
Salama and Al‑Maharik  
Chem. Biol. Technol. Agric.            (2024) 11:6  
https://doi.org/10.1186/s40538‑023‑00522‑4

RESEARCH Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Chemical and Biological 
Technologies in Agriculture

Micromeria fruticosa and Foeniculum vulgare 
essential oils inhibit melanoma cell growth 
and migration by targeting MMP9 and NFkB 
signaling
Yousef Salama1* and Nawaf Al‑Maharik2* 

Abstract 

Background Fennel (Fe), also known scientifically as Foeniculum vulgare, and Micromeria fruticose are herbaceous 
plants endemic to the Mediterranean Region. The use of their essential oils for their health‑promoting effects 
has been seen in Middle‑Eastern societies, where they have been used as a type of traditional medicine. These oils 
have been used to treat a variety of diseases, including headaches, abdominal pains, skin and eye infections, colds, 
and wounds. This study looks at the chemical makeup of essential oils extracted from Palestine‑grown fennel seeds 
and Micromeria fruticose leaves. The anticancer properties of each essential oil, as well as the combined mixture 
of both oils, were evaluated against the melanoma cell line.

Results GC–MS was used to study the essential oils (EOs) from Micromeria fruticose leaves and fennel seeds that were 
extracted by hydrodistillation. Analysis of M. fruticose EO allowed the identification of 20 compounds, accounting 
for 97.73% of the EO’s overall composition, with pulegone (81.77%), β‑caryophyllene (2.95%), isomenthone (2.17%), 
piperitenone oxide (1.78%), and p‑mentha‑3‑en‑8‑ol (1.38%) being the primary components. 24 phytochemicals 
were identified in the essential oil of fennel seeds, accounting for 100% of its composition, of which trans‑anethole 
(93.69%), fenchone (3.93%), and sylvestrene (0.83%) were the major constituents. Although the EOs derived from M. 
fruticosa leaves and fennel seeds have shown potential for inhibiting the growth of several types of cancer, their 
impact on the proliferation and migration of melanoma cells has not been investigated. The results of our study 
demonstrate that the application of both oils, either separately or in combination (referred to as Mix‑EO therapy), 
effectively suppressed the growth of melanoma cells in a manner that was dependent on the dosage. Furthermore, 
both treatments resulted in the upregulation of pro‑apoptotic Bax and the downregulation of apoptosis‑inhibiting 
Bcl2 expression in an in vitro setting. The anti‑proliferative effects were confirmed using a murine melanoma model 
in vivo. Furthermore, both the individual EOs that were assessed and their combination (Mix‑EO) exhibited inhibitory 
properties against the migration of melanoma cells. Both EOs and Mix‑EO were found to decrease the intracellular 
levels of the transcription factor nuclear factor kappa B (NFkB) and one of its downstream targets, matrix metallopro‑
teinase9 (MMP9), in melanoma and tumor‑associated mesenchymal stem cells. Finally, we demonstrate for the first 
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time that EOs from M. fruticose leaves, fennel seeds, and their combination exert anti‑cancer characteristics by inhibit‑
ing NFkB and MMP9 in melanoma (autocrine) and tumor‑associated mesenchymal stem (paracrine) cells, thereby 
inducing melanoma cell apoptosis and preventing cell migration.

Conclusions The findings of our investigation indicate that the EOs derived from the fennel seeds and the M. 
fruticose leaves encompass a diverse array of biologically active chemicals, which have robust anticancer effects. The 
results of this study hold promise for application in the advancement of innovative natural medications. Additional 
investigation is required to delve into the medicinal capacity of these essential oils in biological entities.

Keywords Foeniculum vulgare, Micromeria fruticose, Essential oils, Anticancer, MMP9, NFkB, Melanoma

Graphical Abstract

Introduction
More than a decade ago, patients with metastatic mela-
noma had a 5-year survival rate of just 5%. The main-
stream anti-melanoma therapy is a combination of drugs 
inhibiting BRAF and MEK kinase activity. In addition, 
new treatments such as immune checkpoint inhibitors 
or tumor-infiltrating lymphocytes are tested in patients 
with advanced melanoma [1]. Overall, these drugs 
extended the survival of some, but not all, patients [2]. 
Therefore, there is still an urgent need to identify effec-
tive treatments and elucidate the associated molecular 
mechanisms. Essential oils (EOs) are derived from fra-
grant plants [3], and their chemical components exhibit 
anti-tumor, antibacterial, anti-inflammatory, and diuretic 

properties [4]. These properties are a result of intricate 
interactions among phenols, aldehydes, ketones, alcohols, 
esters, and ethers present in the EOs [5–8]. For instance, 
fennel, scientifically referred to as Foeniculum vulgare, is 
an herb that is native to the Mediterranean region and 
commonly used in many applications, such as cuisine 
(bread, pickles, and cheese), cosmetics, and pharmaceu-
ticals. Micromeria fruticose, a plant frequently encoun-
tered in the eastern Mediterranean region, synthesizes an 
EO consisting predominantly of the monoterpene pule-
gone, known for its anti-inflammatory characteristics [9].

Nuclear factor kappa B (NFkB) signaling is linked to 
inflammation [10]. NFkB regulates apoptosis, oncogen-
esis, and inflammation and is associated with melanoma 
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when overexpressed [11]. NFkB target genes include 
matrix metalloproteinases (MMPs), anti-apoptosis-
associated Bcl2, and the pro-apoptotic gene Bax. These 
genes are linked to tumor growth. MMP-9 activation can 
promote the recruitment of niche cells such as cancer-
associated fibroblasts, or MSC, endothelial cells, and 
inflammatory cells and contribute to melanoma progres-
sion [12, 13]. MMP9 activation in cutaneous melanoma is 
controlled by NFkB and associated with the BRAFV600E 
mutation [12, 13]. Upregulation of MMP9 has been indi-
cated as a biomarker in melanoma. Tumor and tumor 
niche cells secrete MMP9 that hydrolyzes protein com-
ponents of the extracellular matrix, thereby enhancing 
cell migration, proliferation, and invasion [14, 15].

Fennel EO (Fe-EO) shows anti-inflammatory and 
chemopreventive properties in patients with colon ade-
nocarcinoma [16, 17]. Given the anti-inflammatory and 
tumor-suppressing properties demonstrated by Fe-EO 
and M. fruticose (Thy-OE) in osteosarcoma cells [18], our 
objective was to investigate if these EOs may also inhibit 
the development of melanoma.

