in tracheal and corpus cavernosum smooth muscle relaxant activity in human umbilical
smooth muscle preparations among the studied drugs, arteries, which is dependent on calcium- and potas-
indicating that chemical modification may enhancelip-  sium-channel activation (Evaristo Rodrigues da Silva
ophilicity and potency. Iberiotoxin eliminated the re- et al., 2020).
laxant effects, suggesting that BK-type potassium
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Figure 14. ShinyGO analysis of disease conditions related to the bronchodilation genes targeted by the test compounds.
FDR: false discovery rate; a smaller FDR indicates high significance.
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Figure 15. ShinyGO analysis of disease conditions related to the vasodilation genes targeted by the test compounds.
FDR: false discovery rate; a smaller FDR indicates high significance.
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Asthma and chronic obstructive pulmonary disease
are two major diseases affecting the airways. The main
causes of these diseases are allergies, infections, and in-
haled irritants (Passmore & Eastwood, 1986). The en-
hanced bronchodilator effect of thymol acetate sug-
gests its potential use as a key compound in the treat-
ment of asthma and chronic obstructive pulmonary
disease.

The relaxation of the CCSM and penile arteries has
been shown to be crucial for penile erection (Xiao et al.,
2010). Studies on both humans and animals have
shown the significance of smooth muscle relaxation in
the corpus cavernosum (Ignarro et al., 1990; Saenz de
Tejada et al., 1989). Thymol acetate's increased smooth
muscle relaxant effect in the corpus cavernosum raises
the possibility that it could be used to treat erectile dys-
function (ED). ED is a prevalent, multifaceted illness
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that has a substantial negative influence on quality of
life and is acknowledged as a significant public health
issue (Burnett, 2006). THY may have an impact on pe-
nile vasodilation, a physiological process necessary for
obtaining a penile erection, based on its documented
relaxing effect on the corpora cavernosa muscle. This
effect likely involves modulation of calcium channels
(Dean & Lue, 2005), nitric oxide pathways (Hurt et al.,
2012), cholinergic neurotransmission (Diniz et al,
2020), or through the cyclic adenosine monophosphate
pathway (Kotta et al., 2013), all of which play roles in
vasodilation and erectile function.

The ex vivo experiment's findings suggest that THY
and/or THY-Ac could be used to create botanical treat-
ments for erectile dysfunction, especially for people
looking for substitutes for synthetic medications like
sildenafil.
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Figure 16. Molecular docking analysis of CAR-Ac and THY-Ac against human BK channel (PDB ID: 6v38).

(A) Overview of the interactions of CAR-Ac (red) and THY-Ac (yellow) with the targeted site at the CTD-VSD interface with respect to the interaction of the
reference control, BC5 (blue). (B) Close-up of the interactions of CAR-Ac (red) and THY-Ac (yellow) with the targeted site at the CTD-VSD interface with
respect to the interaction of reference control, BC5 (blue). The VSD and CTD are represented in light pink and green ribbons, respectively. Magnesium-

binding residues (Asp99, Glu374, Glu399) are shown as sticks.

Ex vivo findings on isolated corpus cavernosum tis-
sue are in line with the aphrodisiac (in vivo) study con-
ducted in male rats. Aphrodisiacs are substances that
can increase sexual desire, pleasure, or behavior. ML,
IL, MF, and IF were among the sexual behaviour pa-
rameters estimated in this study. These sexual metrics
are important parameters used to evaluate the effect of
chemicals and medicinal herbs on the sexual desire of
male rats in the presence of sexually active females (Ya-
kubu & Atoyebi, 2018). While IL and IF are helpful in-
dicators of sexual excitement and erection efficiency,
the ML and MF are useful indicators of sexual interest
or libido (Agmo, 1997). Therefore, the shorter ML and
IL durations and higher MF and IF values observed in
rats treated with THY and THY-Ac point to improved
libido, adequate penile erection, and sexual interest
(Tajuddin et al., 2004). Male rats of the NC group dis-
played longer ML and IL durations, suggesting reluc-
tance to approach female rats.

EL is one of the most important components of male
sexual activity since early ejaculation is a major cause
of impotence (Ratnasooriya & Dharmasiri, 2000). Con-
sequently, prolongation of EL by THY and THY-Ac in-
dicates enhanced sexual performance in male rats (Ya-
kubu & Akanji, 2011). Further, the significant improve-
ments in copulatory efficiency in THY- and THY-Ac-
treated rats indicate increased sexual activity (Gau-
thaman et al., 2002).

The aphrodisiac effect of THY and THY-Ac sug-
gests their potential use in ED and low libido, condi-
tions that are frequently linked to smooth muscle fail-
ure and reduced cavernous blood flow. ED can be
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attributed to oxidative stress caused by an imbalance
between excessive free radicals and antioxidant de-
fences in the penile cavernous tissues (Rahman et al,,
2023b). Treating oxidative stress and maintaining the
equilibrium between free radicals and antioxidants is
essential for managing and preventing erectile dys-
function. Due to its potent antioxidant activity (Kaltsas
et al.,, 2024), THY may help scavenge free radicals and
reduce oxidative stress, thereby protecting cavernous
tissue and maintaining normal erectile function.

