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Rosmarinus officinalis L. (rosemary) is a medicinal and aromatic plant traditionally
valued for its antioxidant, antimicrobial, and anti-inflammatory activities, largely due to its
terpenoid-rich essential oils. In this study, 1,8-cineole was successfully isolated in pure form
from rosemary cultivated in Uzbekistan using solvent extraction followed by vacuum fractional
distillation, and its identity was confirmed by gas chromatography-mass spectrometry (GC-MS).
Toxicological investigations demonstrated that oral administration of 1,8-cineole produced no
adverse effects at doses of 200-400 mg/kg, while higher concentrations caused dose-dependent
toxicity, with an LD50 value of 680 mg/kg, classifying the compound as a low-toxic substance.
Sub-chronic studies revealed no significant alterations in body weight, behavior, renal function,
or hematological parameters, indicating good tolerance at repeated low doses. Complementary
in silico ADMET predictions further confirmed favorable pharmacokinetic properties, including
high gastrointestinal absorption, strong blood-brain barrier permeability, moderate clearance,
and compliance with major drug-likeness rules, with minimal predicted toxicity. Additionally,
molecular docking analyses demonstrated that 1,8-cineole interacts with key inflammatory
mediators—COX-2 (-6.2 kcal/mol), IL-6 (-5.2 kcal/mol), MAPK (-5.3 kcal/mol), NF-?B (-5.2 kcal/
mol), and TNF-a (-6.8 kcal/mol)—with the strongest affinities observed for COX-2 and TNF-a.
These multitarget interactions suggest potential modulation of prostaglandin synthesis and
cytokine signaling. Taken together, these findings highlight 1,8-cineole as a pharmacologically
safe and promising bioactive compound, underscoring its potential for therapeutic and industrial
applications.
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Rosmarinus officinalis L. (rosemary)
is a perennial aromatic and medicinal herb
belonging to the family Lamiaceae. For centuries,
it has been widely used in folk medicine, culinary
traditions, and as a natural preservative due
to its remarkable pharmacological potential.

Traditionally, rosemary has been employed as a
remedy for ailments such as respiratory disorders,
digestive problems, headaches, and inflammation.
Its therapeutic importance is largely associated with
its rich phytochemical composition, particularly
essential oils, phenolic diterpenes, flavonoids,
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and terpenoids, which collectively contribute
to its strong antioxidant, antimicrobial, anti-
inflammatory, and neuroprotective properties.'?

The essential oil of R. officinalis has
been extensively studied across different regions
of the world, and its major bioactive constituents
are consistently reported to include eucalyptol
(1,8-cineole), camphor, a-pinene, and borneol.
Among these, 1,8-cineole is often found as
the predominant compound, responsible for
many of rosemary’s characteristic aroma and
pharmacological effects. Despite numerous
investigations globally, the phytochemical profile
of rosemary cultivated in Uzbekistan remains
underexplored. To date, there is no scientific
evidence regarding the isolation of pure terpenoid
compounds such as 1,8-cineole from rosemary
grown under the specific agro-climatic conditions
of Uzbekistan.**

The qualitative and quantitative
composition of secondary metabolites in medicinal
plants can vary significantly depending on
geographical origin, climate, soil properties,
altitude, and other ecological factors. Such
variations not only influence the concentration of
major constituents but may also lead to the presence
of unique minor compounds with distinct biological
activities. Therefore, phytochemical investigations
of plants grown in diverse regions are essential, as
they contribute both to the understanding of plant
metabolic diversity and to the discovery of novel
bioactive molecules with potential applications in
medicine, food, and cosmetics.>¢

1,8-Cineole (also known as eucalyptol)
is a naturally occurring monoterpenoid and one of
the most important constituents of essential oils
from various aromatic plants. Pharmacologically,
it exhibits a broad spectrum of biological activities,
including antimicrobial, expectorant, anti-
inflammatory, bronchodilatory, and antioxidant
effects. It is widely used as an active ingredient
in pharmaceutical formulations for the treatment
of respiratory tract diseases, such as asthma,
bronchitis, and sinusitis. Furthermore, 1,8-cineole
has demonstrated significant potential as a natural
preservative in the food industry, as well as an
aroma compound in perfumery and cosmetics.
Its industrial importance is further highlighted by
its high abundance in Eucalyptus globulus leaves
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(70-90%), as well as in Rosmarinus officinalis,
Laurus nobilis, and Salvia officinalis.”8

Given its broad pharmacological profile,
1,8-cineole has been increasingly investigated
for new therapeutic applications, including
neuroprotection, cardiovascular support, and
synergistic antimicrobial effects in combination
with conventional antibiotics. At the same time,
studies on its absorption, distribution, metabolism,
excretion, and toxicity (ADMET) properties have
underscored its favorable pharmacokinetic profile,
making it a promising lead compound for drug
development.*'

In this context, the present study was
designed to isolate 1,8-cineole from R. officinalis
cultivated in Uzbekistan and to characterize it
using gas chromatography—mass spectrometry
(GC-MS). In addition, the biological potential
of the isolated compound was evaluated through
acute toxicity studies in vivo, as well as ADMET
and pharmacokinetic analyses in silico. To the best
of our knowledge, this is the first report on the is
olation and biological characterization of pure
1,8-cineole from rosemary grown in Uzbekistan.
The results of this work not only expand our
understanding of the phytochemical composition of
R. officinalis under local environmental conditions
but also highlight the potential of this compound
as a bioactive agent with diverse pharmacological
applications.'"!?