In this study, we analyzed the chemical compositions 
of fennel seed and M. fruticose EOs and examined their 
individual and combined (Mix-EO) anti-cancer proper-
ties in  vitro and in  vivo. Tumor growth and migration 
were suppressed when Fe-EO or Thy-EO were given as 
monotherapy but completely blocked when combined. 
Mechanistically, Mix-EO downregulated NFkB and sup-
pressed MMP9 expression in tumor and stromal cells. 
Restoration of MMP9 rendered melanoma cells resistant 
to the growth inhibitor effects of Mix-EO. MMP inhibi-
tor treatment of non-melanoma/stroma cells suppressed 
MMP9 and NFkB expression in wild-type and MMP9-
overexpressing cells and melanoma growth in wild type 
but not Mix-EO-cotreated cells. These data suggest that 
Mix-EO showed anti-melanoma properties by targeting 
NFkB and MMP9.

Experiment
Plant materials and essential oils extraction
M. fruticosa leaves and fennel seeds were gathered in 
August 2022 in Palestine’s Jenin governorate (32° 27′ 
33′′ N, 35°18′ 03′′ E, 161 m = 528 feet above sea level). 
The plants were washed with distilled water before dry-
ing in the shade at room temperature and humidity 
(55 ± 4 RH). The dried materials were coarsely powdered, 
and the essential oils were extracted by hydro-distillation. 
The essential oils were dried with  Na2SO4 and stored in 
sealed vials at 4 °C until further usage. The hydrodistilla-
tion of shade-dried plant leaves resulted in a pale yellow 
oil yield of 1.57%. The EO yield of fennel seeds was 4.5%.

Chromatographic analyses
Two replicates of each sample were analyzed using a 
Hewlett–Packard Model 5890 series II GC, equipped 
fused-silica capillary column (0.25 mm × 30 m, film thick-
ness of 0.25 µm) and linked to Perkin Elmer Elite-5-MS 
(Perkin Elmer, USA). Helium was used at a flow rate of 
1.1 mL/min.

Gas chromatography/mass spectrometry (GC/MS) 
analysis was performed as recently described in detail 
[19]. The injection port and detector temperatures 
were maintained at 250  °C. The oven temperature was 
programmed at 50  °C for 5  min followed by a ramp  of 
4.0  °C/min to 280  °C. 0.2 µL of the EO was injected in 
split mode with a splitting ratio of 1:50. The total run-
ning time was 62.50 min, and the solvent delay was from 
0 to 4.0 min. The MS scan was covering a mass range of 
50.00–300.00 m/z.

The identification of constituents was based on a com-
parison of the retention indices (RIs), calculated related 
to a standard mixture of n-alkanes  (C6–C30) values and 
mass spectra with those obtained from authentic samples 
and/or the Nist, and on the interpretation of the EI-frag-
mentation of the molecules.

Chemicals and EOs
MTT (3-(4, 5)-dimethylthiazol (-z-y1)-3, 5-diphenytetra-
zoliumromide) and fluorescein isothiocyanate (FITC)–
phalloidin were purchased from Sigma (St. Louis, MO, 
USA). The Fe and Thy-EOs stock solution were isolated 
and dissolved in DMSO to a concentration of 500 µg/mL. 
We combined equal amount of each oil to achieve a final 
concentration of 500µg/mL for the MIX-EO.

Cell lines
The murine melanoma B16F10 [CRL-6475; American 
Type Culture Collection (ATCC), Manassas, VA, USA], 
B16F1 (CRL-6323) and the mouse Embryonic Fibro-
blast-1 (MEF-1; ATCC CRL-2214) cell lines were main-
tained in high-glucose Dulbecco’s Modified Eagle’s 
Medium (DMEM with L-glutamine, phenol red (Fuji Film 
Wako, Osaka, Japan), 10% fetal bovine serum (FBS; G.E. 
Healthcare, Chicago, IL, USA), and 1% penicillin/strep-
tomycin (P/S) (Nacalai Tesque, Kyoto, Japan). In addition, 
the murine MS-5 and human HS-5 stromal cells were 
cultured in Iscove’s Modified Dulbecco’s Medium (Wako, 
Japan) containing 10% FBS and 1% P/S. The human 
melanoma cell line SK-MEL-28 (ATCC HTB-72) and 
the human epidermoid carcinoma cell line A431 (ATCC 
CRL-1555) were expanded in Eagle’s Minimum Essen-
tial Medium containing 10% FBS. Human umbilical vein 
endothelial cells (HUVECs) were cultured at 37  °C/5% 
CO2 on 0.1% gelatin (Wako Pure Chemicals)-coated 
culture plates (Falcon) in endothelial growth medium-2 
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(EGM-2; Lonza; cc4176). The T17B cell line was cultured 
in DMEM, 10% FBS, and 1%P/S. B53 (kindly provided by 
Ko Okumura; Juntendo University School of Medicine, 
Japan), were cultured in RPMI-1640 medium containing 
10% FBS and 1% P/S. The human embryo kidney HEK293 
(CRL-1573) cell line was maintained in high-glucose 
Dulbecco’s Modified Eagle’s Medium (DMEM with 
l-glutamine, phenol red (Fuji Film Wako, Osaka, Japan), 
10% fetal bovine serum (FBS; G.E. Healthcare, Chicago, 
IL, USA), and 1% penicillin/streptomycin (P/S) (Nacalai 
Tesque, Kyoto, Japan).

Small interfering ribonucleic acids (siRNA)‑based gene 
knockdown
B16F10 or MS-5 cells (2 ×  105 cells/well) were seeded 
in 6-well plates, kept overnight (16 h) before transfec-
tion using siRNA (Invitrogen (Thermo Fisher Scientific, 
Lafayette, CO, USA) to target mouse MMP9. Cells were 
transiently transfected using Lipofectamine RNAiMAX 
(Invitrogen) [20]. We quantified the transfection effi-
ciency using qPCR of the target gene in Si-target gene 
and Si-ctrl transfected cells. The following siRNAs were 
utilized to target human MMP-9:

Si-MMP9-5′-ACC UCC CAC UAU GUG UCC CAC UAU 
A-3′.

Si-Ctrl, 5′-GCU CCA CAG AGU AUA CCU U-3′.

