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Abstract 

Context: Breast cancer remains the most prevalent malignancy among women and presents therapeutic challenges due to adverse effects associated with 

conventional treatments. Cuminum cyminum seeds extract (CCSE), recognized for its antioxidant and antibacterial properties, has been investigated as a 

potential source of alternative therapeutic agents. 

Aims: To profile the phytochemical constituents of CCSE using GC-MS and to evaluate the predicted interactions of selected compounds with breast cancer–

related proteins through in silico molecular docking analyses. 

Methods: The ethanolic extract of CCSE was analyzed by GC-MS, yielding the identification of 269 phytoconstituents. From these, three bioactive compounds—

carvone, p-cymene, and linalool—were selected for further evaluation. Their potential anticancer activities were predicted using the PASS and CLC-Pred 

platforms, while drug-likeness properties were assessed through SwissADME. In silico toxicity profiles were also predicted using the ProTox-3.0 webserver. 

Pathway interactions were analyzed using the STITCH database. Molecular docking studies were then performed with AutoDock Vina in PyRx against Erα, MDM2, 

HER2, and caspase-3, with doxorubicin used as a reference drug. 

Results: The selected compounds were predicted to have potential anticancer activity against breast cancer through multiple mechanisms, including regulation 

of apoptosis. Carvone and p-cymene showed favorable predicted binding affinities for MDM2 and HER2 compared with doxorubicin, suggesting possible tumor-

suppressive effects. Linalool was predicted to interact with MDM2, caspase-3, ERα, and HER2, with some affinities comparable to those of doxorubicin, 

indicating a potential role in modulating apoptosis pathways and receptor-mediated signaling. These findings provide preliminary in silico evidence of the 

breast cancer–related anticancer potential of CCSE bioactive compounds relative to doxorubicin, and further experimental validation is required.  

Conclusions: These findings suggest that CCSE-derived compounds may possess potential anticancer activity against breast cancer; however, further in vitro 

and in vivo validation is necessary.  
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Resumen 

Contexto: El cáncer de mama sigue siendo la neoplasia maligna más prevalente en mujeres y presenta desafíos terapéuticos debido a los efectos adversos 

asociados a los tratamientos convencionales. El extracto de semillas de Cuminum cyminum (CCSE), reconocido por sus propiedades antioxidantes y 

antibacterianas, se ha investigado como posible fuente de agentes terapéuticos alternativos.  

Objetivos: Perfilar los componentes fitoquímicos del CCSE mediante GC-MS y evaluar, mediante análisis de acoplamiento molecular in silico, las interacciones 

previstas de los compuestos seleccionados con proteínas relacionadas con el cáncer de mama. 

Métodos: El extracto etanólico de CCSE se analizó mediante GC-MS, lo que permitió identificar 269 fitocomponentes. De estos, se seleccionaron tres compuestos 

bioactivos (carvona, p-cimeno y linalol) para su evaluación posterior. Sus posibles actividades anticancerígenas se predijeron con las plataformas PASS y CLC-

Pred, mientras que las propiedades de similitud farmacológica se evaluaron con SwissADME. También se predijeron los perfiles de toxicidad in silico mediante 

el servidor web ProTox-3.0. Las interacciones entre las vías se analizaron utilizando la base de datos STITCH. Posteriormente, se realizaron estudios de 

acoplamiento molecular con AutoDock Vina en PyRx contra Erα, MDM2, HER2 y caspasa-3, utilizando doxorrubicina como fármaco de referencia. 

Resultados: Se predijo que los compuestos seleccionados tendrían potencial actividad anticancerígena contra el cáncer de mama mediante múltiples 

mecanismos, incluida la regulación de la apoptosis. La carvona y el p-cimeno mostraron afinidades de unión más favorables para MDM2 y HER2 que la 

doxorrubicina, lo que sugiere posibles efectos supresores tumorales. Se predijo que el linalool interactuaría con MDM2, caspasa-3, ERα y HER2, con afinidades 

comparables a las de la doxorrubicina, lo que sugiere un posible papel en la modulación de las vías de apoptosis y de la señalización mediada por receptores. 

Estos hallazgos proporcionan evidencia preliminar in silico del potencial anticancerígeno relacionado con el cáncer de mama de los compuestos bioactivos de 

CCSE en comparación con la doxorrubicina, y se requiere una validación experimental adicional. 

Conclusiones: Estos hallazgos sugieren que los compuestos derivados de CCSE podrían tener potencial actividad anticancerígena contra el cáncer de mama; 

sin embargo, se requiere una mayor validación in vitro e in vivo. 

Palabras Clave: acoplamiento molecular; apoptosis; carvona; GC-MS; linalol; p-cimeno. 
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INTRODUC TION 

Cancer remains a major global health challenge, 
with nearly 20 million new cases and 10 million deaths 
reported in 2022. Projections estimate that the global 
cancer burden will rise by 77% by 2050, potentially 
reaching 35 million new cases annually (Bray et al., 
2024). Among all cancers, breast cancer stands out as 
the most frequently diagnosed malignancy in women, 
with approximately 2.3 million cases reported in 2020. 
It is the most commonly diagnosed cancer among 
women, surpassing lung (16.4%), colorectal (10%), 
prostate (7.3%), and stomach (5.6%) cancers. In 2020, 
breast cancer caused 685,000 deaths, making it the 
leading cause of cancer-related mortality among 
women worldwide. Driven by demographic shifts, 
cancer case incidence in transitional and developing 
countries is projected to rise by 47%, reaching 28.4 mil-
lion cases by 2040 (Sung et al., 2021). Breast cancer is 
influenced by environmental, lifestyle, and genetic fac-
tors. Risk increases with age over 50, family history, re-
productive disorders, and oral contraceptive use (Las-
kar et al., 2020). Although therapies have improved 
survival, they often cause adverse effects, including 
lymphedema, neuropathy, altered body composition, 
radiation -related complications, and psychological 
distress (Tommasi et al., 2022). These challenges un-
derscore the need for enhanced cancer control strate-
gies (Bray et al., 2024). 

Breast cancer is a heterogeneous disease requiring 
tailored management based on histological, genetic, 
and molecular profiles (Afzal & Vahdat, 2024). It is 
classified into four subtypes by expression profiles: lu-
minal A, luminal B, HER2 -positive, and tripl e-nega-
tive. Luminal subtypes express ERȀ; type B is more ag-
gressive due to increased proliferation and p53 muta-
tion. HER2-positive tumors lack ER/PR and exhibit 
enhanced signaling that promotes metastasis. Triple-
negative cancers are highly aggressive and are associ-
ated with impaired DNA repair mechanisms, such as 
BRCA2 deletion (Clusan et al., 2023). Estrogen receptor 
(ER), progesterone receptor (PR), and HER2 are used 
as molecular markers to predict prognosis and guide 
treatment decisions. ER-positive tum ors typically re-
spond to hormone therapies such as tamoxifen, 
whereas ER-negative tumors are treated with chemo-
therapy. Although HER2 -positive cancers are aggres-
sive, they respond to targeted agents like trastuzumab 
or lapatinib. HER2-negative tumors may benefit from 
therapies such as everolimus. These markers remain 
critical in current clinical practice and in guiding drug 
development efforts (Mohanty et al., 2022).  

Natural compounds have attracted interest as alter-
native cancer therapies due to their ability to inhibit 
cell proliferation, induce apoptosis, and suppress me-
tastasis. Several plant-derived agents are already used 

in oncology (Lianou et al., 2024). Cuminum 
cyminum꜡seed extract (CCSE), commonly known as 
cumin , possesses medicinal properties and contains 
phenols, flavonoids, and terpenes that support its po-
tential as an herbal remedy. These bioactive constitu-
ents exhibit therapeutic properties and may offer ben-
efits in conditions such as cancer (Chandrasekaran et 
al., 2023). In vivo studies have shown that compounds 
from CCSE can delay and prevent breast tumorigene-
sis by modulating estrogen (E2), with evidence of both 
efficacy and safety. These findings demonstrate 
CCSE's potential as a chemopreventive agent, further 
supported by its low chronic toxicity profile (Aqil et al., 
2021). CCSE has also demonstrated anticancer activity 
against MG63 osteosarcoma cells, suggesting thera-
peutic potential (Chandrasekaran et al., 2023). Further-
more, biosynthesized silver nanoparticles (Bio-AgNPs) 
derived from CCSE have shown promising effects in 
breast cancer treatment. These nanoparticles exhibit 
anticancer effects against MCF-7 and AU565 breast 
cancer cells. Bio-AgNPs inhibit cancer cell proliferation 
at non-toxic concentrations, offering a nanotechnol-
ogy-based strategy for developing safer and more ef-
fective breast cancer therapies (Dinparvar et al., 2020). 