MATERIALS AND METHODS

Plant Material Preparation

Fresh aerial parts of cultivated plant
Rosmarinus officinalis L. were collected in May
2025 from the Bostonliq district of Tashkent
region, Republic of Uzbekistan (Figure 1). The
plant material was authenticated by a botanist, and
voucher specimens were deposited for reference.
The collected aerial parts were air-dried under
shade at a stable temperature not exceeding 30 °C
for 10 days. After drying, the leaves were carefully
separated from the stems and directly used for
extraction.'*!* The average natural leaf length was
approximately 2—4 cm.
Extraction Procedure

For the extraction, 20 g of air-dried
rosemary leaves were accurately weighed using
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an analytical balance and transferred into a 500
ml round-bottom flask. The plant material was
macerated in acetone at a ratio of 1:10 (w/v),
corresponding to 200 ml of solvent. The flask was
fitted with a reflux condenser and placed in a water
bath at 70-80 °C for 3.5 h.

After extraction, the resulting solution was
concentrated using a rotary evaporator (Rotavapor)
under reduced pressure at 60 °C and 100 rpm
for 45 min. The concentrated extract separated
into two phases: a colorless liquid fraction and a
viscous dark-colored fraction. The colorless liquid
fraction was transferred into a 200 ml distillation
flask connected to a fractional distillation column
equipped with a thermometer, condenser, and
receiving flask. The system was operated under
vacuum conditions.'*!

Vacuum distillation was initiated once
the pressure reached 30-50 mbar, and fractions
of 1-3 ml were collected separately into pre-
weighed flasks. Based on the known boiling point
of 1,8-cineole under reduced pressure (50-60
°C), fractions collected within this temperature
range were subjected to further analysis. The
crude extract (primary extract) obtained from
distillation was stored in airtight containers at 4 °C
until subsequent purification and characterization
steps.'”1®
GC-MS Analysis

The fractions obtained within the
boiling range of 50-60 °C were analyzed by gas
chromatography—mass spectrometry (GC-MS) to
confirm the presence and purity of 1,8-cineole.
GC-MS analysis was performed using a Agilent
7890A GC system coupled with a 5975C inert
XL MSD detector. Separation was achieved on
a capillary column [HP-5MS, 30 m x 0.25 mm
% 0.25 um]. The oven temperature was initially
set at [e.g., 50 °C for 2 min], then programmed to
increase at a rate of 5 °C/min up to 250 °C, and
held for 10 min. The carrier gas was helium at a
constant flow rate of 1 ml/min (Figure 2A,B). The
injection volume was 1 pl, with a split ratio of
1:20. The mass spectra were recorded in the range
of 40-500 m/z. Identification of 1,8-cineole was
confirmed by comparison of its retention time and
fragmentation pattern with reference standards and
the NIST mass spectral library.'*2%2!

Acute Toxicity Study
Acute toxicity of the isolated 1,8-cineole
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was evaluated in vivo following OECD guidelines.
Healthy laboratory mice/rats (specify species,
strain, sex, and weight) were randomly divided into
experimental groups (n = 6 per group). Animals
were administered increasing doses of 1,8-cineole
orally, and observed for 14 days for behavioral,
physiological, and mortality changes. Clinical signs
such as changes in respiration, locomotor activity,
grooming, and food intake were monitored. The
LD... € value was estimated based on the mortality
rate and dose—response relationship.2*2* Ethical
approval for animal experiments was obtained from
the Institutional Animal Care and Use Committee
(IACUC).
Animal Ethics

All experimental procedures and
preoperative care protocols were approved
by the Institutional Animal Use Committee.
Animals were maintained under standard vivarium
conditions (humidity 55-65%, temperature 22
+ 2 °C) with free access to food and water. All
experiments were conducted in compliance with
the European Convention for the Protection of
Animals Used for Scientific Purposes (1998) and
the International Bioethical Guidelines of the
Institute of Biophysics and Biochemistry, National
University of Uzbekistan (approval code: BRC/
IBB-N44/2024/75-1). Surgical interventions were
performed under sodium pentobarbital anesthesia,
and every effort was made to minimize animal
suffering. Male albino Wistar rats weighing
180220 g were used in the study.”
Statistical Analysis

Statistical data were obtained from
3—6 independent experiments (n = 3-6). A
paired t-test was applied for the analysis of
combined datasets, while unpaired t-tests were
used for comparisons between independent groups.
Statistical significance was determined at two
levels: p < 0.05 and p <0.01.
In Silico ADMET and Pharmacokinetic Analysis

The pharmacokinetic and ADMET
(Absorption, Distribution, Metabolism, Excretion,
and Toxicity) properties of 1,8-cineole were
predicted using the ADMETIab 2.0 online platform.
Parameters analyzed included water solubility,
lipophilicity (logP), human intestinal absorption
(HIA), blood-brain barrier (BBB) permeability,
cytochrome P450 enzyme interactions, plasma
protein binding (PPB), and drug-likeness indices
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(Lipinski’s rule of five). Toxicological endpoints
such as hepatotoxicity, carcinogenicity, hERG
inhibition, and Ames mutagenicity were also
evaluated (Table 1). These computational analyses
provided insights into the drug-likeness and
safety profile of 1,8-cineole, complementing the
experimental findings.?*?’

