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ABSTRACT Black seed (Nigella sativa L.) is well known for its pharmacological properties, particularly its anticancer activity,
with previous studies demonstrating its cytotoxic effects on several cell lines, such as A‐549, DLD‐1, MDA‐MB231, or HCT.
This study aims to investigate the effects of black seed oil (BSO) on the migratory activity of 4T1 triple‐negative breast
cancer (TNBC) cells, focusing on its bioactive properties. BSO was extracted via hydro‐distillation and analyzed for its phy‐
tochemical composition using gas chromatography–mass spectrometry (GC‐MS). The cytotoxicity of BSO and doxorubicin
(Dox) was assessed using the MTT assay. The effects of BSO and Dox on cell migration and matrix metalloproteinase‐9
(MMP‐9) expression were evaluated using a scratch wound‐healing assay and gelatin zymography method respectively. Ad‐
ditionally, intracellular reactive oxygen species (ROS) levels were measured using 2’,7’‐dichlorofluorescin diacetate (DCFDA)
staining. GC‐MS analysis identified p‐cymene as a major component of BSO, along with various other bioactive compounds.
BSO exhibited low toxicity toward 4T1 cells, while its combination with Dox reduced cell viability in a dose‐dependent
manner. Furthermore, BSO in combination with Dox inhibited cell migration and suppressed MMP‐9 expressions in 4T1
cells. BSO treatment also led to an increase in ROS levels. In conclusion, BSO exhibits potential anticancer properties by
inhibiting cell migration and downregulatingMMP‐9 expression, highlighting its possible therapeutic role in TNBC treatment.
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1. Introduction

Reactive oxygen species (ROS) play a critical role in can­
cer progression, acting as both a driver of tumor survival
and a potential therapeutic target. Cancer cells exhibit el­
evated ROS levels due to genetic mutations, metabolic re­
programming, and the influence of the tumor microenvi­
ronment (Kumari et al. 2018). While moderate ROS lev­
els promote cell proliferation and survival, excessive ROS
accumulation leads to oxidative stress, resulting in apop­
tosis or necrosis (Larasati et al. 2018). One of the key
mechanisms by which ROS influence cancer progression
is through the mitogen­activated protein kinase (MAPK)
pathway, which is involved in cell proliferation, survival,
and stress responses. ROS­mediated activation of MAPK
pathways, including ERK1/2, JNK, and p38, contributes to
tumor growth and resistance to therapy (Reczek and Chan­
del 2017). Additionally, ROS regulate matrix metallopro­
teinase (MMP) expression, particularlyMMP­9, which fa­
cilitates extracellular matrix degradation, promoting can­
cer cell invasion and metastasis (Mori et al. 2019).

Chemotherapy induces oxidative stress in cancer cells

by increasing ROS levels beyond their tolerance thresh­
old, leading to cell death. However, in some cases, cancer
cells adapt to oxidative stress by activating survival path­
ways, including MAPK and Phosphoinositide 3­kinase
(PI3K)/Akt, which contribute to chemotherapy resistance
(Karagiannis et al. 2018). The upregulation of MMP­
9 in response to chemotherapy further enhances tumor
aggressiveness by facilitating metastasis (Kumari et al.
2018). Consequently, targeting ROS,MAPK, andMMP­9
in combination therapy could enhance chemotherapy effi­
cacy while reducing resistance. Natural compounds with
antioxidant and pro­oxidant properties have been explored
as adjuvants in chemotherapy, helping to modulate ROS
levels and suppress MMP expression (Mileo and Mic­
cadei 2016). By integrating ROS­targeting strategies with
chemotherapy, it may be possible to disrupt tumor sur­
vival mechanisms, enhance apoptosis, and prevent metas­
tasis, ultimately improving treatment outcomes in aggres­
sive cancers such as TNBC.