Quantitative reverse transcriptase–polymerase chain 
reaction (qPCR)
Total RNA and cDNA generation and qPCR methods are 
described in detail in [21]. Each qPCR experiment was 
performed in triplicate and independently repeated two 
times. The respective primers used are:

Forward; Reverse.
m-TIMP-1 5′-AGG TGG TCT CGT TGA TTT CT-′3; 

5′-CTA AGG CCT GTA GCT GTG CC-′3.
m-TIMP-2 5′-GAC TTC ATT GTG CCC TGG GA-′3; 

5′-CAG CCC ATC TGG TAC CTG TG-′3.
m-TIMP-3 5′-CTT TGT GGA GAG GTG GGA CC-′3; 

5′-CCC AGG TGG TAG CGG TAA TT-′3.
m-MMP9 5′-AGA CGA CAT AGA CGG CAT CC-′3; 

5′-TCG GCT GTG GTT CAG TTG T-′3.
m-P65 5′-CCT CTG CTT CCA GGT GAC AG-′3; 

5′-ATG TGA GAG GAC AGG GGT CA-′3.
m-BAX 5′-AGG CCT CCT CTC CTA CTT CG-′3; 

5′-GTG AGG ACT CCA GCC ACA AA-′3.
m-BCl-2 5′-CCA CCT GTG GTC CAT CTG AC-′3; 

5′-ATC TCT GCG AAG TCA CGA CG-′3.
m-β-actin 5′-CTA AGG CCA ACC GTG AAA AG-′3; 

5′-ACC AGA GGC ATA CAG GGA CA-′3.
h-TIMP-1 5′-CAA ACT GCA GAG TGG CAC TC-′3; 

5′-GGG ACT GGA AGC CCT TTT CA-′3.

h-TIMP-2 5′-CTG TGA CTT CAT CGT GCC CT-′3; 
5′-CAG CCC ATC TGG TAC CTG TG-′3.

h-TIMP-3 5′-GGC CTT AAG CTG GAG GTC AA-′3; 
5′-ACA GCC CCG TGT ACA TCT TG-′3.

h-MMP9 5′-GGA CTC GGT CTT TGA GGA GC-′3; 
5′-CCT GTG TAC ACC CAC ACC TG-′3.

h-β-actin 5′-AGA CCT GTA CGC CAA CAC AG-′3; 
5′-TTC TGC ATC CTG TCG GCA AT-′3.

h-P65 5′-CCA ATG GCC TCC TTT CAG GA-′3; 
5′-CTG ATC TGA CTC AGC AGG GC-′3.

h-BAX 5′-GCC GGA ACT GAT CAG AAC CA-′3; 
5′-GTC TTG GAT CCA GCC CAA CA-′3.

h-BCl-2 5′-CAT GTG TGT GGA GAG CGT CAAC-′3; 
5′-CAG ATA GGC ACC CAG GGT GAT-′3.

Human MMP9 cloning
We used the genomic DNeasy Extraction Kit (Qiagen, 
Germany) to isolate HUMAN MMP9 coding sequence 
from A549 lung cell line and cloned the sequence into 
the LV-EF-L3T4-IRES2-EGFP vector. The MMP9 clon-
ing sequence was XhoI, 5-GGG CTC GAG ATG AGC CTC 
TGG CAG CCC -3 and EcoRV, 5-CCC GAT ATC CTA GTC 
CTC AGG GCA CTG CAG-3. The purified fragment was 
inserted into the XhoI and SmaI sites of the eukaryotic 
expression vector LV-EF-L3T4-IRES2-EGFP. In addition, 
cloned plasmids were sequenced by Sanger sequencing 
(An-Najah University, Palestine) and amplified in E. coli 
DH5α competent cells.

Lentivirus production for (MMP9 OE)
Vesicular stomatitis virus glycoprotein-pseudotyped 
lentivirus was prepared using a three-plasmid system 
as described previously [21, 22] using the LV-EF-L3T4-
IRES2-EGFP (kindly provided by Dr. Trono’s laboratory 
and modified by Dr. Tomoyuki Yamaguchi, IKAKEN) 
with or without gene of interest, pMDL, and vesicular 
stomatitis virus glycoprotein envelope plasmid VSV.G 
(Addgene #14886).

Western blot analysis
Sample preparation and protein transfer to PVDF mem-
branes (Millipore, Immobilon) as described recently [21]. 
The membranes were probed with one of the following 
primary antibodies (all mouse IgG, 1 µg/ml) overnight at 
4 °C: NFkB of mouse origin (Santa Cruz Biotech, sc-109), 
MMP9 (Santa Cruz Biotech, sc-6840) β-actin (Cell Sign-
aling, #4967). In addition, membranes were stained with 
secondary antibody conjugated with horseradish peroxi-
dase (Nichirei Biosciences INC, rabbit-HRP, or mouse-
HRP) and developed with the ECL Plus detection system 
(Amersham Life Science, RPN2132) using image analyzer 
C-280 Azure (azure Biosystems).
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Cell cultures with EOs
B16F10 or A431 cells (2 ×  105 cells/well) were cultured in 
6-well plates (TPP, Switzerland) and incubated overnight 
prior to the addition of DMSO (EO control), Thy-EO, 
Fe-EO, or Mix-EO at doses ranging from 5 to 50 μg/ml. 
EOs were used in the proliferation assays at a concentra-
tion of 25 μg/ml, unless specified otherwise. Viable cells 
were counted at 24 h using trypan blue dead-cell exclu-
sion dye (cat. 207-17081; Fuji Film Wako). Cell prolifera-
tion was also estimated using the MTT assay kit (Sigma, 
St. Louis, MO, USA). In some experiments, B16F10 were 
seeded at a 5 ×  104 cells/6-well concentration 16 h before 
the addition of rec. human MMP9 (100 ng/ml; Pepro-
tech) in the presence/absence of Mix-EO (25 ng/ml).

MS-5 conditioned medium: for MMP9 knockdown 
and (MMP9 OE), MS-5 cells were seeded at a concen-
tration of 5 ×  105 cells/6-well for 16 h before transfection 
or infections, respectively. After 12  h, the transfection 
media was replaced with fresh media. Specific gene-tar-
geting and control non-specific targeting siRNAs were 
obtained from Invitrogen (Thermo Fisher Scientific, 
Lafayette, CO). Cells were treated with or without the 
MMP inhibitor MMI270 (10 μM; Novartis). Supernatants 
were collected after 24  h. The B16F10 culture medium 
was replaced with the MS-5 conditioned medium. 24  h 
later, B16F10 cell proliferation was determined.