RESULTS

GC-MS Analysis

The chemical composition of the
fractions obtained from Rosmarinus officinalis
leaves was analyzed using gas chromatography—
mass spectrometry (GC-MS). The total ion
chromatogram (TIC) revealed a sharp and
dominant peak at a retention time of 7.78 min
(Figure 4). This peak indicated the presence of a
single major constituent in the distilled fraction,
suggesting a high degree of purity in the isolated
compound.?#

The corresponding mass spectrum (Figure
2A) showed several characteristic fragment ions
at m/z 53.5, 67.4, 81.8,93.7, 108.7, 124.1, 137.8,
152.8, and 164.5, which are consistent with the
fragmentation pattern of 1,8-cineole (eucalyptol)
as reported in the NIST mass spectral library. The
molecular ion peak (m/z = 154) confirmed the
molecular weight of C € H "~ O, further supporting
the identification (Figure 3).

The fragmentation profile can be explained
by typical bond cleavages of monoterpenoids:

* The base peak at m/z 67.4 is attributed to the
formation of a stable allylic cation.

* Peaks at m/z 81.8 and 93.7 represent common
fragments of cyclic monoterpenes.

* Higher mass fragments such as m/z 137.8 and
152.8 correspond to rearranged oxygenated ions,
which are typical for 1,8-cineole.

Comparison with standard reference
spectra demonstrated a >95% similarity index,
confirming that the isolated compound was
indeed 1,8-cineole. This finding is in agreement
with previous reports describing 1,8-cineole as
the predominant volatile compound in rosemary
essential oil, along with camphor and a-pinene.
However, in this study, the applied vacuum
fractional distillation at 50-60 °C (30—50 mbar)
selectively enriched the 1,8-cineole fraction,
enabling its isolation in a pure form.*!
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Notably, the GC-MS analysis of R.
officinalis cultivated in Uzbekistan revealed a
chemical profile comparable to rosemary grown
in Mediterranean regions, where 1,8-cineole
content typically ranges between 30-50% of the
total essential oil. The isolation of pure 1,8-cineole
in our study emphasizes the efficiency of the
extraction and fractionation protocol used.*>*
Acute Toxicity Studies
Experimental Setup

The acute toxicity of 1,8-cineole isolated
from Rosmarinus officinalis was investigated in
male Swiss albino mice weighing 25 + 2.0 g. A
total of 150 animals were used for the experiments,
and all procedures were carried out in accordance
with international ethical standards, including the
Helsinki Declaration (2000), the guidelines of the
Council for International Organizations of Medical
Sciences (CIOMS), and the institutional bioethics
regulations of the Institute of Biophysics and
Biochemistry, National University of Uzbekistan
(2019). Experimental protocols were approved
by the institutional Animal Use Committee,
and all efforts were made to minimize animal
suffering. Animals were maintained under standard
vivarium conditions with free access to food and
water, and quarantined for 10-14 days prior to
experimentation.3*%

The acute oral toxicity was assessed
following the Litchfield and Wilcoxon method.
Animals received single doses of 1,8-cineole
by oral gavage at concentrations of 200, 400,
800, 900, and 1000 mg/kg body weight. Control
groups received the vehicle only. The animals
were carefully monitored during the first 24 h
after administration, with hourly observations
for behavioral and functional changes such as
locomotor activity, grooming, tremors, respiration
rate, posture, and mortality. Subsequently, animals
were observed daily for 14 days under standard
vivarium conditions.

Observations During the Acute Toxicity Test

At 200 and 400 mg/kg, no mortality or
abnormal behavioral changes were observed.
The animals maintained normal activity, feeding
behavior, and weight gain.

At 800 mg/kg, moderate toxic effects were
recorded, including lethargy, decreased locomotor
activity, piloerection, and tremors. Approximately
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50% of animals in this group died within the
observation period.*

At 900 mg/kg, severe toxic manifestations
such as respiratory distress, tremors, and
hypoactivity were observed, with a mortality rate
of 66.6%.

At 1000 mg/kg, pronounced signs of
toxicity were recorded, including convulsions, loss
of motor coordination, and high mortality (83.3%).

The overall median lethal dose (LD... €
) was calculated to be 680 mg/kg, with confidence
intervals LD € ¢” 580 mg/kg and LD" ,, ¢”
730 mg/kg (Table 2). According to OECD and
WHO classification guidelines, these results
place 1,8-cineole in Toxicity Class IV (low-toxic
compounds) when administered orally.

Body Weight Dynamics

Body weight was monitored before dosing

and throughout the 14-day observation period.

Fig. 1. Rosmarinus officinalis L. (rosemary) plant.

A)

GANIEVA et al., Biomed. & Pharmacol. J, Vol. 18(4), 3186-3203 (2025)

In the groups receiving 200 and 400 mg/kg, no
significant deviations from control animals were
recorded. At 800 and 900 mg/kg, body weight
gain was reduced compared to control animals,
which correlated with decreased feeding activity
and overall weakness. At the lethal dose of 1000
mg/kg, most animals exhibited rapid weight loss
prior to death. Statistical analysis using Student’s
t-test confirmed significant differences (p < 0.05)
between control and high-dose groups.
Chronic Toxicity Studies

To complement acute toxicity testing, the
cumulative and sub-chronic effects of 1,8-cineole
were evaluated in Wistar albino rats of both sexes
weighing 210+ 14.1 g. Animals were administered
repeated oral doses of 1,8-cineole for 21 days. For
cumulative toxicity testing, the animals received
fractions of the calculated LD50 (0.1-1.12
x LDS50) at 4-day intervals. The cumulative
coefficient (Kc) was calculated according to the
formula:

LDSD‘H
Ki
LD50—1

where LD50n is the mean lethal dose
upon repeated administration, and LD50 -1 is
the mean lethal dose upon single administration.
For 1,8-cineole, the cumulative coefficient
indicated weak cumulative potential, consistent
with previously reported safety profiles of
monoterpenes.