Black seed is a well­studied herb with numerous
known pharmacological effects (Islam et al. 2019; Mol­
lazadeh et al. 2017; Mukhtar et al. 2019; Shokri 2016),
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and it is considered a potential chemoprevention agent
that can reduce the toxicity of chemotherapy, includ­
ing Doxorubicin (Dox) (Hosseinzadeh et al. 2018; Us­
mani et al. 2019). The pharmacological activity of black
seed is attributed to its phytochemical content, rich in
volatile and non­volatile bioactive compounds, including,
monoterpenes and sesquiterpenes, such as p­cymene, thy­
moquinone, α­thujene, longifolene, carvacrol, and longip­
inene (Mohammed et al. 2019; Ali et al. 2022;Mehraj et al.
2022). Aqueous and ethanol extracts of the black seed
primarily contain polyphenols, flavonoids, and alkaloids,
which may have different pharmacokinetics and therapeu­
tic effects than black seed oil (BSO). The lipophilic nature
of the BSO can enhance its ability to penetrate cancer cell
membranes, increasing its bioavailability and intracellu­
lar uptake. Thymoquinone and p­cymene, the hydropho­
bic constituents of BSO, are known to modulate oxida­
tive stress and redox signaling pathways, including ROS
generation, MAPK activation, and MMP inhibition, all of
which are crucial targets in cancer therapy (Mahmoudvand
et al. 2014).

This study provides novel insights into the anticancer
potential of BSO in combination with Dox by demon­
strating its ability to inhibit migration (wound healing as­
say) and suppress MMP­9 expression (gelatin zymogra­
phy assay) in triple­negative breast cancer (TNBC) 4T1
cells. Unlike previous research focusing on cytotoxic ef­
fects in other cancer cell lines, this study highlights BSO’s
anti­metastatic properties and its role in modulating ROS
levels, suggesting a potential pro­oxidant effect in cancer
cells. Additionally, the findings reveal a synergistic effect
between BSO and Dox, reducing cell viability in a dose­
dependent manner, which may enhance chemotherapy ef­
fectiveness. These results underscore BSO’s potential as
a therapeutic agent for TNBC, particularly in preventing
metastasis.

2. Materials and Methods

2.1. Extraction process of black seeds (Nigella sativa L.)

The Nigella sativa L. seeds were obtained from the
Materia Medica Batu Malang, which also provided au­
thentication of the herbal samples (reference number
074/055/102.7/2017, UPT. Materia Medica Batu, Malang,
Indonesia). The seeds were crushed and subjected to
hydro­distillation using a Clevenger apparatus system to
isolate BSO, following the method described by (Benkaci­
Ali et al. 2007) with slight modifications. Hydro­
distillation of black seeds (574 g) was performed with wa­
ter (3 L) for 3 h, yielding 0.31 g of yellow aromatic oil. To
remove residual water, sodium sulfate was added to the
isolated oil and left for 24 h. The dried oil was then stored
in the dark at 4 °C (Aliyah et al. 2021).

2.2. Phytochemical composition analysis of BSO using
GC‐MS

BSO was analyzed using a SHIMADZU gas chromato­
graph coupled with a QP2010S mass spectrometer. He­
lium was used as the carrier gas in an Rtx­5 MS fused
silica capillary column with the following specifications,
i.e. length of 30 m, inner diameter of 0.25 mm, and film
thickness of 0.25 µm. The GC operating parameters in­
cluded a column oven temperature of 70 °C, an injection
temperature of 300 °C, a pressure of 13.7 kPa, and a sol­
vent cut time of 3 min. The injector operated in split mode
with a split ratio of 1:49. The column temperature was
initially set at 70 °C and gradually increased to 300 °C.
Mass spectrometry (MS) scanning was conducted within
the mass­to­charge ratio (m/z) range of 28 to 600, starting
from 3.20 to 70 min. Compound identification was per­
formed by comparing mass spectra with standard libraries
(WileyMS and NIST Libraries version 2019) based on rel­
ative retention times (Aliyah et al. 2021).