Scratch assay
B16F10 cells were cultured in 6-well plates (2 ×  105 cells/
well in a 6-well plate) with DMEM complete medium 
containing indicated EO combinations at a concentra-
tion of 25  μg/ml (Mix-EO were 12.5  μg/ml of Fe-EO 
and 12.5  μg/ml of Thy-EO). A scratch was performed 
vertically using a sterile yellow tip to scratch the 6-well 
plate perpendicular to its bottom when cells were sub-
confluent, with two lines of similar width per well. After 
washing gently with PBS three times, DMEM complete 
medium was re-administered.

Murine B16F10 melanoma model
8–12-week-old male WT. C57BL/6 mice (Palestine) 
were housed under specific pathogen-free conditions. A 
subcutaneous murine melanoma model was employed: 
B16F10 cells were washed twice with PBS (90% viabil-
ity). Then, cells were inoculated on d 0 (5 ×  106/200 µL/
mouse, s.c.) into C57/BL6 mice. The in  vivo treatment 
included: EO (30 mg/kg body weight) or carrier (DMSO/
PBS) were injected intraperitoneally daily starting on 
day 0 after B16F10 tumor cell injection. We evaluated 
tumor growth daily. Mice that showed severe pain, with a 
weight loss > 20% compared to the initial body weight, or 
appeared moribund were euthanized. Removed tumors 
and adjacent conjunctive tissues were weight 12 days 

after s.c. tumor cell injection. Blood plasma and tumor 
tissue samples were stored at – 30 °C until further usage.

Isolation of tumor‑associated murine mesenchymal stem 
cells (MSCs)
Single-cell suspensions were prepared from extracted 
tumors, and tumor-associated MSCs were isolated using 
MagCellectTM Mouse Mesenchymal Stem Cell Isolation 
Kit; Catalog Number: MAGM212B from R&D system as 
instructed by the manufacturer. As a control, MSCs were 
isolated from the bone marrow of C57/Bl6 mice that did 
not carry a tumor (WT).

MMP9 ELISA
Plasma samples were measured using a commercially 
available mouse-specific enzyme-linked immunosorb-
ent assay (ELISA) kit for mouse MMP9 (R&D Systems, 
Minneapolis, MN, USA). Each sample was measured in 
duplicate.

Webserver timer
TIMER is a comprehensive web server, and resource for 
systematically analyzing the correlation between gene 
expression and immune infiltrates across diverse cancer 
types (http:// gepia2. cancer- pku. cn/# index) [22].

Statistical analysis
All experiments were performed at least three times. 
Data are shown as the mean ± standard error of the mean 
(SEM). Student’s t test or ANOVA with Tukey HSD 
posthoc tests using R program were used for statisti-
cal analysis. P values < 0.05 were considered statistically 
significant.

Results and discussion
GC–MS analyses of essential oils
The output of EO of fennel in this study was 4.5%, with 
25 components accounting for 99.97% of its total con-
tent (Table  1). According to prior research, production 
ranges from 1.3% to more than 6.4% depending on geo-
graphical origin and harvest period [16]. The composi-
tion of EO could be divided into two groups: oxygenated 
monoterpenes (98.66%) and monoterpene hydrocarbons 
(1.31%), with the primary constituents being trans-anet-
hole (93.69%), fenchone (3.93%), sylvestrene (0.83%), and 
methyl chavicol (0.57%) (Table 1). Several earlier research 
on the variation of fennel EOs in different regions have 
all confirmed the existence of trans-anethole as a major 
component ranging from 35% to 84% [23]. Roby et  al. 
[24] reported the identification of 15 compounds repre-
senting 95% of the oil, of which the major constituents 

http://gepia2.cancer-pku.cn/#index
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were trans-anethole (56.4%), fenchone (8.26%), estragole 
(5.21%), methyl chavicol (5.2%), and limonene (4.2%). The 
chemical composition of EO derived from fennel seeds 
collected in Sichuan Province was investigated using gas 
chromatography–mass spectrometry (GC–MS) [25]. 
A total of 28 components were identified, with trans-
anethole being the predominant compound, constituting 
68.53% of the overall composition. The principal com-
ponents of the composition identified were estragole, 
limonene, and fenchone, accounting for 10.42%, 6.24%, 
and 5.45% of the composition, respectively. Using gas 
chromatography with flame ionization detection and 
mass spectrometry (GC–FID–MS), the chemical com-
position of EOs in 56 samples of wild fennel seeds taken 
from diverse locations in Sicily was examined [26]. The 
investigation resulted in the identification of 78 distinct 
compounds, collectively constituting more than 98% 

of the EOs. Estragole was found to be the main compo-
nent in 55 out of the EOs examined. Its amounts var-
ied between 34% and 89%. However, the trans-anethole 
content showed significant heterogeneity, ranging from 
0.1% to 36% across the samples analyzed. Fenchone, an 
oxygenated monoterpene frequently present in fennel oil, 
was detected in all samples, with concentrations rang-
ing from 2% to 27%. All samples included monoterpene 
hydrocarbons, including α-pinene (1–21%), limonene 
(1–17%), and γ-terpinene (< 1–4%). Shahat et  al. inves-
tigated the chemical composition of EOs extracted from 
Egyptian wild and cultivated fennel aerial parts [27]. The 
EO of wild fennel contained twenty components, the 
most abundant of which was limonene (84.49%), followed 
by trans-anethole (6.22%), and α-pinene (2.03), with 
estragole accounting for only 0.05%. In EO derived from 
cultivated fennel, however, 21 chemicals were detected, 
with α-pinene (32.82%), estragole (15.33%), trans-anet-
hole (14.84%), limonene (13.92%), and fenchone (5.91%) 
being the predominant ingredients [27].