It is interesting to note that THY-Ac continuously
performed better than THY in most parameters, indi-
cating that acetylation of THY increased its biological
activity. This could be explained by the higher target
engagement and enhanced lipophilicity predicted by
the in silico analysis. Therefore, THY-Ac showed signif-
icant erectogenic and aphrodisiac effects. This may of-
fer a safety profile benefit over strong phosphodiester-
ase-5 inhibitors (PDE-5 inhibitors), such as sildenafil,
particularly for patients at risk of cardiovascular dis-
ease.

In silico predictions validate the aphrodisiac effects
of THY and its acetylated derivative in male rats as
well as their smooth muscle relaxant properties in tra-
cheal and corpus cavernosum tissues. When com-
bined, these complementary methods offer a rational
pharmacological profile that connects bronchodilation,
erectogenic activity, and molecular targets. The in-
creased log P of the acetylated derivatives was ex-
pected due to the conversion of the more polar hy-
droxyl group to the less polar ester bond. This general
approach of increasing lipid solubility has previously
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been reported to enhance biological activity (Huang et
al., 2022; Wang et al., 2022). The higher lipid solubility
could partially account for the increased biological ac-
tivity of the semi-synthetic acetylated analogues, en-
hancing cellular penetration in a non-specific manner.
In addition, chemical modification increased the num-
ber of rotatable bonds, potentially increasing the mol-
ecule's flexibility and the likelihood of interaction with
additional targets, as observed in the gene target pre-
diction results. This phenomenon has previously been
reported to increase the molecule's possible confor-
mations and biological interactions (Caron et al., 2020).

Venn diagrams revealed a large number of com-
mon genes between the search queries “bronchodila-
tor” and “vasodilation” (Fig. 7). With 1,354 genes com-
mon to both vasodilation and bronchodilation. Inter-
estingly, CAR and its acetylated form had more gene
targets than THY and its acetylated derivative (Table
3). Also of interest is the small overlap between the par-
ent compounds and their semi-synthetic analogues; for
example, THY had more in common with CAR than
with THY-Ac (Fig. 8). Furthermore, the acetylated ver-
sions had more gene targets, possibly due to the afore-
mentioned increase in rotatable bonds and flexibility.
The apparent change in the number of gene targets in-
dicates high sensitivity within the SwissTargetPredic-
tion database to minor structural changes, as seen be-
tween THY and CAR, both of which have exclusive tar-
gets despite these changes. Furthermore, the acety-
lated analogues were found to target several genes
known to encode potassium channel domains (Fig. 9);
all of which were linked to asthma and obstructive pul-
monary disease (Mantese et al.,, 2011; Orfali et al,,
2023). While the parent compounds did not appear to
target potassium channels directly, they do target
genes known to interact with potassium channels, such
as TRPA1, which has been reported to affect bronchial
constriction and inflammation (Balestrini et al., 2021;
Marsh et al., 2020). Unsurprisingly, enrichment analy-
sis revealed that these targeted genes were mostly in-
volved in asthma and hypertension (Figs. 14 and 15),
as expected given the observed in vivo and ex vivo bio-
logical activity.

Molecular docking was performed on BK potas-
sium channels because this channel type has been pre-
viously reported to exhibit biological activity (Saeedan
et al., 2024). In addition, the pore domain of BK chan-
nels (also known as Slol) is known to be encoded by
the KCNMAT1 gene, which was targeted by THY-Ac
and CAR-Ac (Fig. 9). Current findings indicate the
CTD-VSD interface to play a crucial role in opening the
channel, causing efflux of potassium, leading to hy-
perpolarization and smooth muscle relaxation. Smooth
muscle relaxation plays a critical role in both broncho-
dilation and the erection reflex. Normally, the CTD-
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VSD interface is known to be modulated by magne-
sium, but other ligands, such as BC5, can fill this
pocket, causing channel opening. Our acetylated com-
pounds (THY-Ac and CAR-Ac) interacted with this in-
terface in a manner similar to BC5 (Fig. 16).

Together, these integrated approaches support the
molecular view that acetylation enhances smooth mus-
cle relaxation and activates BK-type potassium chan-
nels, thereby increasing the pharmacological action of
THY and CAR.

CONCLUSION

The present study demonstrates that the semi-syn-
thetic derivatives CAR-Ac and THY-Ac exhibit en-
hanced bronchodilator and erectogenic effects com-
pared to their parent compounds. Furthermore, THY
and THY-Ac induced an aphrodisiac effect in male
rats, but to a lesser extent than the SC group. Compu-
tational methods suggest that the increased activity of
CAR-Ac and THY-Ac derivatives may be related to im-
provements in their physicochemical properties, in-
cluding increased lipid solubility and molecular flexi-
bility. Gene targets included several potassium chan-
nel domains. Molecular docking was performed on BK
channels encoded by KCNMA1, a gene targeted by
both THY-Ac and CAR-Ac. Docking revealed that the
acetate variants bind within the CTD-VSD domain of
BK channels, consistent with functional experiments
demonstrating the involvement of potassium channels
in the observed relaxant effect.

When combined, the ex vivo, in vivo, and in silico
findings imply that acetylation enhances male libido
by promoting penile smooth muscle relaxation via BK
channel activation. The effectiveness of THY and THY-
Ac suggests that they could be used as natural therapy
candidates to treat erectile dysfunction. The results
support more studies into their long-term safety pro-
file, dosage optimization, mechanism of action, and
possible synergistic effects with well-established med-
ications.
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