Drug development is time -consuming and expen-
sive, with high failure rates due to inadequate efficacy 
and toxicity. In vitro , in vivo, and organ-on-chip models 
are commonly used to evaluate safety. Although high -
throughput screening (HTS) accelerates compound 
identification, its effectiveness is limited by cost, diver-
sity, and scalability, even with automation (Shaker et 
al., 2021). In silico techniques, particularly molecular 
docking, have become essential in early-stage drug dis-
covery by enabling the predi ction of compound -recep-
tor interactions. These methods are useful for evaluat-
ing plant -derived bioactives across various chemical 
classes and provide valuable starting points for drug 
development. They also help reduce lead time and im-
prove understanding o f compound druggability (Teli 
et al., 2021). Molecular docking is widely applied to 
predict interactions between compounds and protein 
targets. It allows the estimation of predicted binding 
affinities and conformational fits, enabling efficient, 
cost-effective screening of drug candidates. Simulating 
molecular interactions offers insights into the inhibi-
tory effects on protein function, supporting compound 
selection for further development (Chen et al., 2020; 
Gholizadeh et al., 2023). 

Several studies have investigated the medicinal 
properties of CCSE, identifying bioactive compounds 
with potential anticancer effects (Aqil et al., 2021; 
Chandrasekaran et al., 2023). Additionally, CCSEõs bi-
oactive compounds delay and prevent breast tumor-
igenesis by modulating E2 levels, while its biosynthe-
sized silver nanoparticles (Bio-AgNPs) inhibit breast 
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cancer cell proliferation (Aqil et al., 2021; Dinparvar et 
al., 2020). Although previous studies have highlighted 
the anticancer properties of C. cyminum seed extracts, 
the molecular mechanisms underlying the interactions 
between its bioactive constituents and key breast can-
cer-related proteins remain poorly understood. More-
over, comprehensive GCðMS profiling has seldom 
been integrated with in silico evaluations across multi-
ple molecular targets, including MDM2, ERȀ, HER2, 
and caspase-3. Accordingly, this r esearch gap was ad-
dressed by integrating phytochemical profiling with 
molecular docking, thereby enabling the systematic in-
vestigation of the anticancer potential of selected com-
pounds derived from CCSE. Based on these considera-
tions, it is hypothesized th at interactions between these 
bioactive compounds and key breast cancerðrelated 
proteins may contribute to the predicted anticancer ef-
fects.  

MATERIAL AND METHODS  

Chemical s 

Ethanol (96%, Technical Grade, CV Nurra 
Gemilang, Indonesia) was used without further purifi-
cation. Dichloromethane (DCM, 1.06050.2500) was 
purchased from Supelco (Sigma-Aldrich, Merck 
KGaA, Darmstadt, Germany) and used without fur-
ther purification.  

Plant material  and extraction procedure  

Cuminum cyminum seed powder was obtained from 
a commercial supplier, CV. Herbal Anugrah Alam, lo-
cated in Bantul, Yogyakarta, Indonesia (7.8311° S, 
110.4245° E). Taxonomic authentication was carried 
out by UPT Balai Materia Medika, Batu, East Java, In-
donesia, and documented under the reference number 
000.9.3/133/102.20/2025. As the plant material was 
acquired through a commercial source and did not in-
volve the collection of protected or endangered spe-
cies, ethical clearance for plant collection was not re-
qui red. 

Extraction was performed using the maceration 
method. The powdered seeds were immersed in 96% 
ethanol at a 1:10 (w/v) ratio and maintained at ambient 
temperature for 24 hours. The mixture was subse-
quently filtered, and the solvent was evaporated under 
reduced pressure using a rotary evaporator for three 
hours, yielding the crude ethanolic extract.  

Gas Chromatography - Mass Spectrometry  (GC-MS) 
analysis   

The bioactive compounds in CCSE were qualita-
tively screened by GC-MS analysis. GC-MS analysis 
was carried out using an Agilent instrument (model 

19091S-433) equipped with a DB-5MS UI capillary col-
umn (30 m × 250 µm × 0.25 µm, 5% phenyl methyl si-
loxane stationary phase). Sample preparation involved 
injecting 1 µL of extract via an autosampler (ALS). The 
system was pre-cleaned with Solvent A for 10 cycles 
and post-injection with Solvent B for 15 cycles. To en-
sure sample homogeneity, two 2 µL washes were con-
ducted, followed by three pump activations. Solvent 
draw and dispense speeds were maintained at 300 
µL/min and 6000 µL/min, respectively. The oven tem-
perature was initially held at 40°C for 1 minute, 
ramped to 300°C, and maintained post-run. The instru-
ment (Agilent GC/MS MassHunter) matches peaks 
against a NIST spectral library to identify compounds.  

Biological  activity  

Biological activity prediction was conducted using 
PASS Online (Filimonov  et al., 2014). The canonical 
SMILES of selected compounds were retrieved from 
the PubChem database and analyzed using the PASS 
online. Pharmacological activity was predicted based 
on the probability of activity (Pa) and inactivity (Pi). 
Compounds with Pa > Pi were consid ered potentially 
active, and a threshold of Pa > 0.5 was used to indicate 
meaningful biological activity. The compounds evalu-
ated in this study were linalool (CID: 654 9), p-cymene 
(CID: 7463), and carvone (CID: 7439), with doxorubicin 
(CID: 31703) used as a reference drug (Fig. S1). Addi-
tionally, the CLC -Pred tool was also used to estimate 
cytotoxicity against tumor cell lines based on structural 
similarity, following the protocol described by La-
gunin et al. (2023). 

Toxicity profile  

The toxicity profiles of the selected bioactive com-
pounds were predicted using the ProTox -3.0 web-
server (https://tox.charite.de/protox3/ ) (Banerjee et 
al., 2024). The canonical SMILES of each compoundñ
retrieved from the PubChem databaseñwere submit-
ted to the platform to evaluate their predicted toxico-
logical endpoints, including LD ϟϚ values (mg/kg), tox-
icity class (IðVI), potential toxicity targets, and toxicity 
classifications. Only predicted active toxicity end-
points with probability values above 0.7 were consid-
ered relevant and included in the analysis.  

Evaluation of pharmacokinetic properties and drug -
likeness  

Pharmacokinetic properties were predicted using 
SwissADME (Daina et al., 2017). Parameters analyzed 
included molecular weight, number of hydrogen bond 
donors (HBD), hydrogen bond acceptors (HBA), topo-
logical polar surface area (TPSA), and lipophilicity 
(LogP). 

https://jppres.com/
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Table 1. The coordinates and sizes of the grid boxes were established utilizing AutoDock Vina. 

Proteins (PDB ID) Grid point dimensions (X × Y × Z) Centre grid box (X × Y × Z center) Exhaustiveness (Å) 

MDM2 (PDB ID: 4LWU) 29.5868 × 23.2439 × 24.2777 –11.6779, 21.3304, –5.5491 8 

Caspase-3 (PDB ID: 3GJQ) 55.9702 × 48.6724 × 50.2223 28.0209, 41.4138, 46.4874 8 

ER-α (PDB ID: 3ERT) 30.5865 × 20.7683 × 26.8011 30.3103, –1.6599, 23.7748 8 

HER-2 (PDB ID: 3PP0) 29.1006 × 25.7492 × 25.0000 16.5885, 17.8920, 28.5328 8 

 
Drug -likeness was evaluated according to 

Lipinskiõs Rule of Five, Veberõs criteria, gastrointesti-
nal (GI) absorption, and bioavailability score.  

Molecular target prediction  

Compoundðtarget interaction predictions were 
performed using the STITCH v5.0 web server 
(http://stitch.embl.de ) (Szklarczyk et al., 2016), with a 
medium confidence score threshold (Ó0.400). The anal-
ysis aimed to identify proteins potentially interacting 
with the selected bioactive compoundsñcarvone, p-
cymene, and linaloolñand to map their associated bi-
ological pathways, particularly those involved in 
breast cancer. Doxorubicin was included as a reference 
compound to facilitate comparative analysis of com-
poundðtarget interactions within known anticancer  
pathways. 

Four breast cancer-associated proteins ñMDM2, 
HER2, ERȀ, and caspase-3 ñwere selected as molecu-
lar targets. The inclusion of MDM2 and caspase-3 was 
intended to evaluate modulation of the p53 -mediated 
apoptotic pathway, whereas HER2 and ERȀ were cho-
sen as established biomarkers of clinically relevant 
breast cancer subtypes. Other commonly investigated 
targets, including EGFR, PI3K, and CDK4/6, were not 
included, as the present study focused on apoptosis- 
and receptor-related mechanisms rather than cell-cycle 
or kinase signaling. 