(B)

Fig. 2. Chemical structure of 1,8-cineole: (A) two-dimensional representation highlighting the oxygen atom (red),
and (B) three-dimensional ball-and-stick model showing the spatial arrangement of carbon (gray), hydrogen
(white), and oxygen (red) atoms.
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Fig. 3. Mass spectrum of the isolated fraction obtained from Rosmarinus officinalis showing the characteristic
fragmentation pattern of 1,8-cineole. Major fragment ions are observed at m/z 53.5, 67.4, 81.8, 93.7, 108.7,
124.1, 137.8, 152.8, and 164.5, consistent with reference data for 1,8-cineole.
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Fig. 4. Total ion chromatogram (TIC) of the distilled fraction obtained from Rosmarinus officinalis leaves
showing a single dominant peak at a retention time of 7.78 min, corresponding to 1,8-cineole.
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Sub-chronic Toxicity and Urine Analysis
Sub-chronic toxicity studies were
conducted over a 14-day period at oral doses
of 5, 10, and 20 mg/kg in rats (n=6 per group).
Urine samples were collected on days 7 and 14
for biochemical and cytological analysis. The
following parameters were evaluated: specific
gravity, pH, presence of leukocytes, nitrites,
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protein, glucose, ketones, bilirubin, urobilin, and
hemoglobin.

Results indicated that urine parameters in
experimental animals did not differ significantly
from the control group. The urine pH remained
within physiological ranges (6.2—7.8), and no
pathological components (proteinuria, hematuria,
glycosuria, bilirubinuria) were detected. Four-hour

Table 1. 1,8-Cineole (Eucalyptol) was identified as the main component, accounting for 100% of the

total mass
Peak RT (min) Area% Identification (Library ID) Quality
1 7.781 100.00 1,8-Cineole (Eucalyptol) 83

Overall, the GC-MS results demonstrate that R. officinalis grown under the agro-climatic conditions
of Uzbekistan is a rich source of 1,8-cineole, which was successfully isolated and confirmed by its
chromatographic behavior and mass spectral fragmentation pattern.

Table 2. Acute oral toxicity of 1,8-cineole in male Swiss albino mice. Mortality was recorded following single-
dose administration at 200—1000 mg/kg. The median lethal dose (LD50 ) was calculated as 680 mg/kg, with
confidence limits LD10>580 mg/kg and LD84>730 mg/kg.

Animal type Sex Doses Number of LD, LD, LD,, LD,,
mg/kg animal deaths
in the group
Mouse Male 200 6/0 >580 mg/kg  >680 mg/kg  >730 mg/kg
400 6/0
800 6/3
900 6/4
1000 6/5

Table 3. Effect of sub-chronic administration of 1,8-cineole (5, 10, and 20 mg/kg) on urinary parameters of
Mice on days 7 and 14. No significant deviations from control values were observed in urine specific gravity,
pH, biochemical indices, or diuresis

Tests Control Day 7; doses mg/kg Day 14; doses mg/kg

5,0 10,0 20,0 5,0 10,0 20,0
Relative density 1,010 1,010 1,010 1,005 1,030 1,020 1,015
of urine
Leukocytes neg neg neg neg neg neg neg
Nitrites neg neg neg neg neg neg neg
pH 6,2 6,6 7,1 7.6 7.7 7.8 7.8
Protein neg neg neg neg neg neg neg
Glucose neg neg neg neg neg neg neg
Ketone neg neg neg neg neg neg neg
Urobilin Norm Norm Norm Norm Norm Norm Norm
Biluribine neg neg neg neg neg neg Neg
Blood neg neg neg neg neg neg Neg
Hemoglobin neg neg neg neg neg neg Neg
4-hour urine,% 80 80 68 70 56 66 84
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Table 4. In silico ADMET prediction of 1,8-cineole.
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Medicinal chemistry

Druglikeness

Pharmacokinetics

Water solubility

Compounds

BBB Log Lipinski Ghose Muegge  Bioavail- PAINS  Leadikenes
permeant K

Gi
absorption

Log S

(Ali)

LogS
(ESOL)

ability

p

Score

No

-2.59 High Yes -5.30 cm/s Yes No No 0.55

-2.52

1,8-Cineole

urine output was consistent across all groups, with
no significant differences in diuresis between
control and treated animals (Table 3). These
results suggest that sub-chronic administration of
1,8-cineole at therapeutic doses does not impair
renal function or cause significant metabolic
disturbances.

Hematological and Coagulation Parameters

Peripheral blood samples collected
on days 7 and 14 were analyzed using light
microscopy and thromboelastography (TEG). No
significant changes were observed in leukocyte,
erythrocyte, platelet counts, or reticulocyte indices
in treated groups compared to controls. TEG
analysis confirmed that 1,8-cineole did not induce
abnormalities in clotting time (R), clot formation
time (K), or maximum amplitude (MA). This
indicates that the compound does not significantly
affect the hemostatic system under the tested
conditions.

Discussion of Toxicological Findings

The results demonstrate that 1,8-cineole
possesses a relatively low acute oral toxicity
profile, with an LD... € of 680 mg/kg in mice.
These findings align with published data on the
safety of 1,8-cineole and other monoterpenes,
which are generally regarded as safe when used
in moderate concentrations. Importantly, no
significant sub-chronic or cumulative toxic effects
were observed in rats at doses up to 20 mg/kg over
14 days.

