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Abstract

Melanoma is the deadliest type of skin cancer, having a high mortality rate. This cancer has an aggressive nature, is highly invasive,
and has the tendency to metastasize. Matrix metalloproteinases (MMPs) are essential in that process, especially MMP2 and MMP9.
Their expression is upregulated during metastasis progression. Myristicin is one example of a compound that can be utilized to target
MMP 2 and MMP 9 in melanoma. This research concerns the activity of myristicin to inhibit melanoma cell invasion and migration by
suppressing MMP2 and MMP9 gene expression. The MTT assay in this study demonstrated that myristicin exhibited strong cytotoxic
activity against melanoma cells. This compound works in a dose-dependent manner by inhibiting cell migration and invasion. The
invasion test was performed using the transwell assay, whereas the migration test was performed using the wound healing assay. The
invasion assay results were consistent with MMP2 and MMP9 gene expression. These two genes were analyzed using the RT-qPCR
technique. It has been demonstrated that low gene expression in melanoma cells inhibits cell invasion. In contrast, higher MMP2 and
MMP9 gene expression was associated with an increase in the number of invasive cells on average. However, MMP2 and MMP9 in
excessive expression and uncontrolled activity impair the ability of melanoma cells to form a monolayer sheet to cover wound gaps.
This condition significantly reduced the migration rate and percentage of wound closure.
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1. INTRODUCTION proteinases (MMPs). These enzymes degrade the basement
membrane (BM) and the extracellular matrix (ECM), then pro-
mote melanoma cells migration and invasion (Braeuer et al.,
2014; Zhou et al., 2015). There are two types of MMPs, most
of which are regulated in invasive tumor cell evolution. They
are MMP2 and MMP9 (Shay et al., 2015). MMP2 is highly
expressed during melanoma progression and may indicate an
increase in invasion potential in melanoma (Tsung et al., 2008).
MMP9 expression was also elevated, and in some tumors, such
as melanoma, it becomes a marker of aggressiveness. (Falzone
etal., 2016; Zhang et al., 2016).

MMPs as the target of therapeutics are expected to be a
promising strategy for curing melanoma. Synthetic MMP in-
hibitors have been shown to have promising preliminary results
in inhibiting tumor aggressiveness. Some of them made it to
clinical trials, while others were discontinued prematurely ow-

Melanoma is the deadliest type of skin cancer. This cancer is
aggressive, highly invasive, and tends to metastasize, so its mor-
tality rate is high (Hessler et al., 2020; Shrikhande et al., 2015).
Metastatic melanoma leads to a poor prognosis. The 5-year rel-
ative survival rate of localized and regional melanoma are 98%
and 647%, respectively. However, it falls to 23% for metastatic
melanoma (stage IV) (Rebecca et al., 2020). Melanoma, which
has disseminated to distant sites, is incurable in most cases
(Goding, 2017; Maverakis et al., 2015). There is no treatment
yet capable of targeting cell invasion and metastasis (Ju et al.,
2018).

The progression during metastasis allows melanoma cells
to invade the dermis layer and enter the circulatory system.
This process involves the important role of matrix metallo-
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ing to either a lack of advantages or their undesirable effects
(Egeblad and Werb, 2002; Napoli et al., 2020; Villareal et al.,
2018). Natural compounds with biological activity against can-
cer cells can be utilized as an alternative in melanoma treatment
by targeting MMP 2 and MMP 9. They have relatively low or
no toxicity, generally (Gam et al., 2021). One example of a
compound with that potential is myristicin. This compound
is a natural alkyl benzene derived from herbs and spices like
nutmeg, cinnamon, fennel, coriander, cloves, dried celery, and
star anise (Bao and Muge, 2021).