Table 1 Phytochemical composition of fennel (Foeniculum 
vulgare) seed EO collected from the Nablus region, Palestine

RT Retention time, RI Retention index

Compound R.T RI Content%

α‑Pinene 9.79 931 0.06

Camphene 10.51 947 0.01

Sabinene 11.56 970 0.01

β‑Pinene 11.75 974 0.08

Myrcene 12.35 987 0.08

Phellandrene 13.04 1003 0.10

p‑Cymene 13.84 1022 0.05

Sylvestrene 14.11 1028 0.83

1,8‑Cineole 14.13 1030 0.01

cis‑Ocimene 14.40 1035 0.10

trans‑Ocimene 14.83 1045 0.00

γ‑Terpinene 15.31 1056 0.09

Fenchone 16.71 1089 3.93

Allo‑Ocimene 18.00 1126 0.01

Camphor 18.87 1144 0.11

Terpinen‑4‑ol 20.23 1178 0.01

Methyl chavicol 20.92 1196 0.57

Octanol acetate 21.34 1207 0.01

endo‑Fenchyl acetate 21.60 1215 0.03

exo‑Fenchyl acetate 22.10 1229 0.16

cis‑p‑Anethole 22.89 1251 0.02

p‑Anisaldehyde 23.02 1254 0.00

trans‑Anethole 24.43 1294 93.69

Germacrene D 30.50 1480 0.01

Total 99.98

Monoterpene hydrocarbons 1.31

Oxygenated monoterpenes 98.66

Sesquiterpene hydrocarbons 0.01

Oxygenated sesquiterpenes 0.00

Table 2 Chemical components of M. fruticosa leaves’s EO 
collected from the Genin region, Palestine

Compound R.T RI Content%

α‑Pinene 9.78 931 0.12

β‑Pinene 11.73 974 0.33

Myrcene 12.32 987 0.11

Limonene 14.02 1026 0.86

p‑Mentha‑3,8‑diene 15.81 1063 0.34

p‑Mentha‑3‑en‑8‑ol 19.05 1149 1.38

Isomenthone 19.56 1162 2.17

trans‑3‑Pinanone 19.96 1172 1.27

α‑Terpineol 20.80 1193 0.29

Verbenone 21.24 1205 0.77

ND 21.56 1214 1.01

Pulegone 22.46 1239 81.77

Piperitone 22.91 1251 0.16

trans‑Anethole 24.05 1289 1.36

Piperitenone 25.83 1336 1.04

Piperitenone oxide 26.59 1358 1.78

β‑Caryophellene 28.56 1418 2.95

α‑Caryophellene 29.68 1454 0.18

Germacrene D 30.48 1480 0.74

Bicyclogermacrene 30.94 1495 0.29

Caryophyllene oxide 33.53 1582 1.09

Total identified 97.73

Monoterpene Hydrocarbons 1.76

Oxygenated monoterpenes 90.72

Sesquiterpene hydrocarbons 4.16

Oxygenated sesquiterpenes 1.09
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Twenty components were detected in the EO from 
M. fruticose leaves, accounting for 97.73% of the total 
area (Table  2). Oxygenated monoterpenes account for 
90.72% of the total, followed by sesquiterpene hydrocar-
bons (4.16%), monoterpene hydrocarbons (1.7%), and 
oxygenated sesquiterpenes (1.0%). Pulegone (81.77%), 
β-caryophellene (2.95%), isomenthone (2.1%), piperi-
tenone oxide (1.78%), and trans-anethole (1.36%) were 
the major compounds (Table 2). The results of our study 
exhibited a degree of agreement with the previously pub-
lished data on the chemical composition of the EO of 
M. fruticose leaves collected in Nablus, Palestine [28]. In 
that particular study, a total of 35 chemical constituents 
were identified, with pulegone being the predominant 
compound (58.7%), followed by neoisomenthole (8.7%), 
β-caryophellene (3.9%), and isomenthone (3.9%). Alqarni 
et  al. [29] reported the identification of 33 components 
in fresh, shadow-dried and freeze-dried oil samples of 
M. fruticose collected from Hebron-Palestine, of which 
menthole (33.19–35.01%), menthone (17.47–20.40%) 
and pulegone (13.79–23.70%) were the major constitu-
ents. In addition, 61 compounds were identified from the 
EO extracted by hydrodistillation of M. fruticosa aerial 
parts growing wild in southern Italy, representing 91.3% 
of the oil, of which γ-terpinene (14.5%), β-caryophyllene 
(12.6%),  p-cymene (8.9%),  α-pinene (8.2%), and 
β-bisabolene (7.2%) were the major components [30].

Fe and Thy EO co‑treatment induce cell apoptosis 
in melanoma cells
The chemical structures of pulegone and trans-anethole, 
the main components of Thy-EO and Fe-EO, and other 
major EO compounds are given in Fig. 1A. Reports indi-
cate that anethole and pulegone exert anti-inflammatory 
effects, while anethole also has anti-tumor capabilities 
[31]. In addition, anethole suppresses NFkB activation by 
IkBa degradation [9].

Different concentrations of Fe-EO and Thy-EO were 
tested for their effects on cell proliferation in the highly 
metastatic murine B16F10 and human amelanotic A431 
melanoma cell lines. As shown in Fig. 1B, Fe-EO and Thy-
EO inhibited proliferation of B16F10 and A431 cells in a 
concentration-dependent manner after 24 h of treatment 
in  vitro. On the other hand, control treatment (DMSO) 
did not influence cell proliferation (Fig.  1B). To capital-
ize on the putative anti-cancer properties and compound 
profile differences of both essential oils, Fe-EO and Thy-
EO (Mix-EO) were introduced into the aforementioned 
melanoma cell lines. While Fe-EO or Thy-EO mono-
treatment at a concentration of 25 μg/ml blocked B16F10 
cell growth by ~ 25%, Mix-EO at the same concentration 
suppressed B16F10 or A431 cell growth by ~ 75% com-
pared to carrier treatment (Fig.  1B, C). Tumor growth 

was blocked entirely at a concentration of 50 μg/ml given 
as single EOs and Mix-E0 (Fig. 1B, C). Mix-EO addition 
to B16F10 cultures caused 50% cell death at a concentra-
tion between 5 and 25  μg/ml, as determined using the 
MTT cell proliferation assay (Fig. 1D).

The concentrations producing 50% growth inhibi-
tion  (IC50) of Fe-EO on B16F10 and A431 cells were 
30.9 and 32.1  μg/ml, respectively, and those of Thy-EO 
were 31.6 and 33.3 μg/ml, respectively (Table  3). The 
 IC50 of Mix-EO on B16F10 and A431 cells was 14.1 μg/
ml and 12.1 μg/ml, respectively (Table 3). Myelotoxicity 
is a dose-limiting toxicity of anti-cancer drugs. Adding 
up to 25 μg/ml of Mix-EO was not cytotoxic for periph-
eral blood mononuclear cells (PBMCs) (Fig.  1E). These 
data indicate that Mix-EO potentiated the anti-prolif-
erative effects compared to the separate EOs given as 
monotherapy, enabling drug reduction and minimizing 
myelotoxicity.

