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Abstract
In this study, the essential oil of Juniperus chinensis L. seeds was analyzed by GC-MS, identifying 25 comprising com-
prising 99.78% of the oil. α-Pinene (79.63 ± 0.45%) was the major component, followed by β-myrcene, β-pinene, and 
DL-limonene. The oil exhibited antimicrobial activity with inhibition zones of 11 mm (S. aureus), 6 mm (E. coli), and 4 
mm (S. mutans). Antifungal effects were noted against Fusarium solani and Aspergillus niger. Cytotoxicity assays revealed 
selective effects on MDA-MB-231 breast cancer cells (IC50: 38 µg/mL), with no toxicity to MCF-10A normal cells. Mole
cular docking demonstrated strong binding affinity of α-cedrol to AKT-1 protein (–7.5 kcal/mol), supported by RMSD 
stability analysis and hydrogen bonding. ADME profiling confirmed favorable drug-likeness of α-cedrol. These results 
suggest that J. chinensis L. seed essential oil, particularly as a complex phytochemical mixture containing α-cedrol, holds 
promise as a natural source for antimicrobial and anticancer agents.

Keywords: Juniperus chinensis L., seed oil, GC–MS, α-cedrol, antimicrobial efficacy, molecular docking, anticancer po-
tential

1. Introduction
The Juniperus genus, a member of the Cupressaceae 

family, encompasses approximately 75 species distributed 
across various regions worldwide. Many of these species 
have been employed in traditional medicine systems for 
their antiseptic, diuretic, and anti-inflammatory proper-
ties. Among them, Juniperus chinensis L. (commonly 
known as Chinese juniper) is a perennial conifer native to 
East Asia. The essential oil derived from this species is par-
ticularly rich in monoterpenes and sesquiterpenes, includ-
ing α-pinene, sabinene, limonene, and α-cedrol com-
pounds that have been widely documented for their 
diverse biological and pharmacological activities.1,2

Although extensive phytochemical and pharmaco-
logical evaluations have been conducted on other Junipe-
rus species such as J. communis, J. oxycedrus, and J. Phoe-
nicea mainly from Mediterranean and Anatolian regions 
data focusing specifically on J. chinensis, especially its 
seed-derived oils and extracts, remain scarce. These other 
species have demonstrated promising antioxidant, antimi-

crobial, and cytotoxic properties in multiple in vitro and in 
vivo models.3,4 In the context of ethnomedicine in Türkiye, 
preparations from Juniperus species have been tradition-
ally utilized to treat ailments involving the digestive, der-
matological, and respiratory systems.5 Nevertheless, there 
is limited experimental data regarding the therapeutic ef-
ficacy of J. chinensis seeds, particularly concerning their 
antimicrobial and anticarcinogenic properties.

Breast cancer continues to represent the most com-
monly diagnosed malignancy in women worldwide and 
remains a major contributor to cancer-related mortality. It 
accounts for the highest incidence among women in over 
140 countries and often exhibits a metastatic phenotype, 
spreading to distant organs such as bone, lung, liver, and 
brain, which complicates its clinical management.6 Current 
research emphasizes the importance of improving diagnostic 
sensitivity through emerging technologies such as molecular 
imaging and liquid biopsies, while also exploring epigenetic 
regulation and novel immunotherapeutic approaches.7,8

One of the significant challenges in breast cancer 
treatment is the development of resistance to chemother-
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apy, which undermines the success of conventional anti-
cancer agents.9 This limitation has intensified the search 
for novel therapeutic compounds with enhanced efficacy 
and lower toxicity profiles. Natural products, due to their 
structural diversity and multifaceted biological actions, 
have been recognized as a valuable resource for anticancer 
drug discovery.10 In particular, essential oils (EOs) have 
attracted growing interest for their chemopreventive and 
cytotoxic activities in preclinical cancer models. Various 
EO constituents have shown potential to sensitize resistant 
cancer cells when used alongside established chemother-
apy agents. Despite this, the precise cellular and molecular 
mechanisms by which EOs exert such effects are not yet 
fully elucidated.11,12

In a comprehensive study, HS-SPME-GC-MS was 
utilized to analyze the leaf essential oil of J. chinensis, 
identifying α-pinene (27.2%) as the major constituent 
among 37 detected compounds.2 Significant antibacterial 
activity was also reported against both Gram-positive and 
Gram-negative bacterial strains, including Staphylococ-
cus aureus, MRSA, and Micrococcus luteus. Likewise, LC-
QTOF-MS and LC-MS/MS were applied to the ethanolic 
extract of J. chinensis leaves, leading to the identification of 
abundant flavonoid and lignan derivatives, such as querce-
tin-3-O-α-L-rhamnoside and amentoflavone, which con-
tributed to the observed antimicrobial effects, notably 
against Bordetella pertussis.1

Computational tools such as molecular docking 
offer valuable insights into the potential interactions be-
tween bioactive small molecules and their biological tar-
gets, including proteins involved in disease progression. 
When complemented with pharmacokinetic modeling 
techniques such as ADME (Absorption, Distribution, Me-
tabolism, and Excretion) analysis, these methods provide a 
comprehensive platform for early-stage drug development.

Recent studies on J. chinensis L. seed essential oil 
have highlighted the relevance of these in silico approach-
es. The molecular docking data offer initial insights into 
the binding modalities of the identified drugs; nonetheless, 
these in silico predictions necessitate validation through 
additional experimental binding and functional exper-
iments.2 Furthermore, molecular dynamics simulations 
have confirmed the stability of these interactions, offering 
mechanistic insight at the atomic level.13 Parallel ADME 
profiling has supported their favorable pharmacokinetic 
characteristics, such as good oral bioavailability and low 
predicted toxicity.14

Based on these findings, the present study was un-
dertaken to (i) determine the chemical profile of essential 
oil derived from J. chinensis L. seeds collected from Afyon-
karahisar, Türkiye, (ii) assess its antimicrobial and cyto-
toxic effects, particularly against the MDA-MB-231 tri-
ple-negative breast cancer cell line, and (iii) elucidate the 
binding interactions between its major bioactive constit-
uents especially α-cedrol and the AKT-1 protein through 
molecular docking and dynamics analyses.