2.3. 4T1 cells culture
The 4T1 breast cancer cells were acquired from Prof.
Masashi Kawaichi, M.D., Ph.D., at the Nara Institute
of Science and Technology (NAIST), Japan. The cells
were cultured in high­glucose Dulbecco’s Modified Ea­
gles Medium (DMEM) (Sigma, St. Louis, CA, USA) sup­
plemented with 10% fetal bovine serum (FBS) (Sigma),
HEPES, sodium bicarbonate, 0.5 µg/mL Fungizone, 1000
U/mL of Penicilin and 1000 U/mL of Streptomycin
(Gibco, New York, USA). The cells were maintained in
an incubator at 37 °C under a 5% CO2 atmosphere (Ahlina
et al. 2020).

2.4. Cytotoxic assay
The 4T1 breast cancer cells were seeded (approximately
2.5×103 cells/well) in 96­well plates and incubated in a
controlled environment for 24 h. The BSO stock solu­
tion was first prepared by dissolving BSO in dimethyl
sulfoxide (DMSO). This stock solution was further di­
luted to obtain the desired BSO treatment concentra­
tions. Throughout the cell culture treatment, the fi­
nal DMSO concentration was maintained at a maxi­
mum of 0.1% (v/v) to minimize potential cytotoxic ef­
fects. The cells were exposed to varying concentra­
tions of BSO (1, 5, 25, 50, 100, 150, and 200 µg/mL)
for a duration of 24 h. The medium was removed and
the cells were rinsed with 1× phosphate­buffered saline
(PBS). A solution of 3­(4,5­Dimethylthiazol­2­yl)­2,5­
diphenyltetrazolium bromide (MTT) (Thermo Fisher Sci­
entific) at a concentration of 0.5 mg/mL was added to the
medium and incubated for a period of 2–3 h. Each well
was treated with a 10% SDS solution to halt the MTT re­
action, and the plate was then incubated overnight in a dark
room. A Bio­rad microplate reader was utilized to quan­
tify absorbance at a wavelength of 595 nm. The experi­
ment was conducted in triplicate, and the absorbance was
measured to determine cell viability relative to untreated
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samples. Cell viabilitywas determined by combiningBSO
at specific doses (50 and 100 µg/mL) with a low concen­
tration of Dox (10 nM) (Aliyah et al. 2021).

2.5. Determination of intracellular ROS levels using
DCFDA staining

Triple­negative breast cancer cells, 4T1, were cultured in
24­well plates at a density of 7×104 cells/well and incu­
bated for 24 h. Following incubation, the culture medium
was removed, and the cells were washed with 1× PBS.
Cell detachment was performed using a 0.25% trypsin­
EDTA solution and a supplemented buffer. The collected
cells were then transferred to opaque microtubes and la­
beled with 25 µM of 2’,7’­dichlorofluorescin diacetate
(DCFDA). The labeling process was carried out by incu­
bating the cells at 37 °C for 30 min. Subsequently, the
cells were treated with BSO (100 and 200 µg/mL) in com­
bination with Dox (100 nM) for 4 h. The intracellular ROS
levels were then analyzed using flow cytometry, with an
excitation wavelength of 485 nm and an emission wave­
length of 535 nm (Ahlina et al. 2020).

2.6. Wound healing assay
Wound healing assays are widely used to assess cell migra­
tion, a critical process in cancer metastasis. By creating an
artificial wound in a cell monolayer, this assay allows re­
searchers to evaluate the ability of cancer cells to migrate
and close the wound, providing insights into the invasive
potential of tumor cells. The wound healing assay was
performed according to a previously established protocol.
The 4T1 cells were seeded in a 24­well plate at a density
of approximately 8.7×104 cells per 500 µL and incubated
at 37 °C for 24 h until reached 80% confluence. The cells
were washed and treated with a 0.5% FBS solution for 24
h to induce a quiescent state. A scratch was created in the
cell monolayer using a sterile scratcher, after which the
cells were rinsed and treated with varying concentrations
of BSO (50 and 100 µg/mL) and Dox (10 nM). The cul­
tures were maintained at 37 °C for 48 h, and cell migration
was observed and documented at 0, 18, 24, and 42 h using
an inverted microscope (Nurrachma et al. 2020).