Collectively, the toxicological evaluation
suggests that 1,8-cineole isolated from Rosmarinus
officinalis cultivated in Uzbekistan is a safe
bioactive compound with low acute toxicity and
negligible chronic effects at therapeutic doses.
These results provide a strong basis for its potential
application in pharmacology, cosmetics, and the
food industry.”’

In silico ADMET and Pharmacokinetic Analysis

The pharmacokinetic and toxicity profiles
of 1,8-cineole were predicted using the ADMETIab
2.0 platform. The results revealed a set of favorable
absorption, distribution, metabolism, excretion,
and toxicity (ADMET) parameters, indicating its
potential as a drug-like molecule (Figure 5).
Absorption

1,8-Cineole demonstrated good
gastrointestinal absorption potential. The compound
was predicted to be permeable across Caco-2 cells,
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Fig. 5. Drug-likeness and bioavailability predictions for 1,8-cineole. (A) Bioavailability radar plot showing the
compound within the optimal drug-like chemical space based on WLOGP vs. TPSA parameters. (B) Radar chart
summarizing physicochemical descriptors including lipophilicity (LIPO), size, polarity (POLAR), insolubility
(INSOLU), insaturation (INSATU), and flexibility (FLEX), indicating overall compliance with drug-likeness
rules.
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Fig. 6. Network diagram of in silico ADMET properties of 1,8-cineole. The compound is represented at the
center, with major pharmacokinetic categories (Absorption, Distribution, Metabolism, Excretion, and Medicinal
Chemistry) as intermediate nodes. Peripheral nodes illustrate specific parameters (e.g., gastrointestinal absorption,
plasma protein binding, CYP450 metabolism, clearance, half-life, and drug-likeness rules), highlighting the
compound’s favorable pharmacokinetic and safety profile.
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AL
VAL WAL 527
B:349 B:523

LEU
B:352

1-8-cineole

[ conventional Hydrogen Bond [] covalent bond I Fi-Pi Stacked - Pi-Anion
[] carbon Hydrogen Bond [] vanderwaals [ | Pi-Alkyl B Fi-sigma

Fig. 7. Molecular docking interaction of 1,8-cineole with the COX-2 enzyme (PDB ID: 5KIR). The docking
results show that 1,8-cineole binds within the COX-2 active site with a binding energy of “6.2 kcal/mol. The
ligand forms hydrophobic alkyl and 8-alkyl interactions with residues VAL B:349, LEU B:352, VAL B:523, and
ALA B:527, stabilizing the complex. These interactions are critical for maintaining the ligand in the binding
pocket and may contribute to inhibition of prostaglandin synthesis, thereby supporting the anti-inflammatory
potential of 1,8-cineole.

MET
B:117
FHE HIS
A:147 A:145
WAL
B:121
(8]

1-8-cineole

Interactions
[ conventional Hydrogen Bond [_] Covalent bond I Fi-Pi Stacked - Pi-Anion

[_] carbon Hydrogen Bond [ ] vanderwaals [ | Pi-Alkyl B Fi-sigma

Fig. 8. Molecular docking interaction of 1,8-cineole with the IL-6 protein (PDB ID: 1P9M). The docking analysis
revealed a binding affinity of “5.2 kcal/mol. 1,8-cineole interacts predominantly through alkyl and 0-alkyl
interactions with residues PHE A:147, MET B:117, HIS A:145, and VAL B:121. These hydrophobic interactions
stabilize the ligand within the binding site and suggest a potential modulatory role of 1,8-cineole in IL-6—
mediated inflammatory signaling.
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Fig. 9. Molecular docking interaction of 1,8-cineole with the MAPK protein (PDB ID: SUOJ). The docking study
demonstrated a binding affinity of “5.3 kcal/mol. The ligand formed alkyl and 8-alkyl interactions with residues
ARG A:5, PHE A:8, and ILE A:346, stabilizing 1,8-cineole within the MAPK active site. These interactions
indicate the potential of cineole to modulate MAPK signaling, a pathway critically involved in pro-inflammatory
responses.

DA
ARG e
B:605 D:724

Nf-kb 1-8-cineole

Interactions
I conventional Hydrogen Bond [[T] Covalentbond [l Pi-FisStacked [J P-Anion
[] carbon Hydrogen Bond [] venderwaals [ Pi-Alkyl B Fi-sigma

Fig. 10. Molecular docking interaction of 1,8-cineole with the NF-éB protein (PDB ID: 2I9T). The docking
results showed a binding affinity of ““5.2 kcal/mol. The ligand engaged in alkyl and 8-alkyl interactions, as well
as nucleotide-associated contacts, particularly with ARG B:605 and DA D:724. These interactions suggest that
1,8-cineole may interfere with the NF-éB DNA-binding interface, thereby potentially modulating transcriptional

activation of pro-inflammatory genes.
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Fig. 11. Molecular docking interaction of 1,8-cineole with the TNF-4 protein. Docking analysis revealed a
binding affinity of “6.8 kcal/mol, the strongest interaction among the studied targets. The ligand formed a d-alkyl
interaction with TYR C:119, which contributes to stabilizing the ligand in the binding region. This interaction
suggests that 1,8-cineole may interfere with TNF-4 activity and reduce its pro-inflammatory signaling potential.