Protein -ligand preparation  

Three-dimensional (3D) structures of the selected 
ligands (linalool, p -cymene, and carvone) were re-
trieved from the PubChem database in SDF format, 
and their canonical SMILES were employed for subse-
quent predictions. The target proteins, estrogen recep-
tor alpha (ERȀ; PDB ID: 3ERT), Murine Double Minute 
2 (MDM2; PDB ID: 4LWU), Human Epidermal Growth 
Factor Receptor 2 (HER2; PDB ID: 3PP0), and caspase-
3 (PDB ID: 3GJQ), were obtained from the RCSB Pro-
tein Data Bank in .pdb format. For all target proteins, 
doxorubicin was employed as the reference ligand. 

Molecular  docking  

Molecular docking was conducted using AutoDock 

Vina implemented in PyRx  0.9.5, in accordance with 
the methods reported by Iqbal et al. (2023). Protein 
structures were prepared by removing all bound lig-
ands and water molecules in Discovery Studio v16, 
while ligands were energy -minimized and converted 
to .pdbqt format using Ope n Babel. Docking simula-
tions were performed within the defined active sites of 
each receptor, and the resulting ligandðreceptor com-
plexes were subsequently analyzed in Discovery Stu-
dio 2019 to evaluate hydrogen bonding, hydrophobic 
interactions, and predic ted binding affinities. For 
MDM2, Caspase-3, ER-Ȁ, and HER-2, the grid centers, 
dimensions, and exhaustiveness were set according to 
standard docking protocols to ensure reproducibility 
and accuracy of the predicted binding interactions (Ta-
ble 1). 

In silico  data analysis 

The computational outputs were systematically ex-
amined to generate an integrated interpretation of the 
pharmacological relevance of the selected compounds. 
The probabilities of activity and inactivity were com-
pared to determine potential biological functio ns, and 
predicted cytotoxicity profiles were reviewed to iden-
tify activity against tumor cell lines. Toxicological end-
points were interpreted based on LDϟϚ values, toxicity 
classes, and predicted targets, while pharmacokinetic 
parameters were assessed against drug -likeness crite-
ria and oral bioavailability.  

Docking results were analyzed by evaluating pre-
dicted binding affinities, along with hydrogen bonding 
and hydrophobic interactions, to elucidate ligand ðpro-
tein binding mechanisms. The reliability of the docking 
procedure was confirmed by RMSD calculations be-
tween predicted and co-crystallized ligand poses, with 
RMSD values Ò 2 ¡ considered acceptable. Compara-
tive assessments with doxorubicin were employed to 
contextualize the binding strength and interaction 
modes of the selected compounds. Doxorubicin was 
selected as the reference control due to its established 
clinical use as a breast cancer chemotherapeutic agent, 
providing a relevant benchmark for evaluating the in 
silico potential anticancer activity of CCSE-derived 
compounds. All predicted activities, pharmacokinetic 
and toxicity profiles, and interaction data were 
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compiled into tables and figures to provide a compre-
hensive overview of the in silico findings.  

RESULTS  

Phytochemical profiling  

GC-MS analysis of the CCSE led to the identifica-
tion of 269 distinct bioactive compounds  (Figs. 1 and 

S2). These compounds were characterized based on 
their mass spectra, including molecular weight, chem-
ical formula, retention time, and relative abundance 
(expressed as peak area percentages). Of these, 76 com-
pounds with match scores exceeding 80% were se-
lected for further analysis. Notably, 29 compounds 
demonstrated match scores above 90%, while the re-
maining majority fell within the 80% ð90% range (Table 
2). 

 

 

Figure 1. Chromatogram GC/MS of the ethanol extract of CCSE. 

 
 

Table 2. Compounds identified in the ethanol extract of CCSE. 

No RT Compound name Formula Area Match score (%) 

1 147.219 Benzofuran, 6-ethenyl-4,5,6,7-tetrahydro-3,6- C15H20O 1361782 98.2 

2 119.415 Anethole C10H12O 492787 98.0 

3 145.243 Benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl- C15H22 5854078 97.8 

4 114.323 (-)-Carvone C10H14O 71277639 97.6 

5 148.771 (R)-1-Methyl-4-(6-methylhept-5-en-2- C15H24 7248931 97.5 

6 127.620 1,2-Cyclohexanediol, 1-methyl-4-(1- C10H18O2 803315 97.4 

7 110.060 2-Cyclohexen-1-ol, 2-methyl-5-(1- C10H16O 1246723 97.0 

8 171.809 3,7-Cyclodecadien-1-one, 3,7-dimethyl-10-(1- C15H22O 4736990 96.8 

9 94.915 2-Cyclohexen-1-ol, 1-methyl-4-(1- C10H16O 155577 95.5 

10 118.282 1-Cyclohexene-1-carboxaldehyde, 4-(1- C10H14O 178587 95.5 

11 160.351 Epicurzerenone C15H18O2 5456727 95.5 

12 154.300 (1S,2R,5R)-2-Methyl-5-((R)-6-methylhept-5-en- C15H26O 643696 95.4 

13 155.932 1,5-Cyclodecadiene, 1,5-dimethyl-8-(1- C15H24 465120 95.3 

14 133.601 Cyclohexane, 1-ethenyl-1-methyl-2,4-bis(1- C15H24 208334 95.1 

15 101.989 Octanoic acid C8H16O2 163210 94.9 

16 172.582 5-Methyl-2-(6-methylhept-5-en-2-yl)phenol C15H22O 718991 94.2 

17 114.323 Carvone C10H14O 67009189 94.1 

18 138.789 .gamma.-Elemene C15H24 544948 93.9 

19 176.702 Phenol, 5-(1,5-dimethyl-4-hexenyl)-2-methyl-, C15H22O 35243880 93.4 

20 106.700 Cyclohexanol, 2-methyl-5-(1-methylethenyl)- C10H18O 975220 93.2 

21 112.343 Carveol C10H16O 1496367 93.1 

22 140.957 (E)-.beta.-Farnesene C15H24 324187 92.9 
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Table 2. Compounds identified in the ethanol extract of CCSE (continued...) 

No RT Compound name Formula Area Match score (%) 