2.7. Gelatin zymography assay
Gelatin zymography is a sensitive enzymatic technique
used to analyze the activity of matrix metalloproteinases
(MMPs), particularly MMP­9, which plays a significant
role in extracellular matrix degradation and cancer cell
invasion. Since MMP­9 facilitates tumor progression by
promoting metastasis, assessing its expression and activ­
ity is crucial for understanding the mechanisms by which
BSO influences cancer cell invasiveness. By combining
the wound healing assay with gelatin zymography, this
study provides comprehensive insights into the potential
anti­metastatic effects of BSO through its regulation of cell
migration andMMP­9 activity (Toth et al. 2012). The cells
were seeded in a 6­well plate at a density of 2×105 cells per
well in 1 mL of culture medium and incubated at 37 °C for
24 h. The following day, the medium was replaced with

a medium containing 0.5% FBS and incubated for an ad­
ditional 24 h. The cells were rinsed with 1 mL PBS)and
treated with BSO at concentrations of 50 and 100 µg/mL.
A 10 nM concentration of Dox was used as a positive con­
trol to induce MMP­9 production. The cells were further
incubated for 24 h, and the culture medium was collected
and centrifuged at 4°C to obtain the supernatant. The col­
lected supernatant was mixed with a loading buffer and
subjected to electrophoresis for 130 min at 110 V and 50
A. After electrophoresis, the gel was immersed in a re­
naturation solution containing Triton­X 100 for 30 min to
remove SDS. The gel was then incubated in a specific in­
cubation buffer at 37 °C for 20 h. After incubation, the gel
was stained with Coomassie Brilliant Blue (CBB­G­250,
Sigma Aldrich, Germany) for 30 min and subsequently
destained until a clear transparent blue band became visi­
ble, indicating MMP­9 activity (Nurrachma et al. 2020).

2.8. Statistical analysis
All data were analyzed using Microsoft excel. The
scratched was quantified at various time by using Image
J software and the percent closure area recorded. Percent
closure was analyzed using t­test (p < 0.05).

3. Results and Discussion

3.1. Phytochemical identification of BSO with GC‐MS
The chromatogram of BSO revealed 13 compounds (Ta­
ble 1, Figure 1). The compounds in BSO corresponding
to major peaks confirmed as p­cymene (48.03%), dihydro­
carveol (11.39%), α­tujen (11.29%), limonene (5.43%), β­
pinen (4.55%), α­pinene (3.03%).

3.2. Cytotoxic activity of BSO in4T1breast cancer cells
In this study, a single treatment of BSO on 4T1 cells used
concentration range of 1–200 µg/mL. BSO­treated cells
showed lower cell viability compared to Dox. No IC50
value was found from BSO treatment on 4T1 cells up to
concentration of 200 µg/mL. A cytotoxicity profile was
needed to define the non­cytotoxic concentration to ob­
serve migration activity. We used a low dose of Dox, in
which 10 nM, to increase migratory effect. Moreover, the
effect of combination treatment with BSO (50 and 100
µg/mL) and Dox 10 nM on cell viability was also ensured
(Figure 2). The combination of BSO andDox significantly
decreased the cell viability compared to single treatment of
Dox.

3.3. BSO and Dox‐combination elevated intracellular
ROS level in 4T1 breast cancer cells

The effect of combination of BSO 100 and 200 µg/mL
with 100 nM Dox were defined as their effect on level
of intracellular ROS. We used Dox 100 nM as an inducer
of ROS. The results showed that compared to Dox, single
treatment of BSO induced elevation of ROS in a dose de­
pendent manner (Figure 3). Additionally, combined treat­
ment of Dox and 200 ug/mL of BSO increased the intra­
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TABLE 1 Phytochemical constituent of BSO from GC‐MS analysis.