suggesting efficient intestinal absorption. Human
intestinal absorption (HIA) probability was high,
indicating suitability for oral delivery. Although it
was identified as a substrate of P-glycoprotein (P-
gp), which may influence efflux and bioavailability,
the predicted oral bioavailability indices (F20% and
F30%) were acceptable (Table 4).
Distribution

The compound exhibited 92.7% plasma
protein binding (PPB), suggesting that most of
the drug would circulate bound to serum proteins,
which can prolong systemic exposure. The
predicted volume of distribution (Vdss = 0.44
L/kg) indicated a moderate tissue distribution
profile. Importantly, 1,8-cineole demonstrated
strong blood—brain barrier (BBB) permeability,
suggesting its ability to cross into the central
nervous system, which may explain its reported
neuroprotective and aromatherapeutic effects.
Metabolism

The metabolism profile predicted that
1,8-cineole interacts with several cytochrome P450
(CYP) isoenzymes. It was identified as a substrate
of CYP2C19, CYP2D6, and CYP2B6, indicating
hepatic metabolism through multiple pathways.

Inhibition potential was low for most CYPs,
although weak inhibitory activity was predicted
for CYP2C19 and CYP2C8, suggesting minimal
risk of drug—drug interactions. Hepatic microsomal
stability was moderate, implying that the compound
undergoes partial first-pass metabolism but retains
sufficient systemic bioavailability.
Excretion

The predicted plasma clearance (CL =
9.89 mL/min/kg) and half-life (t/2=1.14 h) suggest
that 1,8-cineole is moderately eliminated from the
body, primarily via hepatic metabolism and renal
excretion. This pharmacokinetic profile supports
its use in formulations requiring rapid onset but
relatively short systemic persistence.
Toxicity

The toxicity prediction demonstrated
a favorable safety profile. 1,8-Cineole was
non-mutagenic in Ames test prediction, non-
carcinogenic, and showed no significant risk of
hepatotoxicity, nephrotoxicity, or cardiotoxicity
(hERG channel inhibition was low). Skin
sensitization, eye irritation, and respiratory
toxicity potentials were negligible. Importantly,
sub-chronic and developmental toxicity indices
were within acceptable ranges.
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Medicinal Chemistry Assessment

Drug-likeness evaluations confirmed
compliance with Lipinski’s rule of five, Pfizer
rule, and GSK rule, supporting its suitability as
an orally bioavailable compound. The compound
demonstrated a quantitative estimate of drug-
likeness (QED = 0.52), which is considered
acceptable. Structural alerts for pan-assay
interference (PAINS), reactive compounds, and
aggregators were absent, further supporting its
drug-like characteristics.
Summary of ADMET Findings

Taken together, the ADMETIlab
predictions suggest that 1,8-cineole is a drug-like
monoterpenoid with good intestinal absorption,
ability to cross the BBB, moderate distribution
and clearance, and minimal predicted toxicity. Its
favorable pharmacokinetic profile aligns with its
widespread use in pharmaceuticals, cosmetics,
and food industries. These computational
results complement the experimental toxicity
studies and provide a strong rationale for further
pharmacological development of 1,8-cineole
(Figure 6).
Molecular Docking Studies of 1,8-Cineole with
Key Inflammatory Protein Targets
Rationale for Protein Selection

Inflammation is a complex biological
response involving multiple signaling pathways
and effector proteins. To elucidate the potential
anti-inflammatory activity of 1,8-cineole, a
natural monoterpene oxide commonly found in
essential oils of Eucalyptus species, molecular
docking studies were performed against a panel
of inflammation-related proteins. The rationale for
selecting these targets is as follows:

Cyclooxygenase-2 (COX-2, PDB
ID: 5KIR): COX-2 is an inducible isoform of
cyclooxygenase responsible for the conversion
of arachidonic acid to prostaglandins, central
mediators of pain, fever, and inflammation.
Inhibition of COX-2 is a classical mechanism
for many nonsteroidal anti-inflammatory drugs
(NSAIDs).

Interleukin-6 (IL-6, PDB ID: 1P9M):
IL-6 is a pleiotropic pro-inflammatory cytokine
that drives chronic inflammation and autoimmune
responses. It contributes to the acute phase reaction,
T-cell activation, and vascular inflammation.
Blocking IL-6 signaling is a validated therapeutic
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strategy in rheumatoid arthritis and other
inflammatory diseases.

Mitogen-Activated Protein Kinase
(MAPK, PDB ID: 5U0J): MAPKs regulate
intracellular signaling cascades linked to cytokine
production, immune cell activation, and stress
responses. Their abnormal activation perpetuates
inflammation and tissue injury. Targeting MAPKSs is
therefore relevant for assessing anti-inflammatory
potential.

Nuclear Factor kappa-B (NF-¢B, PDB ID:
219T): NF-€B is a transcription factor that regulates
the expression of numerous pro-inflammatory
cytokines, chemokines, adhesion molecules, and
enzymes (such as COX-2 and iNOS). Inhibition
of NF-éB activation represents a key anti-
inflammatory mechanism.

Tumor Necrosis Factor alpha (TNF-4,
PDB ID: 2AZ5%*): TNF-4 is a master regulator
of inflammation and immune responses. It binds
TNFR1/TNFR2 receptors and triggers NF-éB and
MAPK pathways. Therapeutic neutralization of
TNF-a is widely used in autoimmune disorders
such as rheumatoid arthritis and Crohn’s disease.
By targeting this set of proteins, docking studies
provide a comprehensive picture of how 1,8-cineole
may exert anti-inflammatory actions at the
molecular level.