2. Materials and method
2. 1. �Collection and identification of plant 

materials
Mature seeds of J. chinensis L. were collected in Sep-

tember 2024 from a natural population located on the 
ANS Campus of Afyon Kocatepe University (38.7575° N, 
30.5343° E), Afyonkarahisar, Türkiye. The species was bo-
tanically identified by a field taxonomist, and a voucher 
specimen (Code: AKU-JC-2024) was deposited in the her-
barium of the Department of Biology, Faculty of Arts and 
Sciences, Afyon Kocatepe University. The identification 
process was performed based on “Flora of Turkey and the 
East Aegean Islands,” and further validated by herbarium 
comparison.

2. 2. Extraction of aqueous plant extract
Ten grams of air-dried J. chinensis L. seeds were thor-

oughly rinsed with deionized water and subjected to ex-
traction using a Soxhlet apparatus with 300 mL of distilled 
water under reflux conditions. The extraction process last-
ed approximately six hours. After cooling, the extract was 
filtered and stored at 4 °C until use.15 Prior to biological 
assays, the aqueous extract was concentrated under re-
duced pressure to remove excess solvent and subsequent-
ly reconstituted in dimethyl sulfoxide (DMSO) to obtain 
stock solutions.

2. 3. �Essential oil extraction and GC-MS 
analysis

2. 3. 1. Hydrodistillation with clevenger apparatus

Twenty grams of crushed seeds were placed in a 500 
mL round-bottom flask and subjected to hydrodistillation 
using a Clevenger-type apparatus with 250 mL of distilled 
water for 2.5 hours. The distillation was repeated in trip-
licate. The collected essential oil was extracted with 5 mL 
n-hexane, dried over anhydrous sodium sulfate (Na2SO4), 
and stored in sealed amber vials at 4 °C.16 Residual n-hex-
ane was completely removed under gentle nitrogen flow 
prior to biological evaluations. The essential oil was then 
dissolved in DMSO to prepare stock solutions.

2. 3. 2. GC-MS conditions
Analysis of essential oil composition was conducted 

using an Agilent 7890A GC system equipped with a 5975C 
mass detector and a CP-Wax 52 CB capillary column (50 
m × 0.25 mm i.d., film thickness 0.2 μm). The oven tem-
perature was programmed from 60 °C (held 2 min), raised 
to 220 °C at 2 °C/min, and held for 20 minutes. Injection 
and detector temperatures were set at 240 °C and 250 °C, 
respectively. Samples were dissolved in hexane (1:10), and 
1 µL was injected in split mode.17
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2. 4. Determination of antimicrobial activity
The antimicrobial activity of the aqueous extract and 

essential oil was evaluated using the agar well diffusion 
method against selected bacterial and fungal strains. The 
bacterial strains included Staphylococcus aureus ATCC 
12600, Escherichia coli ATCC 35213, Pseudomonas aerug-
inosa ATCC 11778, Streptococcus mutans ATCC 25175, 
and Listeria monocytogenes (Uşak University Culture Col-
lection). For antifungal evaluation, Candida spp., Penicilli-
um citrinum NRRL 174127, Aspergillus flavus NRRL 980, 
Fusarium solani NRRL 13414, and Aspergillus niger 1094 
strains were used.18

Bacterial suspensions were prepared and adjust-
ed to a 0.5 McFarland standard, then spread onto Muel-
ler-Hinton Agar (MHA) plates. Wells of 6 mm diameter 
were punched aseptically into the agar, and 200 µL of the 
extract or essential oil was added to each well. Plates were 
incubated at 37 °C for 24 h, after which inhibition zones 
were measured in millimeters.

For antifungal activity, mycelial growth inhibition 
assays were conducted on Potato Dextrose Agar (PDA). 
Fungal plugs were placed equidistantly from the central 
well containing the test sample. Following incubation at 27 
°C for 7 days in the dark, radial growth was measured, and 
percentage inhibition was calculated relative to the con-
trol groups.19 All samples were dissolved in DMSO, and 
the final DMSO concentration in agar wells did not exceed 
0.01% (v/v), a level reported to be non-toxic to microbial 
and mammalian cells. A DMSO control (0.01%) was in-
cluded in all experiments. Pure α-pinene was not included 
as a positive control because the primary objective of this 
study was to evaluate the antimicrobial activity of the es-
sential oil as a complex phytochemical mixture rather than 
isolated individual constituents. Essential oils are known 
to exert biological effects through synergistic or antagonis-
tic interactions among their components; therefore, test-
ing single compounds was beyond the scope of the present 
study.

2. 5. Cell culture conditions
MDA-MB-231 (triple-negative breast cancer) and 

MCF-10A (non-tumorigenic epithelial) cell lines were ob-
tained from ATCC. MDA-MB-231 cells were cultured in 
RPMI 1640 medium supplemented with 10% fetal bovine 
serum and gentamicin. MCF-10A cells were maintained in 
DMEM/F12 medium containing 5% horse serum, 20 ng/
mL EGF, 10 µg/mL insulin, 0.5 mg/mL hydrocortisone, 
100 ng/mL cholera toxin, and antibiotics. All cultures were 
incubated at 37 °C in a humidified 5% CO2 atmosphere.20

2. 6. Cell viability (XTT) assay
Cells were seeded in 96-well plates at a density of 8 × 

103 cells per well and allowed to adhere overnight. Upon 
reaching 50–60% confluence, cells were treated with ex-

tract and oil samples for 72 hours. Cell viability was as-
sessed using the XTT assay according to the manufacturer’s 
protocol. Absorbance was recorded at 550 nm using a mi-
croplate reader (BioTek, USA), and results were expressed 
as percent viability relative to untreated controls.21 Extract 
and essential oil samples were dissolved in DMSO, and the 
final concentration of DMSO in the culture medium was 
maintained at 0.01% (v/v), which is within the non-cyto-
toxic range reported for cell culture applications.22 Cells 
treated with 0.01% DMSO alone served as vehicle controls.