Peak Number Retention time (min) Chemical Formula Compound Identification % of Abundance

1 9.725 C10H16 α‐Thujene 11.29
2 9.983 C10H16 α‐pinene 3.03
3 11.5 C10H16 Sabinene 1.81
4 11.675 C10H16 β‐pinene 4.55
5 13.167 C10H16 α‐terpinolene 0.57
6 13.542 C10H14 p‐cymene 48.03
7 13.65 C10H16 Limonene 5.43
8 14.683 C10H16 γ‐terpinene 2.48
9 15.992 C10H16O2 Nonanoic Acid 2.02
10 16.808 C10H18O Dihydrocarveol 11.39
11 18.983 C10H18O Terpinen‐4‐ol 0.81
12 22.15 C12H20O2 Bornyl acetate 0.31
13 23.983 C15H24 Naphthalene 0.38
14 24.15 C15H24 α‐longipinene 1.34
15 24.858 C15H24 α‐copaene 0.85
16 25.892 C15H24 Junipene 4.98
17 26.125 C15H24 β‐caryophyllene 0.74

(a)

(b)

FIGURE 1 Phytochemical Identification of BSO using GC‐MS. The
gas chromatography‐mass spectrometry (GC‐MS) analysis was per‐
formed as described in the methods section. (A) The gas chro‐
matogram of BSO revealed 17 peaks, corresponding to 13 identi‐
fied compounds. Themost abundant component was peak number
6, identified as p‐cymene. Other prominent peaks corresponded
to α‐thujene (1), α‐pinene (2), β‐pinene (4), limonene (7), dihy‐
drocarveol (10), and Junipene (16). (B) The mass spectrum of p‐
cymene detected in BSO is presented, with a molecular weight of
134 g/mol, as determined from the mass spectrogram.

cellular levels of ROS.

(a)

(b)

FIGURE 2 Cytotoxic Effects of BSO and Its Co‐Chemopreventive
Potential in Combination with Doxorubicin on 4T1 Cells. The cyto‐
toxicity of BSO and its combinationwith Dox on 4T1 cells was eval‐
uated using theMTT assay after 24 hours of treatment. (A) The cell
viability profile of BSO, presented as mean ± SD from three inde‐
pendent experiments, indicates that BSO exhibited low cytotoxic
effect toward 4T1 cells, with an IC50 value exceeding 200 µg/mL.
(B) The cytotoxic effect of BSO in combination with Dox (10 nM)
was assessed, where BSO at concentrations of 100 and 200µg/mL,
in combination with 10 nM Dox, significantly reduced cell viability
compared to other treatment groups (Student’s t‐test, *p < 0.05).
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FIGURE 3 BSO Increases Intracellular ROS Levels on 4T1 Cells.
Intracellular reactive oxygen species (ROS) levels were measured
using 2′,7′‐dichlorofluorescin diacetate (DCFDA) staining followed
by flow cytometry analysis in 4T1 breast cancer cells after 24h of
BSO and Dox treatment. This assay was conducted to evaluate the
effects of BSO alone and in combination with Dox on ROS gen‐
eration. A single treatment with BSO significantly increased intra‐
cellular ROS levels compared to the untreated control group (Stu‐
dent’s t‐test, *p < 0.05). Furthermore, the combination of BSO 200
µg/mLwith Dox induced a greater increase in intracellular ROS lev‐
els compared to Dox single treatment.

3.4. Antimigration properties of BSO and Dox‐
combination in 4T1 breast cancer cells

This study aimed to elucidate the anti­migration effect of
BSO on TNBC using 4T1 cells. Previously, BSO con­
centration at less than 200 µg/mL did not have a signifi­
cant impact on cell viability. To this end, we used 50 and
100 µg/mL to observe the migration activity of 4T1 cells.
Untreated cells migrated along the edge of the wound and
covered in 48 h. A low dose of Dox promoted migratory
activity in comparison with untreated cells, but the differ­
ence was not significant. Combined BSO 100 µg/mL and
Dox inhibit migration on 4T1 cells.

