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Abstract: Melanoma is the most dangerous form of skin cancer and is characterized by chemotherapy
resistance and recurrence despite the new promising therapeutic approaches. In the last years,
erucin (ERU), the major isothiocyanate present in Eruca sativa, commonly known as rocket salads,
has demonstrated great efficacy as an anticancer agent in different in vitro and in vivo models.
More recently, the chemopreventive effects of ERU have been associated with its property of being
a H2S donor in human pancreatic adenocarcinoma. Here, we investigated the effects of ERU in
modulating proliferation and inducing human melanoma cell death by using multiple in vitro
approaches. ERU significantly reduced the proliferation of different human melanoma cell lines. A
flow cytometry analysis with annexin V/PI demonstrated that ERU was able to induce apoptosis
and cell cycle arrest in A375 melanoma cells. The proapoptotic effect of ERU was associated with the
modulation of the epithelial-to-mesenchymal transition (EMT)-related cadherins and transcription
factors. Moreover, ERU thwarted the migration, invasiveness and clonogenic abilities of A375
melanoma cells. These effects were associated with melanogenesis impairment and mitochondrial
fitness modulation. Therefore, we demonstrated that ERU plays an important role in inhibiting
the progression of melanoma and could represent a novel add-on therapy for the treatment of
human melanoma.
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1. Introduction

Recognized as the most dangerous and fatal form of skin cancers, the incidence of
melanoma is swiftly increasing in the entire world, and it mostly affects people with
a median age of 57 years and with a fair phototype [1,2]. Melanoma is characterized
by the dysfunctional proliferation of melanocytes, cells located in the basal layer of the
epidermis which produce the melanin pigment, which are essential for skin protection from
solar radiation. Excessive exposure to ultraviolet rays following sunbathing or tanning
represents the major risk factor of melanoma [3]. Indeed, UVA and UVB rays cause
DNA damage in skin cells which leads to specific mutations that, when accumulated
or are in excess, may not be sheltered by DNA repair systems [4]. This triggers the
development of genetic alterations, such as the tumor suppressor gene TP53 mutation,
the CDK inhibitor gene CDKN2A mutation or the activating BRAFV600E mutation [5,6].
The latter is not typically a UV-induced mutation although a potential sunlight-mediated
origin has been described [7,8]. The BRAFV600E mutation is harbored by more than 50%
of melanoma patients, inducing uncontrolled cancer cell proliferation, migration and
metastasis development [9]. In fact, BRAF inhibitors as well as the most recently approved
anti-PDL1 and anti-CTLA-4 monoclonal antibodies represent the first line treatment for
melanoma cancer patients. Nevertheless, an important percentage of patients become
nonresponsive to these treatments, developing tumor resistance and exacerbation [10].
Therefore, there is an increasing interest in finding and characterizing new promising
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agents that can be proposed as novel therapeutic approaches for the treatment of melanoma
in order to overcome tumor resistance and recurrence. In this context, the use of diet-
derived phytochemicals has been proposed as an adjuvant therapeutic approach for cancer
treatment. Different diet-derived compounds, such as resveratrol, curcumin, apigenin and
capsaicin demonstrated potent bioactivities, showing anti-inflammatory, antibiotic and
antitumoral effects [11]. In the last few years, plant and food research has been focused
on cruciferous-vegetable-derived compounds. In particular, cruciferous vegetables, which
include rocket salads, broccoli and cabbage, are rich in isothiocyanates, which are the
hydrolysis products of glucosinolate. Importantly, isothiocyanates have been proposed as
promising chemopreventive agents for modulating cancer development and progression
as demonstrated by multiple in vitro and in vivo approaches [12,13]. 4-(methylthio) butyl
isothiocyanate, commonly referred to as erucin (ERU), is the major component derived
from rocket salad leaves and was demonstrated to affect the proliferation of different cancer
cell lines through different mechanisms of action, such as apoptosis, autophagy, cell cycle
arrest and antioxidant effects [14–17]. Importantly, Citi et al. recently demonstrated that the
antiproliferative and proapoptotic effects of ERU in human pancreatic carcinoma cells are
ascribed to the ability of ERU to release hydrogen sulfide (H2S) [18,19]. Likewise, our own
group, and others, showed that the H2S pathway participates in melanoma progression
and demonstrated that exogenous H2S, by means of H2S-releasing molecules, represents a
promising therapeutic approach for the management of metastatic melanoma [20–25]. In
this study, we characterized the therapeutic potential of ERU in human melanoma for the
first time by evaluating its ability to modulate the proliferation, migration, ROS production
and mitochondrial activity of human melanoma cells in vitro.

2. Materials and Methods
2.1. Reagents and Cell Culture

The human melanoma cells lines A375 were bought from Sigma–Aldrich (Milan, Italy).
WM1862, WM983A and WM983B cell lines were purchased from Rockland (Limerick, Ire-
land). Human keratinocytes (HaCaT) were purchased from Lonza (Basel, Switzerland)). All
cell lines were cultured in RPMI 1640 medium with GlutaMAXTM and were supplemented
with 10% heat-inactivated fetal calf serum, 2 mmol/L L-glutamine, 100 U/mL penicillin,
100 µg/mL streptomycin and 10 mM HEPES buffer (all from Gibco; New York, NY, USA).
Cells were grown at 37 ◦C in a humidified incubator under 5% CO2. All cell lines used
in this study were characterized by the cell bank where they were purchased. ERU was
purchased from Cayman Chemicals (Michigan, CA, USA).