Examination of the morphology of Mix-EO-treated 
B16F10 cells revealed apoptotic cells occurring in cul-
tures treated with 25  μg/ml after 24  h. Higher con-
centrations were necessary to induce apoptotic cell 
accumulation in cultures treated with Fe-EO and Thy-
EO (not shown). Next, we tested the effect of the EOs 
on the expression of the pro-apoptotic gene Bax and 
the anti-apoptotic gene Bcl2. The transcript expression 
levels of Bax increased after Mix-EO treatment in cul-
tured B16F10 and A431 cells (Fig.  1G, H). In contrast, 
the apoptosis-inhibiting Bcl2 gene was downregulated 
in Mix-EO-treated B16F10 and A431 cells (Fig.  1G, H), 
suggesting that Mix-EO-induced apoptosis in melanoma 
cells.

MMP9 reduction and impaired melanoma motility after Fe‑ 
and Thy‑EO, and Mix‑EO
Matrix metalloproteinases (MMPs), such as MMP-
9, facilitate the breakdown of the extracellular matrix 
(ECM), hence promoting the spread of melanoma into 
the surrounding tissues [15]. We investigated the expres-
sion of MMP9 in both melanoma and non-melanoma cell 
lines due to the inhibitory effect of EOs on cell migration 
and the observed elevated levels of this protein in specific 
forms of melanoma. Based on the qPCR results, it was 
observed that murine B16F10 cells exhibited a greater 
level of MMP9 expression compared to B16F1 cells, 
which had a limited ability to metastasize. In addition, 
the malignant B cell line B53, mouse embryonic fibro-
blasts (MEF), and murine stromal fibroblastic MS-5 cells 
also showed lower MMP9 expression levels, as shown in 
Fig. 2A.

The levels of MMP9 were elevated in both human 
SKMEL28 melanoma and A431 cells. Figure  2B shows 
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Fig. 1 Fennel (Fe) and M. fruticosa (Thy) EOs inhibit melanoma cell growth. A Molecular structures of the major components found in EOs 
of Fe and Thy. B, C Murine B16F10 (B) and A431 cells (C) were treated with indicated concentrations of Fe‑OE, Thy‑OE given as monotherapy 
or in combination (Mix‑EO). Viable cells were counted using Trypan blue exclusion after 24 h (n = 6/group). D Cell viability of B16F10 
and A431 cells exposed to indicated concentrations of Mix‑EO was determined using an MTT assay (n = 6/group). E Cell viability of murine 
peripheral blood mononuclear cells (PBMCs) after treatment with Mix–EO at indicated concentrations (n = 6/group). F, G Fold changes in BAX 
and anti‑apoptosis‑related BCL2 gene expression in Mix‑EO‑treated and control B16F10 (F) and A431 (G) cells. Expressions were compared to carrier 
controls. Data are expressed as mean ± SEM (unpaired Student’s t test or one‑way ANOVA *p < .05, **p < .01)
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that umbilical endothelial cells (HUVEC), human embry-
onic kidney 293 cells (HEK293), and stromal HS-5 cells 
all had lower amounts of MMP9. Through the utiliza-
tion of an accessible human cancer database, we have 
ascertained that the levels of MMP9 were elevated in the 
tumor (T) of individuals diagnosed with skin cutaneous 
melanoma (SKCM) in comparison with the adjacent nor-
mal (N) skin tissues adjacent to the tumor (T) (Fig. 2C).

Subsequently, we analyzed the levels of MMP9 and its 
endogenous inhibitors, TIMP1-3, both prior to and fol-
lowing in  vitro treatment with EO. EOs reduced the 
expression of MMP9 in A431 and B16F10 cells in a dose-
dependent manner. However, the expression of TIMP1–3 
was not affected by EOs (Fig.  2D, E; Additional file  1: 
Figure S1A, B). The study suggests that using Mix-EO 
treatment caused MMP9 expression to drop in mela-
noma cells. This may help explain how the essential oils 
studied could help fight cancer. Melanoma cells often 
have constitutively activated NF-κB [12, 32, 33]. The 
impact of single and combined EOs on the activation of 
NFkB was assessed due to its ability to regulate MMP9 
expression. We found that Mix-EO-treated cells showed 
impaired P65 expression in B16F10 and A431 cells com-
pared to control (Fig.  2F). Furthermore, Mix-EO and, 
to a certain degree, Thy-EO inhibited NFkB phospho-
rylation and activation, as assessed by Western blotting 
(Fig.  2G). To investigate the impact of Fe-EO, Thy-EO, 
and Mix-EO on melanoma cell motility, we conducted a 
wound scratch experiment due to the known association 

between MMP9 and cell motility. Fe-, Thy-, and Mix-
EO significantly decreased the migration of B16F10 cells 
(Fig. 2H, I) and A431 cells (Fig. 2J) by approximately 50% 
compared to the controls when administered at a dosage 
of 25  μg/ml. The data indicate that the Fe-EO, Thy-EO, 
and Mix-EO treatments inhibit cell migration.

Mix‑EO suppressed in vivo melanoma growth and reduced 
intra‑tumor MMP9
Next, we examined the effectiveness of Fe-, Thy-, and 
Mix-EO in controlling melanoma growth using the 
B16F10 subcutaneous melanoma model. For all EOs, the 
daily dosage was 30  mg/kg body weight. EO treatment 
started on day 0 after the initial tumor injection (Fig. 3A). 
Compared to controls (ctrl, carrier treatment), Fe-EO 
and Thy-EO treatment given intraperitoneally reduced 
tumor growth (Fig.  3A, B). Similar to our in  vitro data, 
Fe- and Thy-EO monotherapy reduced tumor growth. 
However, tumor growth was blocked in Mix-EO-treated 
mice (Fig. 3A, B).

We confirmed a reduction of MMP9 expression in 
tumors of animals that had received Fe-EO, Thy-EO, and 
Mix-EO compared to control by qPCR (Fig.  3C), and a 
reduction of circulating MMP9 in peripheral blood as 
determined by ELISA (Fig.  3D). MMP9 expression was 
best suppressed after Mix-EO, not Fe- or Thy-EO mono 
treatment. Our data suggest that Mix-EO treatment abol-
ished the tumor-mediated upregulation of MMP9.