2. 7. �Molecular docking, dynamics, and 
ADME analysis
The three-dimensional structures of the proteins 

were obtained from the RCSB PDB protein database in 
pdb file format.23 (https://www.rcsb.org/). The proteins to 
be used in molecular docking analysis are selected from 
antiapoptotic proteins and the PDB codes of the proteins 
are given in the Table 7. The three-dimensional structures 
of metabolites, identified through QTOF-LC/MS analy-
sis, were retrieved from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/) in pdb file format.24 Molecu-
lar docking calculations were performed using Autodock 
Vina. The interactions between the molecules and the hy-
drogen (H)-bonds were visualized using the Seamdock 
online tool.

The molecular dynamics analyses of the protein and 
protein–ligand complex were performed using the Web-
Gro platform. The stabilities of the protein in both their 
unbound and ligand-bound states were graphically pre-
sented over a 50 ns (nanosecond) simulation period.25–31

ADME/T analysis was conducted to determine 
whether α-cedrol has drug-like properties. As part of this 
process, the PDB files of the molecules were uploaded to 
the SwissADME program (http://www.swissadme.ch), and 
radar graphs were presented.

3. Results
3. 1 �Essential oil extraction and GC-MS 

analysis of J. chinensis L. seeds

Gas chromatography mass spectrometry (GC-MS) 
analysis of J. chinensis L. seed essential oil, derived from 
samples collected in Afyonkarahisar, Türkiye, revealed a 
total of 25 volatile constituents accounting for 99.78% of 
the overall oil composition. Among these, α-pinene was 
the most dominant compound, comprising 79.63% of the 
oil. This high prevalence is consistent with prior studies 
highlighting α-pinene as a major constituent across var-
ious Juniperus species.32 Known for its pronounced anti-
microbial, antioxidant, and anti-inflammatory properties, 
the abundance of α-pinene may largely explain the bioac-
tivity of the essential oil.

https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
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In addition to α-pinene, notable compounds includ-
ed β-myrcene (4.62 ± 0.20%), β-pinene (2.84 ± 0.12%), 
and DL-limonene (1.99 ± 0.08%). β-Myrcene is recognized 
for its anti-inflammatory and analgesic functions and is 
frequently linked to the ethnomedicinal applications of 
Juniperus oils for musculoskeletal disorders.33 Similarly, 
β-pinene structurally analogous to α-pinene has demon-
strated notable antibacterial efficacy, particularly against 
Gram-positive bacteria.34 DL-Limonene, another major 
component, is widely reported for its cytotoxic and chem-
opreventive properties, making it a valuable compound in 
the context of cancer research.35

Although present in smaller quantities, several mi-
nor constituents such as γ-terpinene (1.78 ± 0.07%), isob-
ornyl acetate (1.43 ± 0.06%), and α-cedrol (1.08 ± 0.04%) 
also contribute to the oil’s bioactivity. γ-Terpinene is espe-
cially known for its robust antioxidant capacity and may 
act synergistically with other monoterpenes to enhance 
radical-scavenging potential.36 Isobornyl acetate is im-
portant for both its antimicrobial characteristics and fra-
grance profile. Of particular interest, α-cedrol despite its 
lower abundance has been widely studied for its sedative 
and antibacterial actions. Furthermore, it exhibited the 
most favorable interaction in molecular docking and sim-
ulation analyses, particularly with the AKT-1 protein.37

The complex phytochemical composition of J. chin-
ensis L. seed oil offers a plausible explanation for its broad 

pharmacological properties, echoing its traditional medic-
inal uses and supporting contemporary therapeutic inter-
est. The high α-pinene content may partially contribute to 
the antimicrobial activity observed; however, the overall 
effect is more plausibly related to synergistic interactions 
among multiple terpenoid components38,39

In summary, the GC-MS findings highlight the sig-
nificance of key bioactive constituents, especially α-pinene 
and α-cedrol, and offer a scientific basis for the potential 
application of this essential oil in antimicrobial and anti-
cancer formulations.

Furthermore, it is worth emphasizing that essential 
oils consist of complex mixtures where individual compo-
nents may act synergistically or antagonistically, thereby 
influencing the net biological effect of the oil. Consequent-
ly, the observed pharmacological actions of J. chinensis L. 
seed essential oil are likely the result of collective interac-
tions among its constituents, rather than the action of a 
single dominant compound. Such interactions may ampli-
fy effects such as antimicrobial, antioxidant, and anti-in-
flammatory activities, thus meriting additional mechanis-
tic studies.40

It is also recognized that the chemical composition 
of essential oils is subject to variation based on factors such 
as the geographical location of the plant, seasonal differ-
ences, and the extraction technique employed. The current 
study utilized plant material collected from Afyonkarahis-

Table 1. Chemical Composition of J. chinensis L. Seed Essential Oil Analyzed by GC-MS