23 86.657 Heptanoic acid C7H14O2 37231 92.8 

24 105.112 p-Mentha-1(7),8-dien-2-ol C10H16O 106000 92.2 

25 106.692 Cyclohexanone, 2-methyl-5-(1-methylethenyl)-, C10H16O 594175 91.3 

26 75.516 Octanal C8H16O 70835 91.2 

27 59.305 Ethanol, 2-butoxy- C6H14O2 61379 90.8 

28 44.817 Cyclotrisiloxane, hexamethyl- C6H18O3Si3 38722 90.6 

29 
146.022 

1H-Cyclopenta[1,3]cyclopropa[1,2]benzene, 

methylethyl)-, [3aS- 
C15H24 181594 90.6 

30 
157.979 

1H-Cycloprop[e]azulen-7-ol, decahydro-1,1,7- 

(1a.alpha.,4a.alpha.,7.beta.,7a.beta.,7b.alpha.) 
C15H24O 248086 89.5 

31 158.839 Caryophyllene oxide C15H24O 764882 89.5 

32 134.778 (1S,5S)-2-Methyl-5-((R)-6-methylhept-5-en-2- C15H24 45653 89.4 

33 72.267 Glycerin C3H8O3 270534 89.1 

34 63.343 Oxetane, 2,2,3-trimethyl- C6H12O 31155 87.6 

35 164.740 Dodecanoic acid, TMS derivative C15H32O2Si 321722 87.6 

36 120.819 4-tert-Butylphenyl acetate C12H16O2 56305 87.5 

37 157.181 1,3-Benzenediol, O,O'-di(2-methylbenzoyl)- C22H18O4 38395 87.0 

38 138.268 Caryophyllene C15H24 314441 86.8 

39 123.165 4-Acetoxy-3-methoxystyrene C11H12O3 23224 86.4 

40 75.998 Ethanone, 1-(2-methylphenyl)- C9H10O 10208 85.9 

41 143.734 1-Decanol C10H22O 54169 85.1 

42 143.737 1-Nonanol C9H20O 48586 85.1 

43 126.176 1,3-Cyclohexadiene, 1-methyl-4-(1- C10H16 26154 85.0 

44 43.422 Sulphuric acid dibutyl ester C8H18O4S 6192 84.7 

45 107.748 (+)-Dihydrocarvone C10H16O 36801 84.7 

46 66.093 4-Octen-3-one C8H14O 9037 84.5 

47 66.084 Cyclohexane, 1-methyl-2-propyl- C10H20 18370 84.4 

48 120.820 Phenol, 2-methyl-5-(1-methylethyl)- C10H14O 97198 84.3 

49 135.530 Vanillin C8H8O3 44076 83.9 

50 163.699 Isospathulenol C15H24O 323819 83.9 

51 53.677 1-Hexanol C6H14O 12312 83.8 

52 131.797 1-(2-Chloroethyl)pyrrolidin-2-one C6H10ClNO 197037 83.7 

53 61.029 2,3,4,5-Tetrahydropyridazine C4H8N2 34513 83.4 

54 147.769 Phenol, 4,6-di(1,1-dimethylethyl)-2-methyl- C15H24O 117493 83.0 

55 101.733 Cyclopentene, 3-ethylidene-1-methyl- C8H12 16059 82.8 

56 168.118 3-Cyclohexen-1-ol, 1-(1,5-dimethyl-4-hexenyl)- C15H26O 856142 82.7 

57 59.265 Vinyl ether C4H6O 26967 82.3 

58 175.064 (-)-Spathulenol C15H24O 380054 82.3 

59 44.881 4-tert-Octylphenol, TMS derivative C17H30OSi 31893 82.1 

60 147.769 Phenol, 2,6-bis(1,1-dimethylethyl)-4-methyl-, C17H27NO2 90093 82.1 
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Table 2. Compounds identified in the ethanol extract of CCSE (continued...) 

No RT Compound name Formula Area Match score (%) 

61 175.070 Longipinocarveol, trans- C15H24O 403855 82.1 

62 128.098 1-(Hexahydropyrrolizin-3-ylidene)-3,3-dimethyl- C13H21NO 2554 81.8 

63 162.037 1,3-Benzodioxole, 4,5-dimethoxy-6-(2- C12H14O4 104001 81.8 

64 167.906 Tumerone C15H22O 419692 81.7 

65 125.242 trans-L-Carvyl butyrate C14H22O2 84499 81.6 

66 165.032 1,2-Ethanediol, 1,2-di-2-pyridinyl- C12H12N2O2 25428 81.4 

67 79.934 Cyclobutane, 1,3-diisopropenyl-, trans C10H16 10208 81.3 

68 90.910 Linalool C10H18O 23664 81.2 

69 65.738 Pentane, 3-ethyl- C7H16 3873 81.1 

70 175.069 Aristolene epoxide C15H24O 394159 81.1 

71 164.753 4-fluorophenyl 4-(4-pentylcyclohexyl)benzoate C24H29FO2 83878 81.0 

72 164.726 Pyruvic acid, TMS derivative C6H12O3Si 223980 80.9 

73 123.522 trans-Geranic acid methyl ester C11H18O2 35952 80.6 

74 157.181 1,3-Dithiolane, 2-benzyl-2-methyl- C11H14S2 50717 80.6 

75 79.229 p-Cymene C10H14 8627 80.1 

76 147.769 Butylated Hydroxytoluene C15H24O 148193 80.1 

 
Identification of breast cancer -relevant compounds  

Among the identified compounds, carvone, p -cy-
mene, and linalool (Fig. S1) were prioritized due to 
their documented or predicted anticancer activities. 
Carvone was the most abundant compound, detected 
with a retention time of 114.32 minutes, a peak area of 
71,277,639, and a match score of 97.6%. p-Cymene and 
linalool exhibited ma tch scores of 80.1% and 81.2%, re-
spectively. These compounds were subsequently ana-
lyzed for biological activity and drug -likeness through 
in silico methods. 

In silico  prediction of biological  activity  

PASS Online predictions revealed high pharmaco-
logical potential for all selected compounds, as shown 
in Table 3. Carvone was predicted to exhibit antineo-
plastic activity (Pa = 0.772), chemoprotective effects (Pa 
= 0.739), and pro-apoptotic properties by stimulating 
caspase-3 and TP53 expression. p-Cymene was associ-
ated with inhibition of ubiquinol -cytochrome-c reduc-
tase (Pa = 0.928) and suppression of HIF1A expression 
(Pa = 0.815). Linalool was predicted to activate TP53 
and NF-ȉB pathways. All selected compounds demon-
strated Pa values exceeding their corresponding Pi val-
ues, indicating likely biological activity.  

For comparison, doxorubicin (reference com-
pound) demonstrated strong activity predictions as a 
caspase-3 stimulant (Pa = 0.980), antineoplastic agent 
(Pa = 0.960), anticarcinogenic compound (Pa = 0.942), 

and apoptosis agonist (Pa = 0.551), further supporting 
its established pharmacological profile . 

Cytotoxicity prediction using CLC -Pred 

Cytotoxic potential was evaluated using CLC -Pred 
against breast cancer cell lines, as shown in Table 4. 
Carvone, p-cymene, and linalool were predicted to ex-
hibit moderate cytotoxicity against MDA -MB-231 and 
MDA -MB-453 breast adenocarcinoma cells, with Pa 
values below 0.4. Although the predicted cytotoxicity 
was relatively low, all compounds exhibited Pa values 
higher than their corresponding Pi values, suggesting 
greater activity and supporting their selection for sub-
sequent molecular docking analyses. 

In contrast, doxorubicin demonstrated greater ac-
tivity across multiple breast cancer cell lines, confirm-
ing the predictive model's validity . 

Toxicity prediction  

 The toxicity profiles of carvone, p -cymene, linalool, 
and doxorubicin were predicted using the ProTox -II 
platform, as summarized in Table 5. Carvone (class IV) 
and linalool (class V) were predicted to cross the 
bloodðbrain barrier (BBB) with high probability and 
exhibited minimal organ -specific toxicity. p -Cymene 
(class I) also demonstrated strong BBB permeability 
and potential ecotoxicity. I n contrast, doxorubicin 
(class III) demonstrated a broader toxicity spectrum, 
including neurotoxicity, nephrotoxicit y, respiratory 
toxicity, and multiple systemic endpoints such as 
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immunotoxicity and mutagenicity. These results sug-
gest that CCSE-derived compounds may exhibit a 

more favorable toxicity profile than the reference drug 
doxorubicin.  

 
 

Table 3. Biological activities of carvone, p-cymene, and linalool, identified in the ethanolic extract of 

Cuminum cyminum seed extract (CCSE). 

No Compound Pa Pi Biological Activity  

1 Carvone 

0.772 0.015 Antineoplastic 

0.739 0.003 Chemoprotective 

0.738 0.054 Ubiquinol-cytochrome-c reductase inhibitor 

0.694 0.015 Apoptosis agonist 

0.690 0.005 Transcription factor NF-kappa B stimulant 

0.539 0.023 Caspase 3 stimulant 

0.520 0.081 TP53 expression enhancer 

2 p-Cymene 

0.928 0.004 Ubiquinol-cytochrome-c reductase inhibitor 

0.815 0.011 HIF1A expression inhibitor 

0.541 0.071 TP53 expression enhancer 

3 Linalool 

0.727 0.058 Ubiquinol-cytochrome-c reductase inhibitor 

0.719 0.022 TP53 expression enhancer 

0.697 0.004 Transcription factor NF-kappa B stimulant 

0.667 0.018 Apoptosis agonist 

0.523 0.009 Chemoprotective 

4 Doxorubicin 

0.980 0.002 Caspase 3 stimulant 

0.960 0.004 Antineoplastic 

0.942 0.002 Anticarcinogenic 

0.551 0.032 Apoptosis agonist 

The biological activities of carvone, p-cymene, and linalool, identified in the ethanolic extract of Cuminum cyminum seed 

extract (CCSE), were predicted using PASS Online. Doxorubicin was included as a reference compound for comparison. 

Pa (probability of activity) and Pi (probability of inactivity) represent the likelihood of a compound being 

pharmacologically active or inactive, respectively. 

 
 

Table 4. Predicted cytotoxic activities of carvone, p-cymene, linalool, and doxorubicin against breast cancer cell 

lines 

No Compound Cell line Cell line full name Tumor type Pa Pi 

1 Carvone MDA-MB-231 Breast adenocarcinoma Adenocarcinoma 0.236 0.124 

2 p-Cymene MDA-MB-453 Breast adenocarcinoma Adenocarcinoma 0.362 0.179 

3 Linalool MDA-MB-453 Breast adenocarcinoma Adenocarcinoma 0.342 0.222 

4 Doxorubicin 

MAXF401 Breast carcinoma Carcinoma 0.680 0.001 

MCF7 Breast carcinoma Carcinoma 0.620 0.029 

MDA-MB-453 Breast adenocarcinoma Adenocarcinoma 0.564 0.004 

Predicted cytotoxic activity of carvone, p-cymene, linalool, and doxorubicin against breast cancer cell lines was evaluated using CLC-

Pred. Pa (probability of activity) and Pi (probability of inactivity) represent the likelihood of a compound being pharmacologically 

active or inactive, respectively. 
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Table 5. Predicted toxicity profiles of carvone, p-cymene, linalool, and doxorubicin. 