Mix‑EO blocks niche‑derived MMP9
In melanoma, MMP-9 is expressed in tumor cells and 
stroma [34]. To test Mix-EO effects on MMP9 expression 
in tumor-associated mesenchymal stem cells (MSCs), 
we compared MMP9 expression of MSCs isolated from 
MSCs isolated from tumors of control and EO-treated 
mice to MSCs isolated from bone marrow (WT) by 
qPCR (Fig.  4A). All tested EOs completely suppressed 
MMP9 expression in MSCs. Because Mix-OE might 
induce apoptosis of niche cells, such as fibroblasts, we 

Table 3 Anti‑cancer activity of EOs

IC50 values on cancer cell lines (B16F10 and A431) after 24 h exposure to 
indicated EOs. Data are presented as half‑maximal inhibitory centration  (IC50) 
value from three independent experiments performed in triplication

Compounds IC50 values in (μg/mL)

Cell line Fe Thy Mix

B16F10 30.9 31.6 14.1

A431 32.1 33.3 12.1

(See figure on next page.)
Fig. 2 Combined treatment with Fe‑EO and Thy‑EO (Mix‑EO) suppresses MMP9 expression and melanoma cell migration. (A and B) Murine B53, 
MEF, B16F1, B16F10, MS‑5 (A) and human HEK293 HS‑5, A431, SKMEL28, and HUVEC cells (B) were analyzed for MMP9 mRNA expression by qPCR 
(n = 3/cell line). Expression was compared to the expression in B53 (mouse) or HEK293 (human) cells. C Human MMP9 expression levels in tumor 
(T) and adjacent normal tissues (N) derived from SKCM patients. Data were retrieved from the TCGA database and analyzed by Timer. D, E Fold 
change in MMP9 expression in B16F10 (D) and A431 (E) cells treated with indicated Mix‑EO concentrations as determined by qPCR. Expression 
was compared to untreated controls. D, E Fold change in MMP9 expression in B16F10 (D) and A431 € cells treated with indicated concentrations 
of Mix‑EO for 24 h as determined by qPCR. Expression was compared to the expression in control (DMSO)‑treated cells. F Fold change in P65 
expression in B16F10 and A431 cells treated with indicated concentrations of Mix‑EO for 24 h (n = 6/group). G Representative immunoblots for p65, 
mouse MMP9, and b‑actin (loading controls) using B16F10 cell lysates of indicated treatment groups. H–J Microscopic images 24 h after wound 
healing closure in B16F10 cultures treated with DMSO (control) or indicated EOs at indicated concentrations (n = 3/goup). I Quantification of B16F10 
cells that migrated in the scraped area indicated by thick lines per high power fields (HPF). A total of 5 × HPFs were counted. Data are expressed 
as mean ± SEM (unpaired Student’s t test or one‑way ANOVA *p < .05)
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Fig. 2 (See legend on previous page.)
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Fig. 3 Mix‑EO treatment blocks melanoma growth in mice and suppresses systemic and tumor MMP9. A–D B16F10 cells were injected s.c. 
into the flank of C57/BL6 mice. Mice were treated with indicated dose combinations of EOs intraperitoneally (i.p.) daily starting from day 0. Twelve 
days after injection, microscopic tumor images were taken (A), and the tumor weight was measured (B; n = 6/group). C Collected tumors were 
analyzed for MMP9 expression by qPCR. Expression was compared to the expression in peripheral blood of non‑tumor bearing mice (WT). D MMP9 
plasma levels were determined on day 12 (n = 6/group). Data are expressed as mean ± SEM (unpaired Student’s t test or one‑way ANOVA *p < .05, 
**p < .01)

(See figure on next page.)
Fig. 4 Mix‑EO treatment blocks tumor growth by targeting autocrine and paracrine MMP9 production. A Fold change in MMP9 expression 
in tumor‑infiltrating mesenchymal stem cells (MSCs) isolated from mice treated with or without indicated EOs by qPCR. Expression was compared 
to bone‑marrow‑derived MSCs (WT) (n = 6/group). B Cell proliferation of B16F10 cells treated with/without rec. MMP9 in the presence/absence 
of 25 μg/ml Mix‑EO (n = 6/group). C–G Experimental outline to generate MS‑5 conditioned medium for the treatment of B16F10 cells: collection 
of conditioned medium of MS‑5 cells treated with carrier/DMSO (Ctrl) or Mix‑EO (25 μg/ml), MS‑5 cells overexpressing hu MMP9WT (MMP9 
OE) and cells, where mouse MMP9 had been gene‑silenced (siMMP9) after 24 h (n = 6/group). D Fold change of MMP9 expression of MS‑5 cells 
without (Ctrl) and with EO treatment (Mix‑EO; 25 μg/ml), after MMP9 OE, and gene silencing of MMP9 (si‑MMP9). Expression was compared 
to the expression in ctrl cells (n = 6/group). E–G B16F10 cell growth was determined in cultures supplemented with indicated conditioned medium 
and cotreated with or without MMP inhibitor (MMPI) by Trypan blue 24 h later (n = 6/group). F, G Fold change in P65 (F) and MMP9 (G) expression 
in B16F10 cells treated with indicated MS‑5 conditioned media in the presence or absence of MMPI (n = 6/group). Expression was compared 
to the expression in control cultures. Data are expressed as mean ± SEM (unpaired Student’s t test or One‑way ANOVA *p < .05, **p < .01). H Proposed 
mode of action of fennel (Fe‑EO) and M. fruticosa (Thy‑EO) derived EOs: Fe‑EO and Thy‑EO as monotherapy, but more prominent in combination 
(Mix‑EO) inhibited NFkB and MMP9 expression in tumor (autocrine action) and tumor stromal cells (paracrine action) suppressing tumor growth 
and migration. MMP9, matrix metalloproteinase‑9; EO, essential oil; NFkB, nuclear factor kappa B
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Fig. 4 (See legend on previous page.)
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next tested cell proliferation of mouse embryonic fibro-
blasts (MEF) after Mix-OE treatment. At a dose of 50 
μg/ml, Mix-EO did not inhibit the proliferation of MEF 
cells. This concentration had previously been determined 
to totally halt the growth of malignant melanoma cells 
(Additional file  1: Figure S1C). Addition of rec. MMP9 
enhanced cell proliferation of B16F10 cells (Fig.  4B), an 
effect that the addition of Mix-EO could block. These 
data indicate that Mix-EO not only suppressed MMP9 
transcription but also prevented MMP9 protein-medi-
ated effects (Fig. 4B).