No	 Retention time (min)	 Compound name	 Peak area (%)	 Compound class

1	 5.49	 α-Pinene	 79.63 ± 0.45	 Monoterpene
2	 5.76	 α-Fenchene	 0.19 ± 0.02	 Monoterpene
3	 5.90	 Camphene	 0.73 ± 0.05	 Monoterpene
4	 6.73	 β-Pinene	 2.84 ± 0.12	 Monoterpene
5	 7.66	 Δ-3-Carene	 0.19 ± 0.01	 Monoterpene
6	 8.06	 β-Myrcene	 4.62 ± 0.20	 Monoterpene
7	 8.12	 α-Phellandrene	 0.08 ± 0.01	 Monoterpene
8	 9.14	 DL-Limonene	 1.99 ± 0.08	 Monoterpene
9	 10.75	 γ-Terpinene	 1.78 ± 0.07	 Monoterpene
10	 11.51	 Cymene	 0.27 ± 0.02	 Aromatic Monoterpene
11	 12.19	 α-Terpinolene	 1.71 ± 0.05	 Monoterpene
12	 16.91	 D-Fenchone	 0.23 ± 0.01	 Monoterpenoid Ketone
13	 20.78	 α-Fenchylacetate	 0.13 ± 0.01	 Monoterpene Ester
14	 22.78	 Camphor	 0.08 ± 0.01	 Monoterpenoid Ketone
15	 26.69	 Isobornyl acetate	 1.43 ± 0.06	 Monoterpene Ester
16	 26.79	 D-Fenchylalcohol	 0.29 ± 0.02	 Monoterpenoid Alcohol
17	 27.38	 exo-Methyl-camphenilol	 0.08 ± 0.01	 Monoterpenoid Alcohol
18	 27.78	 3-Carene	 0.06 ± 0.01	 Monoterpene
19	 27.91	 trans-Caryophyllene	 0.14 ± 0.01	 Sesquiterpene
20	 29.13	 α-Farnesene	 0.09 ± 0.01	 Sesquiterpene
21	 30.32	 trans-Pinocarveol	 0.17 ± 0.02	 Monoterpenoid Alcohol
22	 31.67	 trans-β-Ocimene	 0.12 ± 0.01	 Monoterpene
23	 32.90	 Borneol	 0.54 ± 0.03	 Monoterpenoid Alcohol
24	 33.87	 γ-Cadinene	 1.32 ± 0.05	 Sesquiterpene
25	 53.54	 α-Cedrol	 1.08 ± 0.04	 Sesquiterpenoid Alcohol

Total identified constituents represent 99.78% of the essential oil composition.
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ar, Türkiye, which may represent a distinct chemotype of 
J. chinensis L., potentially differing in both qualitative and 
quantitative phytochemical profiles from samples reported 
in other regions. These regional disparities underscore the 
need for geographically targeted studies to better elucidate 
chemical variability and its biological implications.41

In terms of potential applications, the compounds 
identified in the essential oil of J. chinensis L. seeds exhibit 
significant promise across multiple industrial sectors. No-
tably, α-pinene and β-pinene are frequently used as natu-
ral preservatives and antimicrobial agents in cosmetic and 
food industries, while limonene is prized for its aromatic 
qualities and emerging anticancer properties. These versa-
tile bioactivities align well with traditional medicinal uses 
of Juniperus species and highlight the potential of these 
oils as natural alternatives to synthetic additives.42

When evaluating the chemical makeup of J. chinensis 
L. in comparison with other members of the Juniperus ge-
nus, a notable overlap is observed in major monoterpenes 
such as α-pinene and β-pinene. However, differences in 
concentration levels between species suggest the influence 
of species-specific metabolic pathways and environmen-
tal pressures. These interspecies variations may affect the 
strength and scope of biological effects, which should be 
taken into account when assessing therapeutic applicabil-
ity.43

It is also important to acknowledge that GC-MS pri-
marily detects volatile compounds, whereas non-volatile 
phytochemicals which may also play crucial pharmacolog-
ical roles are not evaluated in the current analysis. Thus, 
further research incorporating non-volatile profiling and 
bioactivity-guided fractionation is necessary to achieve 
a comprehensive understanding of the bioactive constit-
uents and to unlock the full therapeutic potential of this 
plant.

Importantly, the GC-MS findings were further sup-
ported by molecular docking analyses, which indicated 
that α-cedrol and trans-caryophyllene are capable of inter-
acting with key antiapoptotic proteins, including AKT-1. 
These results suggest that these compounds may contrib-
ute to the observed antimicrobial and anticancer activities 
of J. chinensis L. seed essential oil as part of a complex phy-
tochemical mixture, potentially through additive or syn-
ergistic interactions with other constituents, rather than 
acting as sole bioactive agents.

3. 1 �Antimicrobial activity of J. chinensis  
L. seed extract and essential oil
J. chinensis L. seed oil is a plant-based product that 

has been used in traditional medicine for centuries and 
has recently attracted interest in modern pharmacologi-
cal research. Historically, it has been applied in the treat-
ment of respiratory conditions, dermatological disorders, 
and gastrointestinal ailments.44 Furthermore, various 
Juniperus species have been reported to exhibit a wide 

range of pharmacological activities, including analgesic, 
hepatoprotective, antihyperlipidemic, antimicrobial, an-
ti-inflammatory, diuretic, antioxidant, antihypercholes-
terolemic, antiepileptic, and neuroprotective effects.45,46 
One of the most prominent attributes of Juniperus seed 
oil is its antimicrobial, antioxidant, and anti-inflammato-
ry properties.47 The essential oil of Juniperus communis, a 
closely related species, contains volatile compounds such 
as α-pinene, limonene, and sabinene molecules that have 
been extensively studied for their antimicrobial poten-
tial.48

In the present study, the antibacterial activity of 
J. chinensis L. seed extract and essential oil was assessed 
using the agar well diffusion method. Among the tested 
bacterial strains, the aqueous extract showed the strongest 
activity against Staphylococcus aureus with a mean inhibi-
tion zone of 11 mm, followed by Escherichia coli (6 mm) 
and Streptococcus mutans (4 mm) (Table 2, Fig. 1). The es-
sential oil exhibited antimicrobial activity only against S. 
mutans (4 mm), suggesting a narrower antibacterial spec-
trum under the test conditions.