2.2. Proliferation Assay

Cell proliferation was measured with the 3-[4,5-dimethyltiazol2yl]-2,5 diphenyl tetra-
zolium bromide (MTT) assay. Different human melanoma cell lines (A375, WM1862,
WM983A and WM983B) and normal keratinocytes (HaCaT) were seeded on 96-well plates
(3 × 103/well) and were treated with different concentrations of ERU (5, 10, 20, 40 and
80 µM) for 48 h before adding 25 µL of MTT (Sigma, Milan, Italy) (5 mg/mL in saline).
Thereafter, cells were incubated for 3 h at 37 ◦C and were then lysed in order to solubilize
the dark blue crystals with a solution containing 50% (vol/vol) N,Ndimethylformamide and
20% (wt/vol) sodium dodecylsulfate with an adjusted pH of 4.5. The OD of each well was
obtained by measuring the absorbance at 620 nm using Multiskan GO microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Flow Cytometry Analysis

To assess cell proliferation, A375 cells were incubated with 5 µM carboxyfluorescein
succinimidyl ester (CFSE, Thermo Fisher Scientific, Waltham, MA, USA) for 20 min and
were either directly analyzed or grown for 48 h in the presence of 30 µM ERU before
analyzing fluorescence intensity through flow cytometry.
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Ki67 expression was evaluated through intracellular staining performed after fixa-
tion and permeabilization with Intracellular Fixation & Permeabilization Kit (eBioscience,
Thermo Fisher Scientific Waltham, MA, USA) using APC antihuman Ki67 antibodies
(REA183, Miltenyi, 2:50).

For live vs. dead status, 48 h ERU-treated A375 cells (30 µM) were labeled with the
Zombie Green Fixable Viability Kit (BioLegend, San Diego, CA, USA) and washed as
instructed by the manufacturer’s instructions.

Apoptosis assay was performed by using the Annexin V-FITC Kit (BD Pharmingen,
San Diego, CA, USA) according to the manufacturer’s instructions. Briefly, A375 cells were
seeded on a 6-well plate (3 × 105 cells/well) and were allowed to attach overnight. The day
after, cells were treated with 30 µM ERU and were incubated for 48 h. Subsequently, cells
were collected and stained for 10 min with FITC-conjugated annexin V. Then, the samples
were washed and stained with propidium iodide before flow cytometry analysis.

Cell cycle analysis was performed using Cell Cycle Assay Solution Deep Red Kit
(Dojindo, Kumamoto, Japan). The 24 h ERU-treated A375 cells (30 µM) were incubated with
Cell Cycle Assay Solution (5 µL) in PBS for 15 min at 37 ◦C before flow cytometry analysis.

For E-CAD and N-CAD expression, 24 h ERU-treated A375 cells (30 µM) were incu-
bated with the following antibodies: APC-Cy7 antihuman CD324 (E-CAD) (67A4, Biole-
gend, 1:50) and Alexa-Fluor 700 antihuman CD325 (N-CAD) (8C11, Biolegend, 2:50). Cells
were stained with FACS buffer for 20 min at room temperature.

For ROS production and mitochondrial activity, 48 h ERU-treated A375 cells (1 µM)
were stained with H2DCFDHA (D399 Thermo Fisher Waltham, MA, USA), MitoTracker
Green (M7514 Thermo Fisher Waltham, MA, USA) and MitoTracker Deep Red (M22426,
Thermo Fisher Waltham, MA, USA) as previously described [26].

Samples were acquired on BriCyte E6 flow cytometer (Mindray Medical Italy S.r.l.,
Milan, Italy), and data were analyzed using FlowJo software (TreeStar V.10; Carrboro, NC,
USA). All the histograms were edited with modal option.

2.4. Caspase 3/9 Activity Assay

Activation of Caspase 3 and 9 in ERU-treated A375 cells (30 µM for 48 h) were deter-
mined with Caspase 3 and 9 Activity Colorimetric Assay Kits according to the manufac-
turer’s instructions (Houston, Texas, 77079, USA).

2.5. RNA Extraction and Quantitative Real-Time PCR (qPCR)

Total RNA was isolated from A375 melanoma cells treated or not treated with 1 µM or
30 µM ERU for 6 h using the TRIZOL reagent (Invitrogen, Thermo Fisher Scientific Waltham,
MA, USA ) as previously described. RNA was quantified with Nanodrop and considered
DNA- and protein-free if the ratio of readings at 260/280 nm was ≥1.7. Isolated mRNA
was reverse-transcribed by iScript Reverse Transcription Supermix for RT-qPCR (Bio-Rad,
Milan, Italy). qPCR was carried out in the Bio-Rad CFX384 real-time PCR detection system
(Bio-Rad, Milan, Italy) with the following primers:

BCL-2 (Gene ID: 596)
5′-GGTGGGGTCATGTGTGTGG-3′;
5′-CGGTTCAGGTACTCAGTCATCC-3′

XIAP (Gene ID: 331)
5′-TATCAGACACCATATACCCGAGG-3′;
5′-TGGGGTTAGGTGAGCATAGTC-3′

CCNB1(Gene ID: 891)
5′-GACCTGTGTCAGGCTTTCTCTG-3′;
5′- GGTATTTTGGTCTGACTGCTTGC-3′

CDK1(Gene ID: 983)
5′-GGAAACCAGGAAGCCTAGCATC-3′;
5′-GGATGATTCAGTGCCATTTTGCC-3′

CDC25C (Gene ID: 995)
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5′-TCTACGGAACTCTTCTCATCCAC-3′;
5′-TCCAGGA CAGGTTTAACATTTT-3′

SNAIL (Gene ID: 6615)
5′-ACTGCAACAAGGAATACCTCAG-3′;
5′-GCACTGGTACTTCTT GACATCTG-3′

SLUg (Gene ID: 6591)
5′-CGAACTGGACACACATACAGTG-3′;
5′-CTGAGGATCTCTGGTTGTGGT-3′

ZEB-1 (Gene ID: 6935)
5′-TTACACCTTTGCATACAGAACCC-3′;
5′-TTTACGAT TACACCCAGACTGC-3′

TWIST (Gene ID: 7291)
5′-GTCCGCAGTCTTACGAGGAG-3′;
5′-GCTTGAGGGTCTGAATCTTGCT-3′

GCLC (Gene ID: 2729)
5′GTTGGGGTTTGTCCTCTCCC-3′;
5′-GGGGTGACGAGGTGGAGTA-3′

GCLM (Gene ID: 2730)
5′-AGGAGCTTCGGGACTGTATCC-3′;
5′-GGGACATGGTGCATTCCAAAA-3′

HMOX-1(Gene ID: 3162)
5′-GCCGTGTAGATATGGTACAAGGA-3′;
5′-AAGCCGAGAATGCTGAGTTCA-3′

MITF (Gene ID:4286)
5′-TGGTTTTCCCACGAGCTATTTT-3′;
5′-GCACAGAG TCAATTTCCTGGT-3′

TYR (Gene ID: 7299)
5′-GCAAAGCATACCATCAGCTCA-3′;
5′-GCAGTGCATCCATTGACACAT-3′

The housekeeping gene ribosomal protein S16 (RPS16) was used as an internal control
to normalize the Ct values using the 2−∆Ct formula.

2.6. Migration Assay

A375 cells were plated in 12-well plates (2 × 105 cells/well) and were allowed to grow
at confluence. Subsequently, a wound was created in the monolayer using a 200 µL pipette
tip, and microscope photos were taken to mark the initial condition (time 0). Cells were
treated with 1 µM ERU, and, after 24 and 48 h scratches were photographed. ImageJ’s MRI
Wound Healing Tool (MRI Redmine) was used to calculate the area of the cell-free gap.

2.7. Clonogenic Assay

A375 cells were plated in a 6-well plate (1× 103 cells/well) and were treated with 1 µM
ERU for 48 h. Next, fresh medium without ERU was changed every 2 days. After 14 days,
colonies were formed, and the cells were washed with PBS, fixed with 4% paraformalde-
hyde and stained with 0.5% crystal violet. Colonies were manually counted, and images
were acquired using a digital camera.

2.8. Invasion Assay

Boyden chambers with polycarbonate filters with a nominal pore size of 8 µm (Mil-
lipore, USA) were coated on the upper side with Matrigel (Becton Dickinson Labware,
USA). The chambers were placed in a 24-well plate, and A375 cells (2.5 × 105 cells/mL)
were plated in the upper chamber in the presence or absence of ERU (1 µM) in serum-free
RPMI. At the end of the 16 h of incubation, the medium was removed, and the filters were
fixed with 4% formaldehyde for 2 min, and, subsequently, the cells were permeabilized
with 100% methanol for 20 min. The methanol was removed, and the chambers were
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stained with Giemsa for 15 min and then washed with PBS. The filters were removed,
and the nonmigrating cells on the top of the filter were peeled off with the use of a cotton
swab. Then, the filters were placed on a slide and were examined under a microscope.
Cell invasion was determined by counting the number of cells stained on each filter in at
least 4–5 randomly selected fields. The resulting data were presented as the average of the
invaded cells ± SEM/microscopic field of three independent experiments.

2.9. Measurement of Melanin Content

A375 cells (3 × 105/well) were plated in a 6-well plate and treated with 1 µM ERU for
72 h. Thereafter, cell pellet was dissolved in NaOH 1N, and it was incubated for 90 min at
37 ◦C then centrifuged for 10 min at 10,000× g. The optical density (OD) of supernatant
was measured at 450 nm using Multiskan GO microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA).

2.10. Statistical Analysis

Statistical analysis was performed using GraphPad Prism software version 9 (San
Diego, CA, USA). For comparison of two groups, a t test was used, and, for compari-
son of multiple groups ANOVA test was used. The data were shown as mean ± SEM. A
p value < 0.05 was considered statistically significant and was labeled with *; p values < 0.01,
0.001 or 0.0001 were labeled with **, *** or ****, respectively.