Myristicin is known to possess anticancer properties. Re-
cent research has demonstrated that myristicin can inhibit cell
proliferation and lead to apoptosis in gastric cancer cells (Song
etal., 2023). Nazar and Ayyappan (2024) reported that myris-
ticin can generate cell cycle arrest at the G1/S phase and apop-
tosis in breast cancer cells. Several earlier studies found that
myristicin can inhibit cancer cell migration and invasion. This
compound can reduce migration and invasion in liver carci-
noma (Chunyan et al., 2020) as well as in colon cancer (Bao
and Muge, 2021).

The other molecular activities induced by myristicin are
that this compound can inhibit gene expression of MMP2 and
MMP9. Chunyan et al. (2020) identified these activities in
colon cancer. Research from Lee et al. (2007) showed that
myristicin can decrease MMP9 gene expression in inflamma-
tory cells. Luo et al. (2022) also discovered that myristicin’s
molecular activity in human vascular smooth muscle cells sup-
presses MMP9 gene expression. All those activities of myris-
ticin are considered to impede the migration and invasion of
the cells tested. So far, no studies on the effect of myristicin
on melanoma invasion and migration capacity have been con-
ducted. It is essential to carry out this research as the first step
in assessing the potential of myristicin against melanoma. This
research aims to examine myristicin’s ability to inhibit invasion
and migration of melanoma through suppressing MMP2 and
MMP9 gene expression. This research is expected to open the
path for the development of novel melanoma therapies.

2. EXPERIMENTAL SECTION
2.1 Materials

The materials used for this research are B16-F10 melanoma

cell lines (ATCC CRL-6475), Dulbecco’s modified Eagle mediu-
m (DMEM, high glucose; Gibco™, USA), fetal bovine serum

(FBS Brazil origin, EU approved, Sterile filtered; HiMedia,

India), penicillin-streptomycin (Corning®, USA), phosphate

buffer saline (PBS; Vivantis, Malaysia), myristicin (09287 Supel-
c0®; Sigma-Aldrich, USA), thiazolyl blue tetrazolium bromide

(MTT) solution (Sigma-Aldrich, USA), ethanol, transwell in-

sert (CLS3422 Transwell® polycarbonate membrane cell cul-

ture inserts; Corning®, USA), MaxGel ECM (E0282 Sigma-

Aldrich, USA) solution, crystal violet (HiMedia, India), GF-

1 total RNA extraction kit, (Vivantis, Malaysia), SensiFAST

cDNA synthesis kit (Bioline, Meridian Life Science, USA),

SsoFast” EvaGreen® Supermix (Bio-Rad, USA).
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2.2 Instrumentation

This research utilized the following instruments: class IIA bio-
logical safety cabinet (Nuaire, USA), COq incubator (Thermo
L-80XP, USA), inverted microscope (Nikon, Japan), microplate
reader (Bio-Rad, Singapore), nanodrop (Thermo, USA), and
thermal cycler machine (Thermo, USA).

2.3 Methods

2.3.1 MTT Assay

B16-F10 cells at a density of 5x 103 cells per well were cultured
in 96-well microplates. They were incubated for 24 h and then
treated with myristicin at concentrations of 0.01, 0.05, 0.1,
and 0.5 mM. Cells without myristicin served as the control.
The incubation period was 48 hours at 87°C. Subsequently,
10 uL of 0.5 mg/mL MTT solution was applied to each well
and incubated at 37°C for 4 hours. Formazan crystals in each
well were dissolved in 100 L of 96% ethanol. The absorbance
was measured by a microplate reader at 595 nm. The percent-
age value of cell viability was calculated and analyzed further
through linear equations using Microsoft Excel. This equa-
tion is then used to determine the %inhibitory concentration
of 50% (ICj5¢). All experiments were performed in triplicate as
independent experiments.
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Figure 1. Cytotoxic Activity of Myristicin Against Melanoma
Cells (B16-F10) After 48 Hours of Incubation in the MTT
Assay. Each Point Represents the Mean + SEM of Three
Independent Experiments (xp < 0.05 vs. Control Group)
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2.3.2 Transwell Assay
The transwell assay was used to detect the cell invasion capacity
of melanoma. This procedure refers to He et al. (2022) and