Table 2. Inhibition zone diameters (mm) of J. chinensis L. seed ex-
tract and essential oil against bacterial and yeast strains.

Microorganism	 Seed extract (mm)	 Seed oil (mm)

Staphylococcus aureus	 11	 –
Streptococcus mutans	 4	 4
Escherichia coli	 6	 nd
Pseudomonas aeruginosa	 nd	 –
Listeria monocytogenes	 –	 –
Candida sp.	 2	 – 

nd: not detected, –: no activity)

To better contextualize the inhibition zone diame-
ters obtained in this study, the results were compared with 
previously reported data for plant-derived essential oils. 
In the literature, inhibition zones of commonly used an-
tibiotics against Staphylococcus aureus and Escherichia coli 
are generally reported to exceed 15–20 mm under similar 
assay conditions, indicating that the activity observed for 
J. chinensis seed extract can be considered moderate. Like-
wise, essential oils from other Juniperus species have been 
reported to produce inhibition zones ranging between 8 
and 18 mm, depending on oil composition and test con-
ditions. Accordingly, the antimicrobial activity observed 
in the present study is comparable to that of other plant-
based essential oils, although lower than standard antibi-
otics, which is typical for crude extracts and essential oils 
evaluated by agar diffusion methods.

The GC-MS analysis identified α-pinene as the ma-
jor constituent of the seed essential oil, accounting for 
79.63 ± 0.45% of its total composition. It was reported 
that α-pinene exhibits antimicrobial activity by targeting 
the DnaKJE-σ32 chaperone complex, thereby disrupting 
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protein folding and cellular stress mechanisms in bacterial 
species including Escherichia coli, Salmonella enterica, and 
Staphylococcus aureus.49

Antifungal assays revealed that the aqueous extract 
of J. chinensis L. inhibited the mycelial growth of Fusar-
ium solani NRRL13414 and Aspergillus niger NRRL1094 
by 56.25% and 33.33%, respectively. The essential oil 
displayed the strongest inhibitory effect against A. niger 
(56.25%), followed by A. flavus NRRL980 (27.77%) and F. 
solani (25.00%) (Table 3).

Table 3. Percent inhibition of fungal mycelial growth by seed ex-
tract and essential oil of J. chinensis L.

Fungal strain	 Seed extract	 Seed oil
	 (%)	 (%)

Penicillium citrinum NRRL174127	 10.00	 9.09
Aspergillus flavus NRRL980	 –	 27.77
Fusarium solani NRRL13414	 56.25	 25.00
Aspergillus niger NRRL1094	 33.33	 56.25

These findings are consistent with previous reports 
suggesting that essential oils of Juniperus species possess 
potent antifungal properties.50 The antifungal mechanism 
is thought to involve disruption of the fungal cell mem-
brane, leading to leakage of intracellular components and 
eventual cell death.51

Moreover, Juniperus seed oils have shown promising 
activity against multidrug-resistant bacterial strains, high-
lighting their potential as alternative antimicrobial agents 
in an era of increasing antibiotic resistance.52 The high 
antioxidant potential of J. communis essential oil has also 
been associated with protection against oxidative stress 

and skin aging,43 further supporting its therapeutic rele-
vance.

Taken together, the results of this study indicate that 
J. chinensis L. seed extract and essential oil exhibit selective 
antimicrobial and antifungal activities, likely due to their 
rich phytochemical composition. These findings support 
the potential use of J. chinensis L. in the development of 
natural antimicrobial formulations.

The present study contributes novel insights into 
the antimicrobial and antifungal potential of J. chinensis 
L. seeds, particularly from specimens collected in Turkey 
a geographical region underrepresented in current litera-
ture. The observed activity may be influenced not only by 
the major volatile component α-pinene but also by the syn-
ergistic action of other terpenoids. Furthermore, the rela-
tively higher efficacy of the aqueous extract may suggest 
the presence of potent polar bioactives, such as flavonoids 
or phenolic acids, which warrant further phytochemical 
profiling. Given the rising concern over antibiotic-resist-
ant pathogens, the ability of essential oils to disrupt mi-
crobial membranes offers a compelling alternative thera-
peutic strategy. Nonetheless, additional studies involving 
MIC determination, broader pathogen spectra, and in vivo 
models are essential to confirm the pharmaceutical rele-
vance of these findings.

3. 3 �Cytotoxic effects on MDA-MB-231 breast 
cancer cells
The antiproliferative potential of J. chinensis L. seed 

extract and essential oil was evaluated on triple-negative 
MDA-MB-231 breast cancer cells using an XTT-based vi-
ability assay. After 72 hours of treatment, the water extract 
and oil exhibited IC50 values of 45 µg/mL and 38 µg/mL, 

Figure 1. Antibacterial activity of J. chinensis L. seed extract and essential oil against selected bacteria using the agar well diffusion method.
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respectively. Importantly, neither sample displayed cyto-
toxicity on the normal breast epithelial cell line MCF-10A 
at concentrations up to 100 µg/mL, suggesting a degree of 
selective toxicity toward cancer cells (Table 4, Fig.2).