No Compound 
Predicted LD50 

(mg/kg) 

Predicted Toxicity 

Class 
Classification Target Probability  

1 Carvone 1640 IV 
Organ toxicity Neurotoxicity 0.71 

Toxicity endpoints BBB-barrier 0.90 

2 p-Cymene 3 I 
Toxicity endpoints BBB-barrier 0.99 

Toxicity endpoints Ecotoxicity 0.71 

3 Linalool 2200 V Toxicity endpoints BBB-barrier 0.92 

4 Doxorubicin 205 III 

Organ toxicity Neurotoxicity 0.74 

Organ toxicity Nephrotoxicity 0.80 

Organ toxicity Respiratory toxicity 0.91 

Toxicity endpoints Immunotoxicity 0.99 

Toxicity endpoints Mutagenicity 0.98 

Toxicity endpoints Cytotoxicity 0.94 

Toxicity endpoints Clinical toxicity 0.84 

Predicted toxicity profiles of carvone, p-cymene, linalool, and doxorubicin were determined using the ProTox-II web server. Only probability values 

greater than 0.7 are shown. 

 
 

Table 6. Physicochemical properties, pharmacokinetic profiles, and drug-likeness of carvone, p-cymene, linalool, and doxorubicin.  

Characteristics 
Compound 

Carvone p-cymene Linalool  Doxorubicin 

Physicochemical properties     

Molecular weight (g/mol) 150.22 134.22 154.25 543.52 

Number of hydrogen bond acceptors 1 0 1 12 

Number of hydrogen bond donors 0 0 1 6 

TPSA Å² 17.07 0 20.23 206.07 

Log P  2.44 3.5 2.66 0.52 

Pharmacokinetic profiles and drug -likeness  

GI absorption High Low High Low 

Lipinski Yes, 0 violations Yes, 1 violation Yes, 0 violations No, 3 violations 

Veber Yes Yes Yes No, 1 violation 

Bioavailability score 0.55 0.55 0.55 0.17 

Physicochemical properties, pharmacokinetic profiles, and drug-likeness of carvone, p-cymene, linalool, and doxorubicin were predicted by 

SwissADME. TPSA: topological polar surface area (Å²); Log P: partition coefficient; GI: gastrointestinal absorption. 

 
Physicochemical  properties, pharmacokinetic 
profiles, and drug -likeness  

Oral bioavailability and drug -likeness were evalu-
ated using Lipinskiõs and Veberõs rules. High gastroin-
testinal absorption, absence of Lipinski violations, and 
bioavailability scores of 0.55 were predicted for car-
vone and linalool, indicating favorable pha rmacoki-
netic properties. p-Cymene was predicted to have 
moderate lipophilicity (Log P = 3.5), one Lipinski vio-
lation, and low gastrointestinal absorption, although 
Veber parameters were met. All CCSE-derived com-
pounds demonstrated low topological polar sur face 

area (TPSA < 140 Å²) and acceptable hydrogen bond 
characteristics, supporting membrane permeability 
(Table 6). 

By contrast, doxorubicin was predicted to have low 
gastrointestinal absorption, three Lipinski violations, a 
high TPSA value (206.07 Å²), and a low bioavailability 
score (0.17), consistent with its known intravenous ad-
ministration route. These predictions are detailed in 
Table 6.
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Figure 2. Molecular pathway analysis of carvone, p-cymene, linalool, and doxorubicin using STITCH, showing predicted interactions 

with key biological target proteins and signaling pathways, including those related to TP53 activation and breast cancer. 

 
Molecular  pathway prediction analysis  

Predicted molecular interactions between the 
CCSE-derived compounds (linalool, carvone, and p -
cymene) and several cancer-related proteins were 
identified using STITCH analysis (Fig. 2). 

Based on STITCH network analysis, p-cymene, car-
vone, and linalool were associated with several major 
cancer-related proteins, including TP53, AKT1, MYC, 
CASP3, and EGFR. Notably, linalool was predicted to 
exhibit transcriptional regulatory activity specifi cally 
targeting TP53, which emerged as a central hub within 

the interaction network. These interactions, primarily 
derived from text mining and curated databases, indi-
cate that the compounds may modulate oncogenic sig-
naling pathwaysñparticularly those rela ted to apop-
tosis via TP53 regulation. 

In comparison, doxorubicin ñused as a reference 
compoundñwas predicted to have a broader interac-
tion profile, encompassing not only these regulatory 
proteins but also key components of drug resistance 
and DNA damage response pathways, including 
TOP2A, ABCB1, ABCC1, and ABCG2. These findings 
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highlight the multi -targeted mechanism of action of 
doxorubicin, while the CCSE-derived compounds may 
act through more selective regulatory pathways.  

Molecular docking results  

Docking simulations predicted that doxorubicin 
bound most strongly across all targets (ð6.7 to ð9.1 
kcal/mol). Among the selected compounds, carvone 
exhibited the highest affinities (HER2 ð7.0, ER-Ȁ ð6.2 
kcal/mol), forming hydrogen bonds with Gly54 
(MDM2) and Lys449/Gly390 (ER-Ȁ). p-Cymene 
demonstrated moderate affinity (HER2 ð6.6, ER-Ȁ ð6.0 
kcal/mol) through hydrophobic contacts only, over-
lapping with doxorubicin residues (Val734, Leu852, 
Ala751, Leu726). Linalool displayed the weakest affin-
ities (ð4.4 to ð6.1 kcal/mol), but formed hydrogen 
bonds with Glu353 (ER-Ȁ), Ser783/Thr862 (HER2), and 
hydrophobic contact with Trp206 (caspase-3), the same 
residue engaged by doxorubicin (Tables 7 and S1-S4). 

Three-dimensional and two -dimensional interac-
tion maps confirmed that all selected compounds 
bound within recognized pockets, consistent with 
known ligand -binding motifs. Overlapping residues 
with doxorubicin suggested potential competitive in-
hibition.  

MDM2  

All selected compounds were predicted to bind 
within the same pocket as doxorubicin. Linalool was 
observed to interact primarily through hydrophobic 
contacts (Fig. 3AðB), and p-cymene was similarly en-
gaged via hydrophobic interactions (Fig. 3CðD). Car-
vone was found to form a hydrogen bond with Gly54 
in addition to hydrophobic contacts (Fig. 3EðF). Alt-
hough none of the compounds replicated the hydrogen 
bonding network of doxorubicin (Fig. 3GðH), partial 
overlap of hydrophobic regions was noted, suggesting 
the possibility of alternative stabilization within the 
binding pocket.  

 

Table 7. Molecular docking results showing interactions between linalool, p-cymene, carvone, and doxorubicin and the target 

proteins MDM2, Caspase-3, ER-α, and HER2. 

Protein  Compound 

Predicted 
binding affinity 

(Kcal/mol)  

Residue 

Hydrogen bond Hydrophobic  

MDM2 

Linalool -5.1 - Leu53, Ile95, Ile99, Leu50, Phe82, His92 

p-Cymene -5.7 - 
Leu50, Leu53, Ile95, Ile99, Ile57, Val89, 

Phe82 

Carvone -5.4 Gly54 
Val89, Ile57, Ile95, Leu53, Ile99, Phe82, 

Phe87 

Doxorubicin -6.7 Gln55, His92 Met58 

Caspase-3 

Linalool -4.4 - Trp206, Phe256, Arg207 

p-Cymene -5.4 - Ala227, Leu81, Lys224 

Carvone -5.8 - Lys224, Ala227, Leu81 

Doxorubicin -8.2 
Cys163, Arg207, 

Tyr204, His121 
Trp206, His121 

ER-α 

Linalool -5.6 Glu353 
Met388, Met421, Ile424, Leu346, Leu349, 

Leu387, Phe404 

p-Cymene -6 - Arg394, Pro324, Met357, Trp393, Phe445 

Carvone -6.2 Lys449, Gly390 Pro324, Met357, Leu387, Trp393, Phe445 

Doxorubicin -7.6 Val534, Pro535 Leu536 

HER-2 

Linalool -6.1 Ser783, Thr862 Ala771, Leu785, Leu796, Lys753, Phe864 

p-Cymene -6.6 - 
Val734, Leu852, Ala751, Lys753, 

Leu726, Leu800, Met801 

Carvone -7 Ser783, Thr798 
Lys753, Ala771, Leu785, Leu796, Met774, 

Phe864 

Doxorubicin -9.1 

Arg811, Gly729, 
Asp808, Ser728, 

Asp863, Cys805 

Val734, Leu852, Val734, Cys805, 

Leu726, Ala751 
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Figure 3. Molecular docking analysis of MDM2 protein interactions. 