Justus et al. (2014), with some adjustments. The transwell insert

was coated with 50 uL. of MaxGel ECM solution. Cell culture
medium was added to 24-well plates, and the insert was placed
on top of the well. Myristicin solutions with concentrations
of 0.4 (I1x ICj¢), 0.2 (0.5x ICj5p), and 0.1 (0.25% 1C5p) mM
were prepared in reduced serum medium (DMEM + 1% FBS +

Page 885 of 892



Krisnayanti et. al.

Science and Technology Indonesia, 9 (2024) 884-892

Figure 2. Morphology of B16-F10 Cells After 48 Hours of Incubation in the MTT Assay. Myristicin Was Administered to Cells
at Various Concentrations (a: 0 mM; b: 0.01 mM; c¢: 0.05 mM; d: 0.1 mM; e: 0.5 mM; Scale = 0.1 um)

1% penicillin-streptomycin). B16-F10 cells were resuspended
in those solutions (cell density of 1 x 10° cells/mL), and 100
L of each solution was plated into the insert. B16-F10 cells,
which were resuspended in a reduced serum medium without
muyristicin, were considered a control. Incubation was con-
ducted for 24 hours in the incubator, and then non-invading
cells were removed from the insert. The invasive cells were
fixed with 70% ethanol and stained with 0.2% crystal violet. The
invasive cells were observed under an inverted microscope, and
documentation was taken in four fields of view. Invasive cells
will appear blue, and their total number will be counted and
then averaged.

2.3.3 Wound Healing Assay

The cell migration assay was conducted through the wound
healing assay, which refers to the procedure described by He
et al. (2022) and Justus et al. (2014) with several modifica-
tions. Myristicin solutions were prepared in a reduced serum
medium, just like the transwell assay before. B16-F10 cells
were seeded in 12-well plates at a density of 5 x 10° cells per
well and incubated for 24 hours. The cell culture medium was
subsequently changed with PBS. The monolayer cells of each
well were scratched vertically in a straight line with 200 uL.
pipette tips, then wiggled gently to remove loose cells. The
PBS was discarded, and the cells were treated with myristicin
solutions. A reduced serum medium without myristicin is used
as a control. All experiments were performed in duplicate

© 2024 The Authors.

as independent experiments. Images of the wound healing
process were photographed digitally at 0, 4, 8, and 24 hours.
Measurements of the area of the wound gap from those im-
ages were carried out using the Image ] software. The results
of this measurement were used to analyse the migration rate
(Jonkman et al., 2014) and the percentage of wound closure
(Suarez-Arnedo et al., 2020).

2.3.4 Reverse Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR)

MMP2 and MMP9 gene expression analyses were performed
on cells derived from the migration test. Following the refer-
ence manual, the total RNA was extracted from the cells. The
RNA concentration was measured using a nanodrop. Briefly,
cDNA was synthesized in reverse transcription according to the
manufacturer’s instructions. Subsequently, cDNA was used for
amplification. We performed qPCR using GAPDH as an en-
dogenous control. Ct values were read by Quantstudio Design
and Analysis Desktop Software. The relative gene expressions
were quantified in Microsoft Excel using the delta-delta Ct
(AACt) method.

2.3.5 Data Analysis

The percentage of cell viability, migration rate, percentage of
wound closure, and average number of invasive cells were all
tested using the unpaired T-test. The IBM SPSS Statistics
26 application was used to run this test. A p-value < 0.05

Page 886 of 892



Krisnayanti et. al.