Previous studies have reported anticancer-related 
activities for α-cedrol and α-cedrol–containing essen-
tial oils; however, given its relatively low abundance in 
the present oil, its contribution should be interpreted as 
supportive rather than determinant. Although α-cedrol 
has been reported to exhibit anticancer-related biological 
activities, its relatively low abundance in the essential oil 
(approximately 1–2%) suggests that it is unlikely to be the 
sole determinant of the observed cytotoxic effects. The an-
tiproliferative activity observed in this study is more plau-
sibly attributed to the combined and potentially synergis-
tic effects of multiple constituents present in the essential 
oil. For instance, significant antiproliferative effects have 
been reported for α-Cedrol-containing essential oils in 
various cancer cell models.53 Likewise, cedarwood oil rich 
in α-cedrene, β-cedrene, and cedrol was reported to exhib-
it cytotoxicity against leukemia cells.54 α-Cedrol has also 
demonstrated apoptosis-inducing effects in various tumor 
models through mitochondrial membrane potential dis-
ruption and enhanced ROS generation.55

These results reinforce the therapeutic potential of J. 
chinensis L., particularly its essential oil, in developing can-
cer-selective agents. However, further mechanistic and in 
vivo validation will be essential to confirm its translation-
al applicability. Since cytotoxicity assays were conducted 
at a limited concentration range, the reported IC50 values 
should be interpreted with caution. Future studies employ-
ing a broader concentration range are necessary to more 
accurately determine dose–response relationships and se-
lective toxicity. It should be noted that the observed cyto-
toxic effects cannot be attributed to a single compound, and 
the contribution of minor constituents, as well as potential 
synergistic interactions, requires further investigation.

The AKT-1 protein is a major regulator of the PI3K/
AKT/mTOR signaling pathway, which governs key bio-
logical processes including cell survival, proliferation, me-
tabolism, and apoptosis inhibition. Dysregulation of this 
pathway is frequently observed in solid tumors, particular-
ly breast cancer, and is associated with tumor progression, 
metastasis, and therapy resistance.56,57 In triple-negative 
breast cancer (TNBC), the absence of hormone receptors 

and HER2 expression limits targeted treatment options, 
while hyperactivation of AKT signaling correlates with ag-
gressive disease behavior and poor prognosis.58

Based on the observed selective cytotoxicity of J. 
chinensis L. seed essential oil against MDA-MB-231 cells, 
AKT-1 was selected as a molecular target to link experi-
mental anticancer activity with potential molecular mech-
anisms. Notably, α-cedrol, a bioactive constituent of the 
essential oil, has been reported to inhibit AKT signaling 
and promote apoptosis in tumor cells,54 supporting the bi-
ological relevance of the molecular docking and molecular 
dynamics analyses performed in this study.59,60

3. 4 �Molecular docking, dynamics and ADME 
analyses
α-Cedrol (C15H26O) is a sesquiterpenoid alcohol 

naturally found in essential oils of plants belonging to the 
cypress and cedar families. Due to its woody and earthy 
aroma, it is widely utilized in the fragrance and flavor in-
dustries. However, recent studies have revealed its poten-
tial antitumor and anti-inflammatory activities, making it 
an attractive candidate for further pharmacological eval-
uation.

Molecular docking analysis was performed between 
antiapoptotic proteins and bioactive molecules identified 
in J. chinensis L. (see Supporting Information, Table S1 
and Table S2). Among the tested compounds, α-cedrol and 
trans-caryophyllene exhibited the lowest binding energy 
scores, suggesting strong potential interactions with target 
proteins. Notably, α-cedrol formed hydrogen bonds specif-
ically with the AKT-1 protein, prompting further investi-
gation via molecular dynamics simulation (see Supporting 
Information, Fig. S1,S2).

Figure 2. Cell viability of MDA-MB-231 cells after 72 h treatment with J. chinensis L. seed extract and essential oil evaluated by XTT assay.

Table 4. Cytotoxic effects (IC50) of J. chinensis L. extract and oil on 
MDA-MB-231 and MCF-10A cell

Sample	 MCF-10A	 MDA-MB-231
	 (normal epithelial	 (breast cancer
	 cell line)	 cell line)

J. chinensis L. water extract	 298.7 µg/mL	 45 µg/mL *
J. chinensis L. essential oil	 280.3 µg/mL	 38 µg/mL **

p < 0.05 compared to untreated control group
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The AKT-1 protein, regulated by the PI3K gene, is 
a serine/threonine kinase integral to the signaling path-
ways involved in cancer progression. It orchestrates crit-
ical cellular functions including proliferation, survival, 
metabolism, and motility.61,62 As a key component of the 
phosphatidylinositol 3-kinase (PI3K) pathway, AKT also 
termed protein kinase B (PKB) exists in three isoforms: 
AKT-1, AKT-2, and AKT-3. Among these, AKT-1 is com-
monly activated by phosphatidylinositol-3,4,5-triphos-
phate (PIP3) at the cell membrane.

Once activated, AKT-1 facilitates cellular survival 
mechanisms by stimulating anti-apoptotic proteins such 
as Bcl-2 protein and concurrently inhibiting pro-apop-
totic factors. Aberrant activation of AKT-1 has been fre-
quently observed in various malignancies, contributing 
to enhanced cell proliferation, metastasis, and resistance 
to chemotherapeutics. Somatic mutations in the AKT-1 
gene, particularly the E17K substitution, have been iden-
tified in multiple cancer types, including lung, colorectal, 
and ovarian carcinomas.63 These mutations tend to arise 
in tissue-specific regions and are associated with distinct 
pathological and clinical outcomes.64

Due to its pivotal role in oncogenic signaling, AKT-1 
is considered a significant molecular target for anticancer 
therapies. Notably, inhibitors targeting AKT have demon-
strated therapeutic potential across a range of cancers. The 
E17K mutation in AKT-1 has been detected in approxi-

mately 1.4–8% of breast cancer cases, highlighting its rele-
vance in breast tumorigenesis.65 Investigating such muta-
tions provides valuable insights into targeted strategies for 
suppressing tumor cell proliferation. Mutations in AKT-1 
have been emphasized as promising therapeutic targets.66 
Similarly, early inhibition of AKT-1 activity has been pro-
posed as a viable approach to limiting carcinogenesis at 
initial disease stages.67

The lowest binding energy (–7.5 kcal/mol) was found 
to be between α-cedrol and AKT1 protein, while the sec-
ond binding energy was found to be between α-cedrol and 
Bcl-2 protein protein with –7.0 kcal/mol (Table 5, Figure 
3). These binding energies represent in silico predictions 
derived from molecular docking simulations and do not 
correspond to experimentally measured binding affinities.