3. Results
3.1. ERU Affected the Proliferation Rate of Human Melanoma Cell Lines

First, we assessed the antiproliferative effects of ERU on different human melanoma
cell lines that featured the BRAFV600E mutation. WM1862, WM983A, WM983B and A375
human melanoma cells were treated with an increasing concentration of ERU (0, 5, 10, 20,
40 and 80 µM) for 48 h prior to the evaluation of cell proliferation with an MTT analysis.
As shown in Figure 1A, ERU significantly reduced the proliferation of all the melanoma
cell lines that were tested. In particular, 80 µM ERU reduced the cell viability by about
50% in the WM983A and WM1862 cells (p < 0.0001 compared with the untreated cells)
and by more than 70% in the A375 and WM983B cells (p < 0.0001 compared with the
untreated cells). Conversely, a reduction of about 20% was observed for our negative
control, which was represented by human keratinocytes (HaCaT) (p < 0.01 compared with
the untreated cells). In fact, an IC50 analysis (Figure 1B) showed a value higher than 100 µM
for the HaCaT cells, whilst, for the melanoma cancer cells, it was between 30 and 60 µM,
suggesting that the antiproliferative effect of ERU at lower concentrations was specific to
the cancer cell. Given that the MTT assay measures the cytotoxic effect by assessing the
mitochondrial dehydrogenase activity, we decided to directly evaluate the antiproliferative
effect of ERU by performing the carboxyfluorescein succinimidyl ester (CFSE) assay on
the A375 melanoma cell lines that showed the lower IC50 values and displayed a more
aggressive phenotype compared to the other melanoma cell lines that were tested [27].
As shown in Figure 1C,D, the CFSE fluorescence intensity was strongly reduced in the
control cells at 48 h compared to the control cells at t0, confirming the high proliferation
rate of the A375 melanoma cell line. Importantly, the CFSE fluorescence intensity was
significantly higher in the ERU-treated cells compared to the control cells at 48 h, indicating
that ERU reduced the proliferation rate of the A375 melanoma cells. To corroborate our
findings, we evaluated the expression of Ki67, one of the key markers involved in cancer
cell proliferation [28]. As shown in Figure 1E,F, the treatment with 30 µM ERU significantly
reduced the expression levels of Ki67 as observed through the flow cytometry analysis.
These results demonstrated that ERU at lower concentrations inhibited the proliferation
rate of the human melanoma cells without affecting the proliferation rate of the healthy
control cells.
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Figure 1. ERU affected the proliferation rate of human melanoma cell lines. (A) Antiproliferative
effect of ERU (0–80 µM) was assessed with MTT assay in A375, WM1862, WM983A and WM983B
melanoma cells and in normal human keratinocytes (HaCaT) at 48 h. (B) IC50 values for ERU-treated
A375, WM1862, WM983A and WM983B melanoma cells and for HaCaT cells. (C) Representative
example of flow cytometry analysis of CFSE staining in A375 cells after staining (grey histogram)
and after 48 h of treatment (green histogram) or no treatment (black histogram) with 30 µM ERU.
(D) CFSE quantification in terms of mean fluorescence intensity (MFI). (E) Representative example
of flow cytometry analysis of A375-derived Ki67 upon treatment (green dot plot) or no treatment
(black dot plot) with 30 µM ERU. (F) Frequency of Ki67 in A375 cells after treatment (green bar)
or no treatment (black bar) with 30 µM ERU. Data were shown as mean ± SEM of at least three
independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 vs. A375 CTRL).

3.2. ERU Induced Apoptosis and the Cell Cycle Arrest of Human Melanoma Cells

Next, we decided to evaluate whether the antiproliferative effect of ERU was due to
the induction of cell death by apoptosis and/or necrosis. First, we assessed the live vs.
dead status of the ERU-treated A375 melanoma cells using the fluorescent dye Zombie
Green. As shown in Figure 2A,B, the ERU treatment for 48 h significantly induced cell
death in the A375 melanoma cells compared to the control. Next, to define whether
the A375 dead status was associated with apoptosis and/or necrosis, we performed an
annexin V and PI double staining analysis (Figure 2C). A FACS analysis showed that
ERU significantly induced the apoptosis of the A375 cells, confirming that cell death was
mediated by apoptosis (Figure 2D). To support this finding, we monitored the activation of
caspase 9 and 3, which are the key players in the upstream and downstream regulation
of apoptotic signal transduction [29]. As expected, the 48 h treatment with 30 µM ERU
significantly induced the activation of both caspase 9 and 3 (Figure 2E). In addition, we also
assessed the expression of two antiapoptotic genes, the X-chromosome-linked inhibitor of
the apoptosis protein (XIAP) and B-cell lymphoma gene 2 (Bcl-2). A qPCR analysis showed
that ERU markedly decreased the expression of both antiapoptotic genes (Figure 2F) in the
A375 human melanoma cells. Furthermore, we also performed a cell cycle assay to evaluate
the cell cycle distribution of the A375 cells after a 24 h treatment with ERU (Figure 2G).
The ERU treatment significantly increased the percentage of the A375 cells in the G2/M
phase and reduced the percentage of the A375 cells in the G1 and S phases compared to
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the control (Figure 2H). To confirm this result, we also analyzed the expression of CCNB1,
CDK1 and CDC25C, the most important cell cycle regulatory proteins involved in the
regulation of G2/M progression [30]. As shown in Figure 2I, the mRNA levels of CCNB1,
CDK1 and CDC25C were significantly decreased in the ERU-treated A375 cells compared
to the control. These results demonstrated that ERU exerted a proapoptotic effect in the
melanoma cells and induced their cell cycle arrest in the G2/M phase.