Science and Technology Indonesia, 9 (2024) 884-892

Figure 3. Invasive Cells of B16-F10 That Penetrate the MaxGel Layer on the Transwell Insert After 24 Hours of Incubation.
The Invasive Cells Appear Blue. Cells Were Treated with Myristicin at Several Concentrations (a: 0 mM; b: 0.1 mM; c: 0.2

mM; d: 0.4 mM; Scale = 0.1 um)

was considered statistically significant. The percentage of cell
viability is presented as the mean + standard error of the mean
(SEM). The migration rate, wound closure percentage values,
and average number of invasive cells are presented as the mean
+ standard deviation (SD).

3. RESULTS AND DISCUSSION

3.1 Cytotoxic Activity of Myristicin

A cytotoxic assay on B16-F10 cells was carried out using the
MTT assay to determine the potential toxicity of myristicin.
Cells treated with myristicin solution after 48 hours of incu-
bation generally had lower viability than the control. The
unpaired T-test revealed that the concentrations of 0.05 mM
and 0.5 mM significantly differed from the control. Meanwhile,
there was no statistically significant difference in values between
0.01 mM and 0.1 mM concentrations compared to the control
(Figure 1). The lowest cell viability value was obtained at a
myristicin concentration of 0.5 mM after 48 hours of incuba-
tion. Lee et al. (2005) discovered that myristicin significantly
reduced the viability of SK-N-SH cells (human neuroblastoma
cells) compared to control at a concentration of > 0.5 mM
for 24 and 48 hours of exposure periods. Another research

© 2024 The Authors.

by Martins et al. (2014) reported that at 500 uM (0.5 mM),
myristicin reduced the viability of K562 cells (human leukemia
cells) by more than 20% after 24 and 48 hours of incubation.
Based on these two studies, it was also stated that myristicin
had a dose-dependent effect on the viability of the cells tested.
This means the effect on the cells tested can change when the
dose changes.

Further data analysis was performed to determine the 1Cj
value of myristicin against melanoma cells. The cytotoxicity
level of a test compound based on the IC5g value is categorized
as very strong if it is < 10 pg/mL. If the ICj( value ranges
between 10 and 100 ug/mL, then it is classified as strong. A
compound with an IC5g value of 100-500 ug/mL is regarded
as moderately cytotoxic (Savitri et al., 2023; Weerapreeyakul
etal., 2012). Furthermore, Machana et al. (2011) define a test
compound as not having cytotoxic activity if the 1Cj5( value
exceeds 500 pg/mL. In this study, the 1Cj5y value was 0.39
mM (R? = 0.78), equivalent to 75 ug/mL. This finding aligns
with Martins et al. (2014), who discovered that the 1Cj( value
of myristicin against human leukemia cells was 368 uM or
0.368 mM. Based on the findings of this study, myristicin has
strong cytotoxic activity against melanoma cells.
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The morphology of B16-F10 cells was also observed us-
ing an inverted microscope at 32X magnification. Under an
inverted microscope, the B16-F10 cells in the control group
appeared spindle-shaped and resembled epithelial-like cells.
There are also pseudopodia-like protrusions that are cytoplas-
mic extensions (Figure 2a). Meanwhile, B16-F10 cells treated
with different doses of myristicin exhibited morphological al-
terations. They predominantly appeared to be elongated and
slimmer than the control cells. The cytoplasmic extensions
also become longer and thinner (Figure 2b-e). These results
are similar to those published by Cui et al. (2017) in their
study using genistein compound. Normal B16-F10 cells are
spindle-shaped, while the treatment group exhibited elongated
and slim pseudopodia-like protrusions.