3.5. BSO and Dox‐combination decreased MMP‐9 ex‐
pressions in 4T1 breast cancer cells

Migration in cancer cells is regulated by various kinds
of protein, including matrix metalloproteinase (MMPs),
which can facilitate cell migration by degrading the ex­
tracellular matrix and induce adhesion removal and cell
cleavage (Jabłońska­Trypuć et al. 2016). For this reason,
the gelatin zymography assay will clarify the possibility of
migration activity regulated by MMP, especially MMP­9.
Single treatment of BSO at 50 and 100 µg/mL increased
MMP­9 expression. Combination of Dox 10 nM and BSO
50 and 100 µg/mL decreased MMP­9 expression in a dose
dependent manner (Figure 5).

3.6. Discussion
This study provides novel insights into phytochemicals
constituent of BSO, and the anticancer potential of BSO
by demonstrating its ability to increased ROS levels, to
inhibit cell migration and to suppress MMP­9 expression
in 4T1 cells, a highly aggressive cancer subtype. The char­

acterization of BSO obtained through the distillation pro­
cess was conducted using GC­MS, which is suitable for
analyzing the phytochemical composition of BSO, as its
constituents primarily consist of oils, fats, and volatile ter­

(a)

(b)

(c)

FIGURE 4 Anti‐Migratory Effect of BSO and Its Combination with
Doxorubicin on 4T1 Cells. The scratch wound healing assay was
conducted to assess the anti‐migratory potential of BSO, Dox, and
their combination following 42 hours of BSO treatment. (A) Repre‐
sentative images show cell morphology after scratch introduction
and treatment with BSO at concentrations of 100 and 200 µg/mL,
while Dox was used at 10 nM. Observations were made at 18, 24,
and 42 hours post‐treatment using an invertedmicroscope at 100×
magnification. (B) The percentage of wound closure was quanti‐
fied to evaluate the migration‐inhibitory effects of BSO and Dox,
either as single treatments or in combination after 24h of drugs
treatment. (C) The percentage of wound closure was quantified to
evaluate the migration‐inhibitory effects of BSO and Dox, either
as single treatments or in combination after 42 h of drugs treat‐
ment. The scratch area was analyzed using ImageJ software, and
the percentage of wound closure was calculated accordingly. BSO
at 100 µg/mL, when combined with 10 nM Dox, showed a sta‐
tistically significant reduction in cell migration compared to other
treatment groups (*p < 0.05, Student’s t‐test).
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(a)

(b)

FIGURE5The Effect of BSO–Dox Combination on the Suppression
of MMP‐9 Expression in 4T1 Cells. The 4T1 cells were seeded at
a density of approximately 2×105 cells and incubated for 24 hours
prior to treatmentwith BSO and doxorubicin (Dox) for an additional
24 hours. Following treatment, the culture medium was collected
for gelatin zymography analysis. (A) The band profile of MMP‐9
expression was visualized through gelatin zymography. Band in‐
tensities were quantified using ImageJ software (n = 3). (B) The
quantification of MMP‐9 band intensity, expressed as a percent‐
age, was analyzed using a Student’s t‐test (p < 0.05). The com‐
bination treatment of BSO and Dox significantly reduced MMP‐9
expression levels compared to Dox (10 nM) treatment alone.

penes found in essential oils (Kazemi 2014).
The GC­MS results revealed that the distilled BSO

contained a total of 17 compounds, as indicated by the
presence of 17 peaks (Figure 1, and Table 1). Interest­
ingly, the analysis showed that the BSO did not con­
tain thymoquinone, a bioactive compound extensively re­
searched for its potential anticancer properties. This find­
ing contrasts with previous studies, which reported that
BSO from Iran, extracted using petroleum ether, had a
significantly higher thymoquinone content (42%) (Mah­
moudvand et al. 2014). Similarly, Burits and Bucar (2000)
found that BSO extracted through Soxhlet extraction with
petroleum ether as the solvent contained 30%–48% of thy­
moquinone. Another research from Tunisia, indicated that
BSO extracted via hydro distillation, contained only amin­
imal amount of thymoquinone (0.79%) (Harzallah 2012).
This study found that the BSO from UPT Materia Medika
Malang has a higher concentration of p­cymene, indicated
by the prominent peak at the sixth position in the chro­
matogram (Figure 1). Mass spectrometry analysis identi­
fied predicted chemical compounds present in the BSO,
while the gas chromatogram (Figure 1) displayed sev­
eral peaks, with some being more prominent than others.
These peaks represent the percentage of peak area, which
correlates with the relative abundance of each compound
detected in the sample. Based on the Wiley229 Library,
peak number 6 was identified as p­cymene (Figure 1a).
The distilled black seed oil primarily contained hydrocar­
bon terpenoids, including α­pinene, β­pinene, sabinene, α­