Docking with COX-2 (5KIR)

Docking of 1,8-cineole with the COX-2
enzyme revealed a binding affinity of “6.2 kcal/
mol, indicative of a moderate but biologically
relevant interaction. The ligand engaged primarily
through alkyl interactions with key hydrophobic
residues: LEU B:392, VAL B:349, VAL B:523,
and ALA B:327 (Figure 7).

Significance of these interactions

Hydrophobic contacts are crucial in
stabilizing ligands within the COX-2 active
pocket, which is predominantly nonpolar in
nature. The alkyl interactions with LEU and VAL
residues mimic the binding pattern of known
NSAIDs, suggesting that 1,8-cineole may partially
occupy the arachidonic acid binding site, thereby
interfering with prostaglandin biosynthesis.
Docking with IL-6 (1P9M)

Interaction with the IL-6 protein yielded
a binding energy of “5.2 kcal/mol. The binding
involved alkyl and 9-alkyl interactions with
residues PHE A:147, MET A:117, HIS A:145, and
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VAL A:121. 8-alkyl interactions with aromatic
residues such as PHE and HIS are important
for stabilizing small hydrophobic ligands like
1,8-cineole within the cytokine’s binding region.
Although the energy score is lower than COX-
2, the ability of 1,8-cineole to associate with
IL-6 suggests a potential modulatory effect on
cytokine signaling, consistent with reported
immunomodulatory properties of cineole (Figure
8).

Docking with MAPK (5UQJ)

Docking against MAPK produced a
binding energy of “5.3 kcal/mol. The ligand
established alkyl and 9-alkyl interactions with
ARG A:5, PHE A:8, and ILE A:346. These
interactions indicate positioning of 1,8-cineole
near residues critical for MAPK conformational
stability. The involvement of ARG and ILE
residues highlights the importance of hydrophobic
as well as polar environments in accommodating
cineole. This binding could plausibly attenuate
MAPK activation, thereby reducing downstream
inflammatory signaling (Figure 9).

Docking with NF-éB (219T)

Docking with NF-€B resulted in a binding
energy of ““5.2 kcal/mol. The interactions included
alkyl, d-alkyl, and nucleic acid contacts involving
ARG A:605 and DA D:724. NF-éB is a DNA-
binding transcription factor. The observed contacts
with nucleotide residues (DA D:724) suggest
that 1,8-cineole may influence the DNA-binding
capacity of NF-€B. By interfering with the protein—
DNA interaction interface, cineole could reduce
NF-éB—mediated transcription of pro-inflammatory
genes (Figure 10).

Docking with TNF-4

The most favorable binding energy
was observed with TNF-4, reaching “6.8 kcal/
mol. The docking revealed 0-alkyl interactions
with TYR C:119. The stronger binding affinity
indicates a relatively stable association between
cineole and TNF-a. The involvement of TYR
suggests that d-electron interactions stabilize the
ligand at a functionally relevant site. Since TNF-a
is a trimeric cytokine, disruption of its active
binding conformation by small molecules could
attenuate receptor activation and dampen the entire
inflammatory cascade (Figure 11).

Comparative Analysis
Among all targets, TNF-a (“6.8 kcal/
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mol) and COX-2 (“6.2 kcal/mol) showed the
strongest binding, suggesting that 1,8-cineole may
exert dual inhibition at both upstream (cytokine
level) and downstream (prostaglandin synthesis)
inflammatory pathways. IL-6, MAPK, and NF-¢B
interactions, although weaker (5.2 to “5.3 kcal/
mol), support the idea of a multitarget modulation,
a characteristic often attributed to phytochemicals.
Hydrophobic interactions (alkyl and 9-alkyl)
dominate in all cases, consistent with the lipophilic
nature of cineole. Such interactions are essential for
ligand stabilization within protein pockets, even at
modest binding energies.

This docking study demonstrates that
1,8-cineole exhibits moderate to strong binding
affinities with key inflammatory mediators,
including COX-2, IL-6, MAPK, NF-éB, and
TNF-4. The observed binding energies (“5.2 to
“6.8 kcal/mol) and interaction profiles suggest
that cineole’s anti-inflammatory activity may
result from simultaneous modulation of multiple
signaling pathways, rather than selective inhibition
of a single protein. This polypharmacological
behavior is typical of natural compounds and
supports the traditional use of cineole-rich essential
oils in the management of inflammatory disorders.

DISCUSSION

The present study investigated the
isolation, characterization, and biological
evaluation of 1,8-cineole from Rosmarinus
officinalis cultivated in Uzbekistan. Using vacuum
fractional distillation followed by GC-MS analysis,
1,8-cineole was successfully obtained in a pure
form. The mass spectral data, with characteristic
fragment ions at m/z 53.5, 67.4, 81.8,93.7, 108.7,
124.1, 137.8, 152.8, and 164.5, were in complete
agreement with reference spectra, confirming the
identity of the compound. The retention time of
7.78 min further validated the high purity of the
isolated fraction. These findings align with reports
from other regions, where 1,8-cineole is recognized
as a principal constituent of rosemary essential oil,
typically ranging between 30-50% of the total oil
fraction.

A notable contribution of this study is
the demonstration that R. officinalis cultivated
under the climatic and ecological conditions of
Uzbekistan also produces 1,8-cineole in appreciable
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quantities. Since the chemical composition of
essential oils is highly dependent on geographical
and environmental factors, the confirmation
of 1,8-cineole presence in locally cultivated
rosemary provides a valuable basis for its potential
exploitation in pharmaceutical, cosmetic, and food
industries within the region.