Antioxidants 2023, 12, x FOR PEER REVIEW 8 of 16 
 

significantly induced the activation of both caspase 9 and 3 (Figure 2E). In addition, we 

also assessed the expression of two antiapoptotic genes, the X-chromosome-linked inhib-

itor of the apoptosis protein (XIAP) and B-cell lymphoma gene 2 (Bcl-2). A qPCR analysis 

showed that ERU markedly decreased the expression of both antiapoptotic genes (Figure 

2F) in the A375 human melanoma cells. Furthermore, we also performed a cell cycle assay 

to evaluate the cell cycle distribution of the A375 cells after a 24 h treatment with ERU 

(Figure 2G). The ERU treatment significantly increased the percentage of the A375 cells in 

the G2/M phase and reduced the percentage of the A375 cells in the G1 and S phases com-

pared to the control (Figure 2H). To confirm this result, we also analyzed the expression 

of CCNB1, CDK1 and CDC25C, the most important cell cycle regulatory proteins involved 

in the regulation of G2/M progression [30]. As shown in Figure 2I, the mRNA levels of 

CCNB1, CDK1 and CDC25C were significantly decreased in the ERU-treated A375 cells 

compared to the control. These results demonstrated that ERU exerted a proapoptotic ef-

fect in the melanoma cells and induced their cell cycle arrest in the G2/M phase. 

 

Figure 2. ERU induced apoptosis and cell cycle arrest of human melanoma cells. (A) Representative 

example of flow cytometry analysis of Zombie Green staining in A375 cells upon 48 h of treatment 

or no treatment with 30 μM ERU. (B) Frequency of dead cells after treatment (green bar) or no treat-

ment (black bar) for 48 h with 30 μM ERU. (C) Representative example of annexin V/propidium 

iodide (PI) staining after 48 h of treatment or no treatment with 30 μM ERU. (D) Frequency of apop-

totic cells after treatment (green bar) or no treatment (black bar) for 48 h with 30 μM ERU. (E) Acti-

vation of caspase 9 and 3 in A375 cells upon 48 h of treatment (green bar) or no treatment (black bar) 

with 30 μM ERU. (F) Expression of BCL2 and XIAP assessed with qPCR in A375 cells upon 6 h of 

treatment (green bar) or no treatment (black bar) with 30 μM ERU. (G) Representative example of 

cell cycle distribution in A375 cells upon 24 h of treatment or no treatment with 30 ERU. (H) Fre-

quency of A375 cells in G0/G1, S and G2/M cell cycle distributions after treatment (green bar) or no 

treatment (black bar) for 24 h with 30 μM ERU. (I) Expression of CCNB1, CDK1 and CDC25C as-

sessed with qPCR in A375 cells upon 6 hr of treatment (green bar) or no treatment (black bar) with 

30 μM ERU. Data were shown as mean ± SEM of at least three independent experiments (* p < 0.05, 

** p < 0.01, *** p < 0.001 and **** p < 0.0001 vs. A375 CTRL). 

3.3. ERU Modulated the Expression of Cadherins in Human Melanoma Cells 

Figure 2. ERU induced apoptosis and cell cycle arrest of human melanoma cells. (A) Representative
example of flow cytometry analysis of Zombie Green staining in A375 cells upon 48 h of treatment or
no treatment with 30 µM ERU. (B) Frequency of dead cells after treatment (green bar) or no treatment
(black bar) for 48 h with 30 µM ERU. (C) Representative example of annexin V/propidium iodide
(PI) staining after 48 h of treatment or no treatment with 30 µM ERU. (D) Frequency of apoptotic cells
after treatment (green bar) or no treatment (black bar) for 48 h with 30 µM ERU. (E) Activation of
caspase 9 and 3 in A375 cells upon 48 h of treatment (green bar) or no treatment (black bar) with
30 µM ERU. (F) Expression of BCL2 and XIAP assessed with qPCR in A375 cells upon 6 h of treatment
(green bar) or no treatment (black bar) with 30 µM ERU. (G) Representative example of cell cycle
distribution in A375 cells upon 24 h of treatment or no treatment with 30 ERU. (H) Frequency of A375
cells in G0/G1, S and G2/M cell cycle distributions after treatment (green bar) or no treatment (black
bar) for 24 h with 30 µM ERU. (I) Expression of CCNB1, CDK1 and CDC25C assessed with qPCR in
A375 cells upon 6 h of treatment (green bar) or no treatment (black bar) with 30 µM ERU. Data were
shown as mean ± SEM of at least three independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001
and **** p < 0.0001 vs. A375 CTRL).