To test the effects of EOs on stromal cell-derived fac-
tors, such as MMP9, we established MS-5 cells, where 
MMP9 was gene-silenced (si-MMP9) or overexpressed 
using a lentivirus (MMP9 OE) and confirmed MMP9 
expression in these cells by qPCR (Fig. 4D). Conditioned 
medium (CM) of (MMP9 OE) cells enhanced, while that 
of si-MMP9 cells inhibited cell proliferation. While add-
ing an MMP inhibitor could suppress B16F10 prolif-
eration in ctrl, (MMP9 OE), and siMMP9 cells, MMPI 
treatment could not further suppress Mix-EO-mediated 
cell proliferation (Fig. 4E), indicating that Mix-EO shares 
gene targets or pathways with the tested MMPI.

The addition of (MMP9 OE) CM augmented, while 
siMMP9 CM impaired tumor P65 and MMP9 expres-
sion (Fig. 4F, G). While the addition of an MMP inhibi-
tor did not further reduce P65 and MMP9 expression in 
Mix-EO-treated cultures, suggesting that NFkB signaling 
might be a target of Mix-EO. Overall, our data establish 
that EO from fennel and M. fruticosa when given in com-
bination, synergistically suppress melanoma cell growth 
and migration while blocking NFkB activation in tumor 
and stromal cells and the release of stromal cell tumor 
growth supporting factors, such as MMP9.

Trans-anethole has been shown to inhibit UV-induced 
melanogenesis [35]. The described anti-melanoma effects 
of the main compounds identified in Fe-EO and Thy-
EO prompted us to examine the impact of Fe-EO and 
Thy-EO on melanoma. We show that Fe-EO and Thy-
EO inhibit melanoma growth and migration in  vitro. 
We identify MMP9 and the transcription factor NFkB 
as targets of the EOs from fennel and M. fruticosa. The 
 IC50 values of Mix-EO were 14.1 and 12.1 μg/ml for the 
murine B16F10 and the human A431 melanoma cell 
lines, respectively. In contrast, a twofold higher concen-
tration was necessary when Fe-EO or Thy-EO were given 
as monotherapy. The lower  IC50 of Mix-EOs resulted 
in better tumor growth control than EO monotherapy 
in vivo. In addition, it allowed the use of a lower dosage 
of both EOs. At that low dosage, no myelotoxicity was 
observed. We propose that hepato-toxicity that had been 

reported in mice treated with pulegone orally (> 20mg/
kg body weight/d) [36] might be avoided using Mix-EO. 
However, studies will be required to test this.

Tumor growth in mouse melanoma models was hin-
dered by the suppression of MMP9 through the admin-
istration of synthetic MMP inhibitors or TIMP1, the 
endogenous inhibitor of MMP9 [37, 38]. We found that 
Mix-EO suppressed tumor and stromal cell-derived 
MMP9 and P65 expression, and contributed to mela-
noma growth and migration in  vitro and in  vivo. The 
decrease in MMP9 transcript levels caused by Mix-
EO can be attributed to its impact on NFkB signaling, 
as shown in Fig.  4H. In addition, Mix-EO suppressed 
tumor cell growth after the addition of rec. MMP9 or 
conditioned medium of MS-5 cells overexpressing 
MMP9. A possible explanation is that Mix-EO acts on 
proteins such as MMP9 or proteins such as cytokines 
released from MMP9-overexpressing MS-5/stromal 
cells. Further studies will be required to understand the 
underlying mechanism of Mix-EO on soluble factors, 
such as the MMP9 protein. Given the well-established 
role of MMP9 in tumor angiogenesis [39], further 
studies are required to determine the anti-angiogenic 
potential of Fe-EO, Thy-EO, and Mix-EO. MMP-9 
has a dual role, in some cases, with anti-tumor activi-
ties. HPV16-related carcinomas are more aggressive 
in MMP9 null mice [40]. Bone-marrow-derived cell-
derived MMP9 contributes to skin carcinogenesis [40].

The tested EOs mainly contain anethole and/or pule-
gone, which inhibit the phosphorylation of P65 in 
melanoma cells, indicating the suppression of NFkB 
signaling. NFkB regulates apoptosis, oncogenesis, and 
inflammation and is associated with melanoma when 
overexpressed [11]. Our data align with earlier reports 
demonstrating that pulegone inhibits NO production 
through suppressing iNOS, COX-2, NFkB, and MAPKs 
signaling and up-regulating Nrf-2/HO-1 signaling in 
lipopolysaccharide-stimulated RAW264.7 cells [41]. 
Furthermore, trans-anethole exerts protective effects 
on lipopolysaccharide-induced acute jejunal inflam-
mation of broilers via repressing the NFkB signaling 
pathway [42]. In addition, reports indicate that anet-
hole can inhibit TNF-induced NFkB activation by sup-
pressing IκBα phosphorylation and NFkB reporter gene 
expression induced by TRAF2 and NFkB-inducing 
kinase. Furthermore, Anethole inhibited the nuclear 
localization of NFkB protein PC-3 cells [43]. Given 
the observed NFkB suppression, it is probable that the 
bioactive EOs also inhibit the recruitment of inflam-
matory cells that support tumors and their proteolytic 
activities. In addition, further reseacrh will be needed 
to identify the genes responsible for the combined ben-
efits and synergistic effects of both EOs.



Page 14 of 15Salama and Al‑Maharik  Chem. Biol. Technol. Agric.            (2024) 11:6 

Conclusions
Treatment options for melanoma are limited. Alto-
gether, our results support that EOs from fennel and M. 
fruticosa suppressed melanoma growth and migration 
and suppressed NFkB signaling and MMP9 expression 
in tumor or tumor niche cells (Fig. 4H). A recent study 
proposed that melanoma cells overexpressing NFkB 
are three times more likely to respond to treatment 
with checkpoint inhibitors and immunotherapy. It will 
be interesting to investigate if adding EOs to conven-
tional chemotherapeutic agents, checkpoint inhibitors, 
or immunotherapy approaches will improve anti-mela-
noma properties.
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