terpinene, limonene, γ­terpinene, p­cymene, and terpino­
lene, as well as several sesquiterpene compounds such as
α­longipinene and junipene.

In this study, p­Cymene, a natural monoterpene com­
monly found in essential oils of various medicinal plants,
including N. sativa, is the most abundance of phytochem­
ical compounds in BSO samples, and it has been studied
for its diverse pharmacological properties, including as an­
ticancer. Several studies have reported that p­cymene ex­
hibits antiproliferative, pro­apoptotic, and anti­metastatic
activities in different cancer cell lines. p­cymene has been
reported to reduce cancer cell migration and invasion, par­
ticularly in aggressive cancers. Moreover, p­cymene in­
hibits the expression and activity of matrix metallopro­
teinases (MMPs), including MMP­2 and MMP­9, which
are crucial enzymes for tumor invasion and metastasis
(Balahbib et al. 2021). α­pinene induce G2/M phase cell
cycle arrest and increased ROS generation in A549 lung
cancer cells (Xu et al. 2018). Meanwhile, β­Pinene exhib­
ited strong cytotoxic activity against melanoma (B16F10)
and breast cancer (MCF­7) cells (De Lima et al. 2014), in­
creases ROS levels, triggering oxidative stress­mediated
cancer cell death (Bicas et al. 2011). A study on lung
cancer cells showed that α­terpinene inhibited cell migra­
tion and invasion by downregulating MMP­2 and MMP­
9 (Kang et al. 2016). These monoterpenes—α­pinene,
β­pinene, sabinene, α­terpinene, and limonene—exhibit
strong anticancer activities through multiple mechanisms,
including apoptosis induction, inhibition of cancer prolif­
eration, suppression of metastasis, ROS generation, and
enhancement of chemotherapy sensitivity.

This study showed that BSO did not have cytotoxic­
ity effect on 4T1 cells up to concentration of 200 µg/mL.
The BSO has been extensively studied for its cytotoxic ef­
fects against several cancer cells, including human lung
cancer cells (A549 cells) (Al­Sheddi et al. 2014); colorec­
tal cancer cells (HCT cells) (Al­Rajhi et al. 2024); the
triple negative breast cancer cells, MDA­MB 231 cells
(Ma and Peng 2024), and MCF­7 breast cancer cells (Çı­
nar et al. 2024). Additionally, the findings reveal a syn­
ergistic effect between BSO and Dox, reducing cell vi­
ability in a dose­dependent manner, which may enhance
chemotherapy effectiveness. Consequently, 4T1 cells ex­
hibit distinctive traits, specifically significant migratory
capacity, which BSO may effectively target; additional in­
vestigation is warranted, potentially employing elevated
BSO concentrations.

This study showed that combined Dox and BSO in­
creased ROS levels on 4T1 cells. These findings under­
scored the potential of BSO as a combination therapeutic
agent for TNBC. It is known that ROS is involved in cel­
lular responses mediated by integrin, in which elevation of
ROS levels occurred when integrin binds to an antibody or
matrix enzyme (Zeller et al. 2013). This phenomenon will
trigger activation of oxidases, such as NOX, which pro­
motes invadopodium formation, andmembrane protrusion
for invasion (Vermot et al. 2021). On the other hand, ROS
is one of parameters for cancer therapy, in which some
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chemotherapy drugs have been known to elevate the intra­
cellular levels of ROS, such as Dox, by forming complexes
with topoisomerase to create double­strand breaks, and in­
duce apoptosis (Zhu et al. 2016). The differences in ROS
function in cell progression or antitumor activity are due
to differences cancer stage, development, and progression
(Liao et al. 2019). Therefore, the potential combinational
chemotherapeutic of BSO should be further explored for
their capacity to increase ROS generation.