3.3. ERU Modulated the Expression of Cadherins in Human Melanoma Cells

Apoptosis and the cell cycle are complex mechanisms that are finely tuned by dif-
ferent pathways. Among these, cadherins are key players involved in the phenomenon
of the epithelial-to-mesenchymal transition (EMT) that favor cancer cell proliferation and
invasion. In particular, the loss of E-cadherin (E-CAD) from cancer cells is associated
with apoptosis inhibition, whilst the increase of N-cadherin (N-CAD) promotes cancer
cell growth. Moreover, it has been also demonstrated that both N-CAD and E-CAD are
associated with apoptosis given their ability to increase proapoptotic genes [31] or to in-
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teract with death receptors [32], respectively. Thus, we evaluated whether the expression
of both E-CAD and N-CAD was modulated in the ERU-treated A375 melanoma cells. As
shown in Figure 3A–C, ERU promoted the expression of the epithelial protein E-CAD and
reduced the expression of the mesenchymal protein N-CAD after the 24 h treatment of
A375 melanoma cells. Moreover, we analyzed the expression of transcription factors associ-
ated with the EMT and apoptosis resistance (e.g., SNAIL, SLUG, ZEB1 and TWIST) [33].
A qPCR analysis demonstrated that ERU significantly reduced the expression of all the
transcription factors tested in the A375 melanoma cells (Figure 3D). These data further
demonstrated that the proapoptotic effect of ERU was associated with the modulation of
the EMT-related cadherins.
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Figure 3. ERU modulated the expression of cadherins in human melanoma cells. (A,B) Representative
example of flow cytometry analysis of A375-derived E-CAD and N-CAD upon treatment (green
dot plot) or no treatment (black dot plot) with 30 µM ERU. (C) Frequency of Ki67 in A375 cells
after treatment (green bar) or no treatment (black bar) with 30 µM ERU. (D) Expression of SNAIL1,
SLUG, ZEB-1 and TWIST assessed with qPCR in A375 cells upon 6 h of treatment (green bar) or no
treatment (black bar) with 30 µM ERU. Data were shown as mean± SEM of at least three independent
experiments (* p < 0.05, *** p < 0.001 and **** p < 0.0001 vs. A375 CTRL).

3.4. ERU at Low Concentrations Impaired Melanoma Cell Migration and Invasiveness

In line with the findings about cadherins, we decided to evaluate whether ERU at low
concentrations below the IC50 value was able to affect the migration and invasion of the
A375 melanoma cells. Thus, we decided to use the concentration of 1 µM which showed no
cytotoxic effect on the A375 melanoma cells. First, we performed a migration assay on the
A375 melanoma cells treated with 1 µM ERU. As shown in Figure 4A,B, ERU significantly
reduced the migration of the A375 melanoma cells at both 24 and 48 h. Likewise, the
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colony formation assay confirmed that ERU reduced the number of the A375 colonies
compared to the control (Figure 4C,D). In addition, the invasion assay demonstrated that
ERU significantly reduced the invasiveness of the A375 melanoma cells (Figure 4E,F).
Melanin production by cancer cells was reported to promote melanoma progression and
metastasis development by affecting the different molecular mechanisms including the
EMT [34]. Therefore, we hypothesized that ERU could modulate melanin production in
the A375 cells. To address this point, we evaluated the melanin content in the ERU-treated
A375 cells. As shown in Figure 4G, we found that ERU significantly reduced the melanin
content in the A375 melanoma cells. To corroborate this finding, we evaluated the mRNA
expression level of the microphthalmia-associated transcription factor (MITF) and the
tyrosinase enzyme (TYR), the two most important genes involved in melanin synthesis and
in melanoma development [35], with a qPCR analysis. As expected, 1 µM ERU significantly
reduced the expression levels of both the MITF and TYR (Figure 4H). Taken together, our
data suggested that ERU thwarted the migratory and invasive capacity of the melanoma
cells by modulating their melanin production.
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Figure 4. ERU at low concentrations impaired melanoma cell migration and invasiveness. (A) Repre-
sentative example of wound healing assay of A375 cells after incubation with 1 µM ERU for 24 and
48 h (scale bar: 250 µm). (B) Quantification of the healed wound area at 24 and 48 h. (C,D) Represen-
tative example (C) and quantification (D) of clonogenic assays of A375 cells after incubation with
1 µM ERU. (E) Representative example of invasion assay of A375 cells after incubation with 1 µM
ERU (scale bar: 200 µm). (F) Average number of invasive cells per field. (G) Melanin content in A375
melanoma cells upon treatment (green dot plot) or no treatment (black dot plot) with 1 µM ERU.
(H) Expression of MITF and TYR assessed with qPCR in A375 cells upon 6 h of treatment (green
bar) or no treatment (black bar) with 1 µM ERU. Data were shown as mean ± SEM of at least three
independent experiments (* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 vs. A375 CTRL).