In particular, hydrogen bonding analysis revealed 
interactions between α-cedrol and amino acid residues 
Glu191 and Thr195 of AKT-1, as shown in Table 6.

To evaluate the drug-likeness of α-cedrol, its ADME 
properties were predicted using the Swiss ADME tool. Ac-
cording to Lipinski’s and Weber’s rules, α-cedrol complied 
with key pharmacokinetic parameters, indicating favora-
ble absorption, distribution, metabolism, and excretion 
characteristics.

Doxorubicin served as the control medication, and 
molecular docking investigations were conducted with 
AKT-1 and BCL-2 proteins. The docking data indicated 

Table 5. Predicted binding energies (kcal/mol) of selected compounds obtained from molecular docking simulations with the target proteins.

	 AKT1	 BAX	 BCL2	 BCL2A1	 BCL2L1	 BCL2L10	 BIRC3	 BIRC5
	 (PDB ID: 	 (PDB ID:	 (PDB ID:	 (PDB ID:	 (PDB ID:	 (PDB ID:	 (PDB ID:	 (PDB ID:
	 6BUU)	 1F16	 8SM5)	 6MBB)	 6DCO)	 4B4S	 2UVL)	 1XOX)

α-pinene	 –5.3	 –5.3	 –5.9	 –5.4	 –5.4	 –4.1	 –5.0	 –4.3
α-fenchene	 –5.3	 –5.3	 –5.9	 –5.2	 –5.4	 –3.9	 –5.0	 –5.4
Camphene	 –5.3	 –5.2	 –5.8	 –5.2	 –5.4	 –4.1	 –4.7	 –5.6
β-pinene	 –5.3	 –5.2	 –5.7	 –5.3	 –5.1	 –4.0	 –4.9	 –4.3
Δ-3-carene	 –5.6	 –5.3	 –5.9	 –4.6	 –5.0	 –4.5	 –5.2	 –4.6
β-myrcene	 –5.2	 –5.2	 –5.6	 –4.9	 –5.1	 –3.8	 –4.5	 –4.4
α-phallandrene	 –5.9	 –4.9	 –6.0	 –5.0	 –5.4	 –5.6	 –5.0	 –6.4
D limonene	 –5.8	 –5.6	 –5.9	 –5.1	 –5.3	 –5.3	 –5.0	 –6.2
γ-terpinene	 –5.9	 –5.3	 –6.3	 –5.2	 –4.8	 –4.5	 –5.0	 –4.7
Cymene	 –5.9	 –5.2	 –6.3	 –5.2	 –5.6	 –5.8	 –5.0	 –4.9
α-terpinelene	 –6.3	 –5.1	 –6.1	 –5.2	 –5.9	 –5.0	 –5.2	 –5.7
D fenchone	 –5.8	 –5.7	 –6.3	 –5.1	 –5.2	 –4.7	 –4.5	 –4.6
α-fenchylacetate	 –5.6	 –6.0	 –5.9	 –5.9	 –5.6	 –4.8	 –5.4	 –4.8
Camphor	 –5.7	 –5.1	 –5.9	 –5.6	 –5.5	 –4.1	 –4.9	 –4.0
Isobornylacetate	 –6.1	 –5.6	 –6.0	 –5.7	 –5.7	 –4.7	 –4.6	 –5.8
D fenchylalcohol	 –5.8	 –5.4	 –6.0	 –5.6	 –5.1	 –4.2	 –5.4	 –4.9
Exomethylcamphenilol	 –5.1	 –4.6	 –5.1	 –5.1	 –4.7	 –3.9	 –4.1	 –5.5
3-carene	 –5.5	 –5.1	 –5.9	 –5.7	 –5.6	 –4.3	 –5.1	 –5.1
Trans caryophllene	 –7.2	 –6.1	 –7.9	 –6.2	 –6.6	 –5.7	 –5.3	 –5.6
Trans pinocarveol	 –5.9	 –5.3	 –6.1	 –4.6	 –5.3	 –4.0	 –5.0	 –4.3
Trans beta ocimene	 –5.3	 –4.7	 –5.7	 –4.8	 –4.1	 –4.9	 –4.5	 –4.2
Berneol	 –5.9	 –5.2	 –5.6	 –4.8	 –4.9	 –4.1	 –4.7	 –4.8
γ-cadinene	 –6.8	 –6.2	 –6.9	 –6.3	 –6.6	 –6.8	 –5.5	 –5.7
α-cedrol	 –7.5	 –6.4	 –7.0	 –5.6	 –5.6	 –5.1	 –5.3	 –5.6
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that the binding energy of doxorubicin with the AKT-
1 protein was −9.8 kcal/mol, with one hydrogen bond 
identified in this interaction. The docking analysis of the  

BCL-2 protein revealed a binding energy of −8.0 kcal/mol 
and the establishment of six hydrogen bonds.

Nevertheless, the in silico ADME predictions should 
be interpreted cautiously, as α-cedrol is a highly lipophilic 
compound with limited aqueous solubility, which may af-
fect its bioavailability under physiological conditions.