(A, B) 3D and 2D interaction structures with linalool; (C, D) 3D and 2D interaction structures with p-cymene; 

(E, F) 3D and 2D interaction structures with carvone; and (G, H) 3D and 2D interaction structures with 

doxorubicin. The red circle highlights the protein-ligand complex surface representation, with the ligand 

positioned within the binding pocket. 
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Figure 4. Molecular docking analysis of caspase-3 protein interactions.  

(A, B) 3D and 2D interaction structures with linalool; (C, D) 3D and 2D interaction structures with p-cymene; (E, 

F) 3D and 2D interaction structures with carvone; and (G, H) 3D and 2D interaction structures with doxorubicin. 

The red circle highlights the protein-ligand complex surface representation, with the ligand positioned within 

the binding pocket. 

 
Caspase-3 

Linalool was observed to occupy the same active-
site pocket as doxorubicin, maintaining hydrophobic 
contact with Trp206 (Fig. 4AðB). Carvone and p-

cymene were found to bind in adjacent hydrophobic 
pockets, without forming hydrogen bonds, and to ex-
hibit distinct orientations relative to the reference lig-
and (Fig. 4CðF). Although the hydrogen bonding 
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pattern of doxorubicin was not replicated (Fig. 4GðH), 
these interactions suggest potential alternative stabili-
zation within the caspase-3 binding site. 

ER-Ȁ 

All compounds were predicted to bind at sites ad-
jacent to doxorubicin. Linalool was observed to form 

hydrogen bonds with Glu353 and to interact with mul-
tiple hydrophobic residues, including Met388, Met421, 
Ile424, Leu346, and Phe404 (Fig. 5AðB). Carvone and 
p-cymene were found to interact primarily through 
van der Waals and hydrophobic contacts, without 
forming hydrogen bonds (Fig. 5CðF). Doxorubicin 
bound at a separate site, forming a hydrogen bond 
with Val534 (Fig. 5GðH). 

 

A B 

  

C D 

  

E F 

  

G H 

   

 

  

Figure 5. Molecular docking analysis of ER-α protein interactions. 

(A, B) 3D and 2D interaction structures with linalool; (C, D) 3D and 2D interaction structures with p-cymene; 

(E, F) 3D and 2D interaction structures with carvone; and (G, H) 3D and 2D interaction structures with 

doxorubicin. The red circle highlights the protein-ligand complex surface representation, with the ligand 

positioned within the binding pocket. 
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Figure 6. Molecular docking analysis of HER-2 protein interactions. 

(A, B) 3D and 2D interaction structures with linalool; (C, D) 3D and 2D interaction structures with p-cymene; 

(E, F) 3D and 2D interaction structures with carvone; and (G, H) 3D and 2D interaction structures with 

doxorubicin. The red circle highlights the protein-ligand complex, with the ligand positioned within the 

binding pocket. 

 
HER-2 

All selected compounds were predicted to occupy 
the same binding pocket as doxorubicin. Linalool was 
observed to form hydrogen bonds with Ser783 and 

Thr862, in addition to van der Waals interactions (Fig. 
6AðB). Carvone interacted with hydrophobic and alkyl 
residues, including Thr798, Thr862, and Ser783 (Fig. 
6EðF). P-cymene was found to overlap with 
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doxorubicin -contacting residues (Val734, Leu852, 
Ala751, Leu726) through hydrophobic interactions 
only (Figure 6CðD). Doxorubicin additionally formed 
hydrogen bonds with Thr862 and Asp863 (Fig. 6GðH). 

DISCUSSION  

Cuminum cyminum has long been recognized as a 
source of essential oils rich in bioactive constituents 
with diverse therapeutic activities, including antioxi-
dant, antibacterial, antifungal, anti -inflammatory, anti-
diabetic, insecticidal, and immunomodulatory effects 
(Allaq  et al., 2020). Cuminaldehyde (4-isopropylben-
zaldehyde) has generally been reported as the primary 
compound of C. cyminum seed extract (CCSE) (Rana, 
2014); however, in the present study, this compound 
was not detected by GCðMS, which may be explained 
by its susceptibility to oxidation or degradation, lead-
ing to concentrations below the detection threshold. In-
stead, 269 bioactive compounds were identified in 
CCSE, among which carvone, p-cymene, and linalool 
were selected for further in silico evaluation based on 
their relative abundance and pharmacological rele-
vance. 

Apoptosis is a regulated process of programmed 
cell death essential for maintaining cellular homeosta-
sis, and its dysregulation is a hallmark of cancer pro-
gression (Elbe et al., 2022). Induction of apoptosis is 
therefore a key mechanism through which antic ancer 
agents exert cytotoxic effects. This study evaluates the 
involvement of the p53 -mediated apoptotic pathway 
in the activity of the selected compounds against breast 
cancer. The tumor suppressor p53 regulates cell cycle 
progression, apoptosis, senescence, DNA repair, and 
metabolism, with its activity tightly controlled by the 
E3 ubiquitin ligase MDM2, which promotes p53 deg-
radation (Dewi et al., 2023; Yao et al., 2024). Excessive 
MDM2 activity impairs the p53 -mediated DNA dam-
age response, enabling malignant cell survival. Here, 
MDM2 is examined as a negative regulator of p53, with 
inhibition anticipated to enhance p53 activation. 
Caspase-3, an executioner caspase activated via intrin-
sic and extrinsic pathways, is a critical marker of apop-
tosis (Dewi et al., 2022; Dou et al., 2024). Its activation 
downstream of p53 signaling may result from MDM2 
inhibition or related mechanisms. Accordingly, MDM2 
and caspase-3 were selected as molecular targets to 
evaluate the therapeutic potential of the compounds.  

In this study, ER-Ȁ and HER-2 were examined as 
breast cancer biomarkers to evaluate the therapeutic 
potential of bioactive compounds from CCSE. ER-Ȁ 
contributes to estrogen-dependent tumor growth (Liu 
et al., 2020), whereas HER-2 is linked to aggressive 
phenotypes, poor prognosis, increased metastasis, and 
treatment resistance (Abbasvandi et al., 2023). Thera-
peutic strategies for ER-positive breast cancer typically 

involve reducing estrogen production or blocking its 
receptor interaction (Wei, 2023). Key regulators of tu-
mor progression and treatment response in distinct 
breast cancer subtypes ñER-Ȁ and HER-2 ñwere tar-
geted to evaluate the potential of the selected com-
pounds to modulate their signaling pathways and in-
hibit cancer progression. 

Clinically, doxorubicin primarily acts through 
DNA intercalation and topoisomerase II inhibition, im-
pairing nucleic acid synthesis and inducing tumor cell 
death (Chowdhury et al., 2021; Thorn et al., 2011). It 
has proven effective in both ERȀ-positive and HER2-
positive breast cancers, although its use is limited by 
toxicity and resistance (Gomari et al., 2019; Sahoo et al., 
2025; Wan et al., 2021). This study employed doxorubi-
cin as a reference ligand to evaluate the potential mo-
lecular mimicry of CCSE-derived compounds. 