3.5. ERU Inhibited ROS Production in Melanoma Cells by Limiting Their Mitochondrial Function

It has been described that the presence of melanin inside melanoma cells triggers the
production of important levels of reactive oxygen/nitrogen species (ROS/RNS), promoting
melanoma progression [36]. To further dissect the mechanism underlying the antimigratory
effects on the A375 cells, we evaluated the ability of ERU to modulate ROS production in
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the melanoma cells. Interestingly, the treatment for 48 h with ERU (1 µM) significantly
suppressed ROS formation as demonstrated by the reduced fluorescence intensity of
the DCF probe (Figure 5A). Next, we measured the mitochondrial mass and membrane
potential of the ERU-treated A375 cells given the key role of the mitochondria in ROS
production [37]. As shown in Figure 5B,C, both the Mitotracker Green and Deep Red dyes’
uptakes were significantly decreased in the ERU-treated A375 cells, suggesting a reduced
mitochondrial mass and mitochondrial membrane potential. To corroborate our data, we
assessed the effect of ERU on the expression of different antioxidant enzymes such as GCLC
and GCLM, the catalytic and modulatory subunits involved in the synthesis of glutathione,
respectively, as well as the heme oxygenase-1 enzyme (HMOX-1). As expected, a qPCR
analysis showed a significant increase in GCLC, GCLM and HMOX-1 after treatment of
the A375 cells with 1uM ERU (Figure 5D). These findings indicated that the antimigratory
effects of ERU correlated with a decline in the mitochondrial function, which, in turn,
impaired ROS production and cellular fitness in the melanoma cancer cells.
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Figure 5. ERU inhibited ROS production in melanoma cells by limiting their mitochondrial function.
(A–F) Representative examples of flow cytometry analysis of DCF-DHA. (A) MitoTracker Green
(C) and MitoTracker Deep Red staining (E) in A375 cells that were untreated (black histograms) and
those that underwent ERU treatment (green histograms) for 48 h with their respective quantification
in terms of mean fluorescence intensity (MFI) (B,D,F). (G) Expression of GCLC, GCLM and HMOX
assessed with qPCR analysis in A375 melanoma cells that were treated (green bar) or not treated (black
bar) with 1 µM ERU. Data were shown as mean ± SEM of at least three independent experiments
(* p < 0.05, ** p < 0.01 and **** p < 0.0001 vs. A375 CTRL).

4. Discussion

Natural products are emerging as promising tools in cancer therapy given their mul-
titarget activity and their ability to modulate the tumor microenvironment. In particular,
diet-derived compounds, such as coffee; tea; pomegranate; extra virgin olive oil; and
brassicaceae vegetables, which include broccoli, brussels sprouts and rocket salads, have
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been widely demonstrated to prevent cancer development [11,38]. In fact, it has been
reported that melanoma and nonmelanoma skin cancers’ low incidence in Mediterranean
populations might be associated with the intake of the vegetables, fish and fruit that con-
stitute the traditional Mediterranean diet [39,40]. This is mainly due to the presence of
different dietary antioxidant compounds, such as carotenoids, vitamins, polyphenols and
isothiocyanates. Importantly, different data also suggested that these compounds may
improve the efficacy of classic chemotherapeutics by exerting a synergistic effect on the
one hand and by restraining chemoresistance on the other hand [41,42]. Particularly, the
anticancer effects of isothiocyanates have been ascribed to their ability to release H2S [19,43].
In fact, H2S-releasing agents have been proposed as a promising therapeutic approach for
the treatment of different types of cancer [44–47]. Likewise, ERU, the major isothiocyanate
present in rocked salads with H2S-releasing properties [48–53], demonstrated its anticancer
activity in different tumor cell lines in vitro and in tumor-bearing mice in vivo [18,54–56].
In this study, we characterized the anticancer properties of ERU in human melanoma by
using multiple in vitro approaches. We observed that ERU inhibited the proliferation of
the different human melanoma cell lines in a time-dependent manner as has also been
reported in pancreatic cancer cells [18]. Moreover, similarly to other diet-derived com-
pounds [57–59], ERU modulated the expression of the proliferation marker Ki67 that has
been proposed as a prognostic biomarker in cutaneous melanoma [60]. Our own group,
and others, demonstrated that both natural and synthetic H2S donors induce apoptosis in
melanoma cells [20–22,24,25]. Likewise, we demonstrated that the antiproliferative effect
of ERU was coupled with its ability to induce apoptosis in the A375 melanoma cells. In
fact, we observed the activation of both caspase 3 and 9 and the downregulation of the
proapoptotic genes BCL-2 and XIAP after 48 h of treatment with ERU. Moreover, ERU was
able to induce cell cycle arrest in the G2/M phase as previously demonstrated in pancreatic
and breast cancer cells [14,18]. E-CAD and N-CAD represented the two major proteins
involved in the EMT phenomenon and was reported to orchestrate apoptosis [32,61]. ERU
significantly increased the expression of the epithelial protein E-CAD, whilst it reduced
the expression of the mesenchymal protein N-CAD. Melanoma progression and metastasis
development were associated with the ability of melanoma cells to acquire aggressive
properties, such as motility and invasion [62].

In fact, multiple diet-derived compounds were demonstrated to prevent tumor pro-
gression by modulating these parameters in different cancer cells [63–66]. In our study, we
found that ERU at low concentrations below the IC50 value (1 µM) significantly reduced
the migration, invasion and clonogenic potential of the A375 melanoma cells, which were
parameters that reflected their ability to generate metastases in vivo. Emerging evidence
demonstrated that the melanin secreted from the melanoma cells supported their progres-
sion and metastasis development, suppressing the immune response and promoting tumor
angiogenesis [34,67]. Our results showed that ERU exerted an essential role in modulating
the melanogenesis in the melanoma cells by inhibiting the melanin content and suppressing
the expression of the MITF and TYR, which are the key factors that promote melanin syn-
thesis [35,68]. Melanoma-cell-produced melanin also contributes to oxidative stress, which
in turn promotes melanoma initiation and progression [69,70]. In our study, ERU reduced
intracellular ROS generation in the A375 cells by modulating their mitochondrial activity.
Moreover, ERU increased the expression of antioxidant target genes, such as GCLC, GCLM
and HMOX-1, suggesting that the modulation of ROS production and the impairment of
mitochondrial activity in the melanoma cells were among the contributing factors, which
supported the antitumor activity of ERU.