To further confirm the interaction between α-ced-
rol and AKT-1, molecular dynamics (MD) simulation 
was conducted using the GROMOS96 43A1 force field. 
The root mean square deviation (RMSD) trajectories of 
both the free protein and the protein-ligand complex were 
monitored over a 50 ns simulation (Figure 4, Figure 5)

Figure 3. Representation of interaction between AKT-1 and Bcl-2 protein with trans-caryophllene and α-cedrol

Table 6. Hydrogen bond interactions between α-cedrol and AKT-1 
protein residues.

Interaction type	 Ligand	 Receptor	 Atom type
	 atom	 residue (chain)	 (receptor)

Hydrogen bond	 O1	 Glu191 (B)	 OE2
Hydrogen bond	 O1	 Thr195 (B)	 OG1
Hydrogen bond	 O1	 Thr195 (B)	 OG1
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Figure 4. RMSD trajectory of AKT-1 protein during 50 ns MD sim-
ulation.

The RMSD values showed slight fluctuations that 
stabilized after approximately 40 ns, indicating that the 
protein-ligand complex achieved conformational stability, 
supporting the binding affinity observed in docking re-
sults. Based on in silico ADME predictions, α-cedrol may 
be considered a potential lead compound for further drug 
development studies; however, these predictions remain 
theoretical and require experimental validation, particu-
larly considering its lipophilicity and solubility limitations.

4. Conclusion
Breast cancer continues to be a predominant cause 

of cancer-related deaths among women worldwide, with 

triple-negative breast cancer (TNBC) presenting distinct 
therapeutic difficulties due to its aggressive behavior and 
limited treatment modalities. This study aimed to evalu-
ate the therapeutic potential of J. chinensis L. seed essential 
oil and aqueous extract through a combination of in vitro 
assays assessing cytotoxic, antimicrobial, and antifungal 
activities, alongside in silico molecular docking, molecular 
dynamics simulations, and ADME profiling.

GC-MS analysis identified α-pinene as the principal 
constituent of the essential oil, comprising 79.63% of its 
composition, supplemented by other bioactive terpenoids 
including β-myrcene, DL-limonene, γ-terpinene, isobor-
nyl acetate, and α-cedrol. These compounds have been ex-
tensively documented for their antimicrobial, antioxidant, 
and anticancer properties, which correspond with the em-
pirical findings of this investigation. The aqueous extract 
demonstrated pronounced antibacterial efficacy against 
Staphylococcus aureus, whereas the essential oil exhibited 
moderate inhibitory effects on Streptococcus mutans. Ad-

Figure 5. RMSD trajectory of the AKT-1– α-cedrol complex during 
50 ns MD simulation.
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ditionally, both preparations showed antifungal activity, 
notably against Fusarium solani and Aspergillus niger.

Cytotoxicity assays revealed that the aqueous ex-
tract and essential oil selectively suppressed the growth of 
MDA-MB-231 TNBC cells, with IC50 values of 45 µg/mL 
and 38 µg/mL, respectively, while showing no cytotoxicity 
toward normal breast epithelial MCF-10A cells. Molecu-
lar docking studies indicated strong binding affinities of 
α-cedrol and trans-caryophyllene toward anti-apoptotic 
targets such as AKT1, BCL-2, and BIRC5. Notably, α-ced-
rol exhibited the lowest binding energy with AKT1 (–7.5 
kcal/mol), which was corroborated by stable hydrogen 
bond interactions and consistent RMSD patterns observed 
in molecular dynamics simulations. In silico ADME anal-
ysis indicated that α-cedrol meets several drug-likeness 
criteria; however, these findings remain predictive and do 
not account for formulation or bioavailability constraints.

Collectively, these results underscore the multiple 
in silico-supported biological activities of J. chinensis L. 
seed-derived compounds, particularly α-cedrol encom-
passing antimicrobial, antifungal, antioxidant, and cyto-
toxic effects. Although molecular docking and molecular 
dynamics simulations provide valuable hypotheses regard-
ing ligand–protein interactions, these findings remain pre-
dictive in nature and require further experimental valida-
tion through biochemical binding assays and mechanistic 
studies. Overall, this study provides preliminary experi-
mental and computational evidence supporting the bio-
logical potential of J. chinensis L. seed-derived products, 
while highlighting the necessity for further validation to 
substantiate their pharmacological relevance.
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Povzetek
V tej študiji je bilo eterično olje semen Juniperus chinensis L. analizirano z GC-MS, pri čemer je bilo identificiranih 25 
spojin, ki so predstavljale 99,78 % olja. Glavna sestavina je bil α-pinen (79,63 ± 0,45 %), sledili so β-mircen, β-pinen in 
DL-limonen. Olje je pokazalo protimikrobno aktivnost z zaviralnimi conami 11 mm (S. aureus), 6 mm (E. coli) in 4 mm 
(S. mutans). Protiglivični učinki so bili opaženi proti Fusarium solani in Aspergillus niger. Testi citotoksičnosti so razkrili 
selektivne učinke na rakave celice dojke MDA-MB-231 (IC50: 38 µg/mL), brez toksičnosti za normalne celice MCF-10A. 
Molekulsko sidranje je pokazalo močno vezavno afiniteto α-cedrola do proteina AKT-1 (–7,5 kcal/mol), kar so potrdile 
analize stabilnosti RMSD in vodikove vezi. Profiliranje ADME je potrdilo ugodne lastnosti α-cedrola glede podobnosti 
zdravilom. Ti rezultati nakazujejo, da je eterično olje semen J. chinensis L., zlasti kot kompleksna fitokemična mešanica, 
ki vsebuje α-cedrol, obetaven naravni vir protimikrobnih in protirakavih učinkovin.
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