3.2 Effect of Myristicin on The Invasion of B16-F10 Cells
The transwell assay was used in this study to investigate the
inhibition of melanoma cell invasion. Blue cells indicate in-
vasive cells that have penetrated the MaxGel layer (Figure 3).
Melanoma cells are highly aggressive and metastasize rapidly.
These characteristics are primarily related to their migration
and invasion abilities (Chang et al., 2023; de Franca et al.,
2021). This study revealed that myristicin, in a dose-dependent
way, can inhibit the invasion of melanoma. Myristicin with
concentrations of 0.1 and 0.2 mM had a lower average number
of invasive cells compared to the control. These two concen-
trations can reduce the invasion ability of melanoma cells. The
outcomes changed when the myristicin concentration was 0.4
mM. The average number of cells successfully invading the
membrane layer on the insert was higher than at the control
and other test doses (Table 1). According to statistical analysis,
the number of invasive cells decreased significantly only at a
myristicin concentration of 0.2 mM compared to the control.
In the meantime, when 0.4 mM myristicin was given, there was
a notable rise in the quantity of invasive cells. This treatment
dose promotes melanoma cell invasiveness (Figure 4).

Table 1. The Average Number of Invasive Cells

The Average Number of
Invasive Cells + SD
223.33 + 8.055

Concentration (mM)

0 (control)

0.1 214.00 = 7.000
0.2 212.67 + 5.686
0.4 239.33 £9.018

3.8 Effect of Myristicin on The Migration of B16-F10 Cells
Observation of the wound gap area under an inverted micro-
scope is shown in Figure 5. Cells migrate to fill the wound gap,
and Figure 6a exhibits B16-F10 cell migration rates (Vmigration)-
Myristicin treatment at doses of 0.1 mM and 0.4 mM differed
significantly from the control. Another treatment with 0.2
mM myristicin showed no significant difference from the con-
trol. This could be due to a variance in cell migration rate

© 2024 The Authors.
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Figure 4. Effect of Myristicin on the Invasion of B16-F10
Cells. The Number of Invasive Cells After 24 Hours of
Incubation. Each Point Represents the Mean + SD of Four
Fields of View (xp < 0.05 vs. Control Group)

values between replications in each treatment group. Jonkman
et al. (2014) stated that cells at the edge frequently move at
different speeds into the wound gap and do not form a regu-
lar monolayer. This condition has an impact on the wound
gap measurement results. Their wound closure ability is also
affected by their migration rate. At all myristicin test concen-
trations, the percentage of wound closure was smaller than the
control. A significant decline occurred at a concentration of

0.4 mM (Figure Gb).

3.4 Effect of Myristicin on MMP2 and MMP9 Gene Ex-
pression of B16-F10 Cells

The effect of myristicin on the gene expression of MMP2 and
MMP9 in melanoma cells was measured using the RT-qPCR
method. Treatment with 0.1 and 0.2 mM concentrations can
downregulate the expression of the MMP2 and MMP9 genes.
At a concentration of 0.4 mM, the results were divergent, with
an increase in MMP2 and MMP9 gene expression (Figure
7a-b).

The invasion assay results aligned with the MM2 and MMP9
gene expression analyses. Melanoma cells with high MMP2
and MMP9 gene expression were followed by an increase in
the average number of invasive cells. On the other hand, it has
been shown that low gene expression of MMP2 and MMP9
suppresses melanoma cells invasion. These findings pointed
out that higher gene expression of MMP2 and MMP9 could
allow more cells to invade the transwell membrane. MMP2
and MMP9 may disrupt the MaxGel layer, enabling cells to
pass through the transwell membrane pore.

MMP2 can degrade type I and type IV collagen, as well
as other ECM components such as gelatin and fibronectin.
This enzyme facilitates avB3 integrin binding to cleaved ECM
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Figure 5. Observation of the Wound Gap Area at 0, 4, 8, and 24 hours in a Wound Healing Assay of B16-F10 Cells Treated with
Different Concentrations of Myristicin (Scale = 0.1 pm)
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Figure 6. Effect of Myristicin on the Migration of B16-F10 Cells. The Migration Rate of B16-F10 Cells (a). The Percentage of
Wound Closure After 24 Hours of Incubation (b). Each Point Represents the Mean = SD of Two Independent Experiments
(xp < 0.05 vs. Control Group)
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Figure 7. Effect of Myristicin on MMP2 (a) and MMP9 (b) Gene Expression in B16-F10 Cells

components, allowing tumor cells to migrate (Bastian et al.,
2017; Napoli et al., 2020). MMP9 can also degrade type IV
collagen and release ECM-bound angiogenic factors like fi-
broblast growth factor-basic (FGF-b) and vascular endothelial
growth factor (VEGF) (Cabral-Pacheco et al., 2020). More-
over, MMP9 is able to cleave E-cadherin, a cell adhesion
molecule, thus allowing cancer cells to leave their original sites
(Augoff et al., 2022).