Carvone was identified as the most abundant con-
stituent in CCSE, consistent with previous reports that 
described it as a major volatile monoterpene in C. 
cyminum essential oil (Merah et al., 2020). Pharmacoki-
netic predictions indicated favorable drug -likeness 
with low toxicity. Docking analyses demonstrated in-
teractions with HER2, ER-Ȁ, and MDM2, suggesting 
potential stabilization of p53 activity and modulation 
of apoptotic signaling. Although no hydrogen bonds 
were observed with caspase-3, hydrophobic contacts 
were detected, implying a possible contribution to 
caspase-3ðmediated apoptosis. These predictions are 
consistent with experimental findings that carvone in-
hibits the proliferation and migration of breast cancer 
cells, induces ROS generation, upregulates p53 and 
Bad, activates caspase-3, and triggers nuclear fragmen-
tation and S-phase arrest (Lima et al., 2023; Patel & 
Thakkar, 2014). The evidence supports the notion that 
carvone may exert anticancer effects through modula-
tion of HER2/ER -Ȁ signaling and the MDM2ðp53 axis, 
with additional apoptotic effects mediated via caspase -
3 interactions. 

p-Cymene, a lipophilic monoterpene identified in 
CCSE, was predicted to exhibit one Lipinski violation, 
low gastrointestinal absorption, and moderate lipo-
philicity (Log P = 3.5), indicating less favorable phar-
macokinetic characteristics compared with carvone 
and linalool. Docking simulations demonstrated mod-
erate predicted binding affinities for HER2 ( ð6.6 
kcal/mol) and ER -Ȁ (ð6.0 kcal/mol), with lower affin-
ities for MDM2 and caspase-3. Stabilization of ligandð
protein complexes was achieved exclusively through 
hydrophobic interactions, with partial overlap to dox-
orubicin at HER2 residues Val734, Leu852, Ala751, and 
Leu726. These findings suggest that p-cymene may 
function as a complementary scaffold, particularly 
against HER2-positive breast cancer. Supporting evi-
dence has shown that p-cymene inhibited the 
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proliferation of MCF -7 and MDA -MB-231 cells (Souza 
et al., 2024), induced apoptosis, ROS modulation, and 
DNA interaction (Balahbib et al., 2021), and triggered 
senescence in HER2-positive cells (Ahlina et al., 2022). 
These results indicate that, although its pharmacoki-
netic limitations and lower predicted binding affinities 
may reduce potency, p-cymene retains therapeutic rel-
evance through HER2 inhibition and modulation of 
the apoptotic pathway.  

Linalool, detected in this study and reported as a 
significant constituent of C. cyminum seed extract 
(Rana, 2014), was predicted to have favorable pharma-
cokinetic properties, including good membrane per-
meability, compliance with Lipinskiõs and Veberõs 
rules, and low predicted toxicity. Docking analyses 
demonstrated relatively modest predicte d binding af-
finities (ð4.4 to ð6.1 kcal/mol) compared with carvone 
and doxorubicin, yet hydrogen bonds were formed 
with Glu353 in ER-Ȁ and Ser783/Thr862 in HER2, to-
gether with hydrophobic contact with Trp206 in 
caspase-3, the latter being a key residue also engaged 
by doxorubicin. These interactions suggest that linal-
ool may modulate ER-Ȁ signaling, HER2 activity, and 
caspase-dependent apoptosis, complementing its pre-
dicted role in TP53 activation. Experimental studies 
support these predictions, as linalool has been shown 
to induce G1 arrest, mitochondrial dysfunction, ROS 
accumulation, caspase-3 activation, and TP53 upregu-
lation in breast cancer models (Elbe et al., 2022; Ma-
chado et al., 2022). Although weaker affinities may re-
duce potency, such interactions may still be biologi-
cally relevant, broaden multi -target activity, and pro-
vide scaffolds for drug optimization (Wang et al., 
2017). 

Molecular docking analyses demonstrated that car-
vone, linalool, and p -cymene occupied the same bind-
ing pockets in MDM2 and HER2 as doxorubicin, sug-
gesting a potential mimicry of its inhibitory effects. In 
contrast, only linalool overlapped with doxorubicin  in 
ER-Ȁ and caspase-3, indicating selective replication of 
interactions in these targets. Hydrogen bonds were ob-
served for carvone and linalool. In contrast, p -cymene 
interacted exclusively through hydrophobic contacts, 
unlike doxorubicin, which formed hy drogen bonds 
and hydrophobic interactions with all targets. Previous 
studies have emphasized that the stability of ligandð
protein complexes depends on the interplay between 
hydrogen bonds and hydrophobic contacts (Vaidya-
nathan et al., 2023), supporting the potential of these 
phytocompounds to partially mimic the binding be-
havior of established chemotherapeutic agents. 

Within this framework, the accommodation of car-
vone, linalool, and p -cymene in MDM2 and HER2 
binding pockets suggests activity against HER2-
positive breast cancers via stabilization of p53 and 

suppression of proliferation. Inhibition of MDM2 may 
further enhance p53 function, facilitating apoptosis 
even in the absence of caspase-3 (Dou et al., 2024). Lin-
alool exhibited the broadest interaction profile, engag-
ing ER-Ȁ and overlapping with doxorubicin in 
caspase-3, suggesting a possible role in ER-positive 
breast cancers through caspase-dependent apoptosis. 

In line with these mechanistic insights, carvone, p-
cymene, and linalool were predicted to exhibit moder-
ate cytotoxicity, whereas doxorubicin consistently 
demonstrated more potent effects. Toxicity predictions 
indicated that carvone and linalool possess a more fa-
vorable safety margin and oral bioavailability, in con-
trast to the systemic toxicities and poor pharmacoki-
netics associated with doxorubicin (Chowdhury et al., 
2021; Vargas et al., 2020). These results suggest that 
CCSE-derived compounds may represent safer, more 
orally bioavailable candidates with subtype -specific 
activity. However, their lower potency compared with 
doxorubicin underscores the need for further in vitro 
and in vivo validation.  

The findings provide a mechanistic rationale for the 
predicted subtype -specific anticancer potential of C. 
cyminum seed extractðderived compounds. Carvone, 
p-cymene, and linalool may represent promising can-
didates for managing distinct breast cancer subtypes 
through mechanisms involving MDM2 inhibition, 
caspase-3ðmediated apoptosis, and modulation of ER -
Ȁ and HER2 signaling. Nevertheless, further in vitro  
and in vivo investigations are required to validate these 
computational predictions and to elucidate th eir mo-
lecular mechanisms, therapeutic efficacy, and safety. 
The absence of experimental validation constitutes the 
principal limitation of this study, underscoring the ne-
cessity of complementary biological assessments to 
confirm the predicted activities in  more complex sys-
tems. Additionally, other targets, including EGFR, 
PI3K, and CDK4/6, were not examined in the present 
study, and their investigation is recommended in fu-
ture research to further elucidate the anticancer poten-
tial of CCSE-derived compounds . 

CONCLUSION  

A total of 269 bioactive compounds were identified 
from Cuminum cyminum seed extract (CCSE), among 
which carvone, p-cymene, and linalool were selected 
for further analysis based on their relative abundance 
and pharmacological relevance. In silico predictions in-
dicated favorable drug -likeness, pharmacokinetic 
properties, and lower toxicity profiles for carvone and 
linalool compared with doxorubicin. Molecular dock-
ing analyses demonstrated that all three compounds 
were accommodated within the same binding poc kets 
as doxorubicin in MDM2 and HER2, suggesting poten-
tial mimicry of its inhibitory effects. In contrast, only 
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linalool overlapped with doxorubicin in caspase -3 and 
ERȀ, reflecting a degree of selective replication of its 
binding orientation. Hydrogen -bonding interactions 
were observed for carvone and linalool, whereas p-cy-
mene engaged exclusively through hydrophob ic con-
tacts. Collectively, these findings provide a mechanis-
tic rationale for the potential role of C. cyminum-de-
rived compounds as modulators of breast cancerðre-
lated pathways. Nonetheless, further in vitro  and in 
vivo investigations are essential to validate these com-
putational predictions and to clarify their molecular 
mechanisms, therapeutic efficacy, and safety. 
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Supplementary data  

Table S1. Raw Docking Data. MDM2. 

Ligand Binding affinity  rmsd/ub  rmsd/lb  

MDM2 - doxorubicin -6.7 0 0 

MDM2 - doxorubicin -6.4 7.14 3.477 

MDM2 - doxorubicin -6.4 5.049 2.292 

MDM2 - doxorubicin -6.4 5.083 2.493 

MDM2 - doxorubicin -6.2 8.635 2.884 

MDM2 - doxorubicin -6 9.045 2.837 

MDM2 - doxorubicin -6 5.712 3.119 

MDM2 - doxorubicin -5.9 7.316 2.576 

MDM2 - doxorubicin -5.7 7.638 3.199 

MDM2 - linalool -5.1 0 0 

MDM2 - linalool -4 4.708 1.933 

MDM2 - linalool -4.6 4.304 2.046 

MDM2 - linalool -4.1 4.725 2.207 

MDM2 - linalool -4.9 3.502 2.287 

MDM2 - linalool -5 4.878 2.637 

MDM2 - linalool -4.6 4.646 2.878 

MDM2 - linalool -4.4 5.274 3.34 

MDM2 - linalool -4.2 4.845 3.487 

MDM2 - carvone -5.4 0 0 

MDM2 - carvone -5.3 4.612 2.217 

MDM2 - carvone -4.9 5.034 2.388 

MDM2 - carvone -4.9 5.109 2.422 

MDM2 - carvone -5 5.118 2.475 

MDM2 - carvone -5 3.584 2.75 

MDM2 - carvone -5.1 4.231 2.779 

MDM2 - carvone -4.6 7.462 4.443 

MDM2 - carvone -4.6 6.062 4.513 

MDM2 - p-cymene -5.7 0 0 

MDM2 - p-cymene -5.7 1.535 0.074 

MDM2 - p-cymene -5.3 4.598 1.007 

MDM2 - p-cymene -4.6 4.725 1.262 

MDM2 - p-cymene -4.9 5.095 1.662 

MDM2 - p-cymene -4.6 4.87 1.939 

MDM2 - p-cymene -5 3.222 2.082 

MDM2 - p-cymene -5 3.342 2.177 

MDM2 - p-cymene -5 4.481 2.856 

 

  

https://jppres.com/


Alifiyah et al. Cuminum cyminum GC–MS and in silico analysis vs. breast cancer 

 

https://jppres.com  J Pharm Pharmacogn Res (2026) 14(1): 22 

 

 

Table S2. Raw Docking Data. Caspase-3. 