The results of this study showed that combined Dox
and BSO inhibited migration on 4T1 cells. Previously,
black seed have been investigated and their saponin con­
tent revealed to suppress activator protein­1 (AP­1) in col­
orectal carcinoma cells which correlates with promotion,
progression, and metastasis of cancer cells (Elkady et al.
2015). One of the BSO component, thymoquinone is
known to inhibit metastasis in renal cancer cells through
autophagy (Zhang et al. 2018). BSO is proven to inhibit
the migration of 4T1 cells at selected concentrations (Fig­
ure 4) compared with the single Dox treatment. This con­
centration was determined from a single cytotoxic result,
which illustrates that the concentration of 200 μg/mL BSO
did not further reduce the cell population (Figure 2). A
low concentration in themigration assay is important to re­
duce the cytotoxic effect on migration activity (Ramadani
et al. 2018). In the future, further research is required to
reveal the anti­migratory activity of BSO at higher con­
centrations.

This study showed that combined Dox and BSO de­
creased expression of MMP­9 on 4T1 cells. Before mi­
gration occurs, cells need to invade the stroma by using
protease enzymes to degrade the extracellular matrix (Wis­
dom et al. 2018). Examples of these enzymes are MMP,
cathepsins, and urokinase plasminogen activator (uPAR)
(Gautam et al. 2018). Therefore, to clarify the proteins that
play a role in migration activity, the gelatin zymography is
needed to identify expression of MMP­9. Treatment with
BSO was able to reduce MMP­9 expression. This clari­
fies that BSO inhibits the migratory activity of 4T1 cells
via MMP­9 regulation.

Piskounova et al. (2015) declared that ROS elevation
was related to the maintenance of the cell metastasis phe­
notype, in contrast to the result of this study, which showed
that high levels of ROS may trigger cell death and affect
cell progression especially cancer metastasis. The inter­
esting phenomenon observed in this study was in line to
the result of Larasati et al. (2018) who found that eleva­
tion of ROS above a threshold will trigger cells into the
senescence and apoptosis. In addition, a previous review
by Marioli­Sapsakou and Kourti (2021) stated that ROS
can be a target for cancer therapy by increasing ROS levels
to high or excessive level. Thus, this statement strength­
ens the results of our research that BSO combined with an
elevation level of ROS can inhibit the progression of 4T1
breast cancer cells through migration and MMP­9 regula­
tion.

This study found that p­Cymene was a major phyto­
chemical compound in BSO samples. In addition, BSO

showed no cytotoxicity effect on 4T1 cells at a concentra­
tion of 200 µg/mL. However, when combined with Dox,
BSO increased ROS levels on 4T1 cells, suggesting its po­
tential as a combination therapeutic agent for TNBC. The
study also found that combined Dox and BSO inhibited
migration and decreased MMP­9 expression on 4T1 cells.
The possible combinatorial chemotherapeutic effects of
BSO should be further investigated in for the elucidation
of their molecular mechanisms.

4. Conclusions

This study demonstrated that BSO exhibits anti­migration
effects in Dox­treated 4T1 breast cancer cells by inhibit­
ing MMP­9 expression, as observed in the gelatin zymog­
raphy assay. Furthermore, BSO significantly enhances
ROS generation, which serves as a key marker for ox­
idative stress­induced cancer suppression. The increase
in ROS levels correlates with reduced metastatic poten­
tial, highlighting BSO’s potential as a targeted therapy
for aggressive breast cancers. These findings suggest that
BSO, either alone or in combination with chemotherapeu­
tic agents, Dox, could serve as a promising adjuvant strat­
egy in limiting breast cancer progression. Further studies
are needed to explore the molecular mechanisms related
the findings of this study.
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