Mills et al. (2002) reported on the effect of downregulat-
ing the MMP2 gene on melanoma cells. According to the
study, reducing MMP2 expression can suppress the invasive-
ness of melanoma cells. Tsung et al. (2008) conducted re-
search in which they knocked down the MMP2 gene, decreas-
ing melanoma cell invasion ability. Zhao et al. (2014) also
stated in their study that melanoma cells with decreased MMP2
gene expression have a lower invasion ability. Furthermore, Ji
et al. (2015) found that inhibiting MMP2 and MMP9 gene
expression at the protein level, as well as their enzymatic activ-
ity, can reduce melanoma cell invasion. Choi et al. (2017) also
demonstrated that suppressing MMP2 and MMP9 gene ex-
pression at the mRNA and protein levels can inhibit melanoma
cell invasion. Another study by Villareal et al. (2018) also
discovered that suppressing the expression of the MMP2 and
MMP9 genes, along with the CD44 gene, could significantly
inhibit melanoma cell invasion. This study also included in
vivo testing. Downregulation of the MMP2 and MMP9 genes
significantly inhibits melanoma cell metastasis to the lungs.

A surprising finding from the wound healing assay was that
myristicin significantly reduced the migration rate and percent-
age of wound closure at a concentration of 0.4 mM. Excessive
expression and uncontrolled activity of MMP2 and MMP9
may impair melanoma cells’ ability to form a monolayer sheet
to cover wound gaps. Those conditions may affect their in-

© 2024 The Authors.

teractions and environmental state. Several previous studies
have proven MMPs’ influence on cell migration and wound
healing. These enzymes are frequently found at excessive lev-
els in chronic wounds. Uncontrolled proteolytic activity of
MMPs can impair wound healing by degrading growth factor
receptors on the cell surface and interfering with cell adhesion
molecules. MMPs have also been shown to breakdown growth
factors, fibronectin, and other proteins involved in wound heal-
ing (Krejner et al., 2016; Sabino and auf dem Keller, 2015;
Shi et al., 2012).

MMPs are critical molecules for tissue remodeling and re-
generation. Although MMPs are required for proper wound
healing, an excess of them or a mismatch between MMPs and
their natural inhibitors can impede the healing process (Kre-
jner et al., 2016). Shi et al. (2012) demonstrated in vitro that
elevated levels of MMP1, MMP2, and MMP9 significantly
inhibit keratinocyte cell migration. Keratinocytes don’t spread
but rather form dense colonies of isolated cells. This condi-
tion is assumed to be the underlying cause of wound healing
issues. Sabino and aufl dem Keller (2015) discovered that in-
creased MMP2 and MMP9 levels correlate with nonhealing
chronic wounds. The wound develops to a state of increased
ECM degradation, altered cytokine profile, and growth factor
degradation, resulting in retarded or null wound healing.

4. CONCLUSIONS

Myristicin, in a dose-dependent manner, has the potential to
inhibit melanoma cell invasion and migration. The suppression
in MMP2 and MMP9 gene expression caused by myristicin
exposure was comparable to the decrease in the average number
of invasive cells. This state is attained at 0.1 and 0.2 mM
concentrations. Excessive expression of MMP2 and MMP9 not
only generated more invasive cells but also impaired melanoma
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cells’ ability to cover wound gaps. This result is obtained at a
concentration of 0.4 mM.
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