Ligand Binding Affinity  rmsd/ub  rmsd/lb  

caspase3 - doxorubicin -8.2 0 0 

caspase3 - doxorubicin -7.8 3.239 1.885 

caspase3 - doxorubicin -7.6 6.734 3.569 

caspase3 - doxorubicin -7.5 8.268 3.491 

caspase3 - doxorubicin -7.5 8.766 3.107 

caspase3 - doxorubicin -7.3 7.537 4.887 

caspase3 - doxorubicin -7.2 19.891 18.561 

caspase3 - doxorubicin -7.2 4.455 2.391 

caspase3 - doxorubicin -7.2 9.109 3.166 

caspase3 - linalool -4.4 0 0 

caspase3 - linalool -4.2 2.01 1.352 

caspase3 - linalool -4.2 2.475 1.462 

caspase3 - linalool -4.3 2.777 1.752 

caspase3 - linalool -4.3 3.442 2.01 

caspase3 - linalool -4.3 7.405 6.407 

caspase3 - linalool -4.2 10.058 8.281 

caspase3 - linalool -4.3 29.38 26.809 

caspase3 - linalool -4.3 32.163 29.26 

caspase3 - carvone -5.8 0 0 

caspase3 - carvone -5 4.665 1.391 

caspase3 - carvone -4.6 5.443 2.3 

caspase3 - carvone -5.1 5.164 2.568 

caspase3 - carvone -4.7 16.915 15.735 

caspase3 - carvone -4.5 27.238 24.923 

caspase3 - carvone -4.6 30.277 28.058 

caspase3 - carvone -5.1 32.01 29.955 

caspase3 - carvone -4.6 32.004 29.964 

caspase3 - p-cymene -5.4 0 0 

caspase3 - p-cymene -5.4 4.92 1.224 

caspase3 - p-cymene -4.9 4.233 2.161 

caspase3 - p-cymene -4.5 18.17 16.841 

caspase3 - p-cymene -4.4 27.915 27.01 

caspase3 - p-cymene -4.3 29.562 27.414 

caspase3 - p-cymene -4.3 29.839 28.336 

caspase3 - p-cymene -5 31.183 28.526 

caspase3 - p-cymene -4.5 32.077 29.58 
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Table S3. Raw Docking Data. ER-α. 

Ligand Binding Affinity  rmsd/ub  rmsd/lb  

Era - doxorubicin -7.6 0 0 

Era - doxorubicin -7.3 5.062 2.776 

Era - doxorubicin -7.3 10.291 5.946 

Era - doxorubicin -7.3 11.633 7.522 

Era - doxorubicin -7.3 23.666 21.56 

Era - doxorubicin -7.3 39.269 36.381 

Era - doxorubicin -7.1 8.397 4.644 

Era - doxorubicin -7.1 9.616 4.229 

Era - doxorubicin -7.1 7.635 4.588 

Era - linalool -5.6 0 0 

Era - linalool -5 2.367 1.507 

Era - linalool -5.4 2.711 1.769 

Era - linalool -5.2 2.998 1.971 

Era - linalool -5.4 3.153 2.338 

Era - linalool -5 10.441 8.722 

Era - linalool -5.2 10.148 9.215 

Era - linalool -5.1 10.428 9.576 

Era - linalool -5 10.622 9.59 

Era - carvone -6.2 0 0 

Era - carvone -5.8 4.632 1.922 

Era - carvone -6 10.501 9.802 

Era - carvone -5.9 10.988 10.283 

Era - carvone -5.6 10.963 10.349 

Era - carvone -5.9 11.675 10.747 

Era - carvone -5.8 11.473 10.967 

Era - carvone -6.1 12.066 11.402 

Era - carvone -5.6 13.242 11.753 

Era - p-cymene -6 0 0 

Era - p-cymene -5.6 4.254 1.033 

Era - p-cymene -5.7 10.909 10.366 

Era - p-cymene -5.8 11.091 10.551 

Era - p-cymene -5.8 11.505 10.577 

Era - p-cymene -5.8 11.489 10.604 

Era - p-cymene -5.6 11.699 11.067 

Era - p-cymene -5.6 12.153 11.523 

Era - p-cymene -5.7 14.34 13.544 
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Table S4. Raw Docking Data. HER2. 

Ligand Binding Affinity  rmsd/ub  rmsd/lb  

her-2 - doxorubicin -9.1 0 0 

her-2 - doxorubicin -8.6 8.077 4.993 

her-2 - doxorubicin -7.9 9.078 5.857 

her-2 - doxorubicin -7.2 11.757 7.577 

her-2 - doxorubicin -7.1 9.526 4.534 

her-2 - doxorubicin -7 9.71 7.57 

her-2 - doxorubicin -7 28.847 25.851 

her-2 - doxorubicin -6.9 27.093 24.456 

her-2 - doxorubicin -6.8 15.181 9.05 

her-2 - linalool -6.1 0 0 

her-2 - linalool -6 2.029 1.645 

her-2 - linalool -5.9 3.359 2.283 

her-2 - linalool -5.5 5.331 2.462 

her-2 - linalool -5.8 5.72 2.747 

her-2 - linalool -5.5 7.473 4.665 

her-2 - linalool -5.6 8.711 6.012 

her-2 - linalool -5.3 9.525 7.436 

her-2 - linalool -5.5 10.258 8.67 

her-2 - carvone -7 0 0 

her-2 - carvone -7 4.679 1.424 

her-2 - carvone -7 2.909 1.882 

her-2 - carvone -6.6 6.926 3.648 

her-2 - carvone -6.7 6.469 4.338 

her-2 - carvone -6.6 9.425 6.44 

her-2 - carvone -6.3 10.259 6.542 

her-2 - carvone -6.3 10.122 6.82 

her-2 - carvone -6.2 10.157 8.752 

her-2 - p-cymene -6.6 0 0 

her-2 - p-cymene -6.5 4.129 0.933 

her-2 - p-cymene -6.5 4.377 0.943 

her-2 - p-cymene -6.3 4.485 0.946 

her-2 - p-cymene -6.5 2.435 1.219 

her-2 - p-cymene -6.1 4.268 1.434 

her-2 - p-cymene -6.2 3.629 2.057 

her-2 - p-cymene -6.3 4.984 2.364 

her-2 - p-cymene -6.1 6.746 4.69 
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Linalool (CID: 6549) p-Cymene (CID: 7463) 

  

Carvone (CID: 7439) Doxorubicin (CID: 31703) 

  

Fig. S1. Molecular Structures of Key Ligands in 2D Format via MarvinSketch. 

 

  

Fig. S2. GC-MS data and chromatograms.  
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Fig. S2. GC-MS data and chromatograms (continued...)  
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Fig. S2. GC-MS data and chromatograms (continued...)  
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Fig. S2. GC-MS data and chromatograms (continued...)  
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Fig. S2. GC-MS data and chromatograms (continued...)  
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Fig. S2. GC-MS data and chromatograms (continued...)  
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Fig. S2. GC-MS data and chromatograms (continued...)  
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Fig. S2. GC-MS data and chromatograms (continued...)  
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Fig. S2. GC-MS data and chromatograms (continued...)  
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Fig. S2. GC-MS data and chromatograms (continued...)  

 

https://jppres.com/


Alifiyah et al. Cuminum cyminum GC–MS and in silico analysis vs. breast cancer 

 

https://jppres.com  J Pharm Pharmacogn Res (2026) 14(1): 35 

 

  

Fig. S2. GC-MS data and chromatograms (continued...)  
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