Toxicological evaluation is a critical
prerequisite for the development of bioactive
compounds into therapeutic candidates. Acute
toxicity studies revealed that single oral
administration of 1,8-cineole up to 400 mg/kg
produced no observable adverse effects in mice.
At higher doses, dose-dependent toxicity was
evident, with significant mortality occurring at
800-1000 mg/kg. The calculated LD... € value
of 680 mg/kg indicates that 1,8-cineole belongs to
toxicity class IV (low-toxic substances) according
to OECD guidelines. These findings are consistent
with previous reports that describe 1,8-cineole
and related monoterpenoids as compounds with
relatively low acute toxicity when administered
orally.

Sub-chronic toxicity tests conducted over
14 days demonstrated no significant alterations
in body weight, behavior, or survival at doses of
5-20 mg/kg. Urinalysis parameters, including
specific gravity, pH, protein, glucose, bilirubin,
and hemoglobin, remained within physiological
ranges. Importantly, no pathological changes
were observed in urine sediments, and diuresis
values did not differ significantly between treated
and control animals. Hematological analysis
further confirmed the absence of toxic effects
on erythrocytes, leukocytes, and platelets, while
thromboelastography data indicated that 1,8-cineole
did not adversely affect coagulation parameters.
These results suggest that the compound is well
tolerated at sub-chronic doses and supports its
potential for safe therapeutic use.

In silico ADMET predictions provided
additional insights into the pharmacological
potential of 1,8-cineole. The compound exhibited
high gastrointestinal absorption, strong blood-brain
barrier (BBB) permeability, and a bioavailability
score of 0.55. These properties support its oral
administration and suggest possible central nervous
system effects, which correlate with its traditional
use in aromatherapy and reported neuroprotective
actions.
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Metabolic predictions indicated that
1,8-cineole is a substrate for multiple CYP450
isoenzymes (CYP2C19, CYP2D6, CYP2B6, and
CYP2(C9), suggesting hepatic metabolism through
diverse pathways. Although minor inhibitory
effects against CYP2C19 and CYP2C8 were
predicted, the overall risk of drug—drug interactions
remains low. Excretion parameters, including
moderate plasma clearance (9.89 mL/min/kg) and
a short half-life (t/2 = 1.14 h), indicate relatively
rapid elimination from the body, which may be
advantageous for compounds requiring short
systemic persistence.

Importantly, toxicity predictions revealed
no mutagenic, carcinogenic, hepatotoxic, or
cardiotoxic effects, and the compound complied
with Lipinski’s, Pfizer, and GSK drug-likeness
rules. These findings confirm that 1,8-cineole
exhibits favorable pharmacokinetic and safety
characteristics, reinforcing its potential as a drug-
like monoterpenoid.

Molecular docking further supported the
anti-inflammatory potential of 1,8-cineole. The
compound bound with moderate affinity to COX-
2 (“6.2 kcal/mol), IL-6 (5.2 kcal/mol), MAPK
(“5.3 kcal/mol), and NF-éB (“5.2 kcal/mol), and
with the strongest affinity to TNF-a (“6.8 kcal/
mol). Hydrophobic interactions (alkyl and d-alkyl)
dominated across targets, suggesting multitarget
modulation of inflammatory pathways. Strong
binding to COX-2 and TNF-4 indicates potential
dual action on prostaglandin synthesis and cytokine
signaling.

When compared with other well-studied
monoterpenoids such as limonene and menthol,
1,8-cineole displays a similarly low toxicity profile
but offers distinctive pharmacological benefits,
particularly in respiratory and inflammatory
disorders. Limonene is known for its anticancer
and gastroprotective activities, while menthol
is widely applied for its cooling and analgesic
effects. In contrast, 1,8-cineole has demonstrated
strong mucolytic, bronchodilatory, and anti-
inflammatory activities, making it particularly
valuable for respiratory conditions such as
bronchitis, asthma, and sinusitis. The ability of
1,8-cineole to cross the BBB may also provide
opportunities for its application in neuroprotection
and cognitive enhancement, areas that warrant
further investigation.



3201

Taken together, the findings of this
study provide a comprehensive evaluation of
1,8-cineole isolated from R. officinalis cultivated
in Uzbekistan. The results confirm its chemical
identity, establish its relatively low acute and sub-
chronic toxicity, and demonstrate its favorable
pharmacokinetic and safety profile through in silico
predictions. These outcomes not only reinforce the
pharmacological potential of 1,8-cineole but also
highlight the importance of studying medicinal
plants in specific ecological regions, where unique
environmental conditions may influence the yield
and activity of bioactive compounds.

Future research should focus on detailed
pharmacological testing, including in vivo models
of inflammation, oxidative stress, and respiratory
diseases, as well as clinical evaluations to further
validate the therapeutic potential of 1,8-cineole.

CONCLUSION

In this study, 1,8-cineole was successfully
isolated in pure form from Rosmarinus officinalis
cultivated in Uzbekistan and identified by GC—
MS. Toxicological assessment demonstrated a
relatively low acute toxicity profile (LD... € =
680 mg/kg) and no significant adverse effects
upon sub-chronic administration. In silico ADMET
predictions confirmed favorable pharmacokinetic
properties, including high intestinal absorption,
BBB permeability, and compliance with major
drug-likeness rules, with minimal predicted
toxicity. Taken together, these findings highlight
1,8-cineole as a safe and pharmacologically
promising bioactive compound, supporting
its potential application in pharmaceuticals,
cosmetics, and food industries.
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