5. Conclusions

This work widely characterized the anticancer properties of ERU in human melanoma
in vitro. In fact, we demonstrated that, in the human melanoma cells, ERU (i) inhibited cell
proliferation, (ii) induced apoptosis and cell cycle arrest and (iii) reduced the expression of
cadherins and their related transcription factors. Moreover, a low concentration of ERU
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thwarted cell migration and invasion. This effect was associated with reduced levels of
melanin and melanogenesis-associated genes. This is an important feature in melanoma
progression since melanin production has been associated with the EMT and oxidative
stress. Thus, ERU could represent a new promising diet-derived compound with anticancer
properties, which are ascribed to its ability to release H2S. However, translational in vivo
studies are required to gain further insight into the antitumoral effects of ERU using murine
models of cutaneous and metastatic melanoma.

Author Contributions: Conceptualization, G.E. and A.I.; methodology, D.C.M., B.R. and L.C.; soft-
ware, D.C.M. and L.C.; data curation, G.E.; writing—original draft preparation, D.C.M. and L.C.;
writing—review and editing, G.E. and A.I.; supervision, G.E.; funding acquisition, G.E. and A.I. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Associazione Italiana per la Ricerca sul Cancro (AIRC)
(MFAG No. 26002 to G.E.) and by Italian government grants (PRIN 2017 No. 2017BA9LM5 to A.I.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data are contained within the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Davis, L.E.; Shalin, S.C.; Tackett, A.J. Current state of melanoma diagnosis and treatment. Cancer Biol. Ther. 2019, 20, 1366–1379.

[CrossRef] [PubMed]
2. Rastrelli, M.; Tropea, S.; Rossi, C.R.; Alaibac, M. Melanoma: Epidemiology, Risk Factors, Pathogenesis, Diagnosis and Classifica-

tion. In Vivo 2014, 28, 1005–1011. [PubMed]
3. Sun, X.; Zhang, N.; Yin, C.; Zhu, B.; Li, X. Ultraviolet Radiation and Melanomagenesis: From Mechanism to Immunotherapy.

Front. Oncol. 2020, 10, 951. [CrossRef] [PubMed]
4. Pfeifer, G.P. Mechanisms of UV-induced mutations and skin cancer. Genome Instab. Dis. 2020, 1, 99–113. [CrossRef]
5. Hocker, T.; Tsao, H. Ultraviolet radiation and melanoma: A systematic review and analysis of reported sequence variants. Hum.

Mutat. 2007, 28, 578–588. [CrossRef]
6. Hainaut, P.; Pfeifer, G.P. Somatic TP53 Mutations in the Era of Genome Sequencing. Cold Spring Harb. Perspect. Med. 2016,

6, a026179. [CrossRef]
7. Thomas, N.E.; Berwick, M.; Cordeiro-Stone, M. Could BRAF mutations in melanocytic lesions arise from DNA damage induced

by ultraviolet radiation? J. Investig. Dermatol. 2006, 126, 1693–1696. [CrossRef]
8. Besaratinia, A.; Pfeifer, G.P. Sunlight ultraviolet irradiation and BRAF V600 mutagenesis in human melanoma. Hum. Mutat. 2008,

29, 983–991. [CrossRef] [PubMed]
9. Davis, E.J.; Johnson, D.B.; Sosman, J.A.; Chandra, S. Melanoma: What do all the mutations mean? Cancer 2018, 124, 3490–3499.

[CrossRef]
10. Thornton, J.; Chhabra, G.; Singh, C.K.; Guzman-Perez, G.; Shirley, C.A.; Ahmad, N. Mechanisms of Immunotherapy Resistance in

Cutaneous Melanoma: Recognizing a Shapeshifter. Front. Oncol. 2022, 12, 880876. [CrossRef]
11. Langner, E.; Rzeski, W. Dietary derived compounds in cancer chemoprevention. Contemp. Oncol. 2012, 16, 394–400. [CrossRef]

[PubMed]
12. Agagunduz, D.; Sahin, T.O.; Yilmaz, B.; Ekenci, K.D.; Duyar Ozer, S.; Capasso, R. Cruciferous Vegetables and Their Bioactive

Metabolites: From Prevention to Novel Therapies of Colorectal Cancer. Evid. Based Complement. Altern. Med. 2022, 2022, 1534083.
[CrossRef]

13. Veeranki, O.L.; Bhattacharya, A.; Tang, L.; Marshall, J.R.; Zhang, Y. Cruciferous vegetables, isothiocyanates, and prevention of
bladder cancer. Curr. Pharmacol. Rep. 2015, 1, 272–282. [CrossRef]

14. Azarenko, O.; Jordan, M.A.; Wilson, L. Erucin, the major isothiocyanate in arugula (Eruca sativa), inhibits proliferation of MCF7
tumor cells by suppressing microtubule dynamics. PLoS ONE 2014, 9, e100599. [CrossRef] [PubMed]

15. Melchini, A.; Costa, C.; Traka, M.; Miceli, N.; Mithen, R.; De Pasquale, R.; Trovato, A. Erucin, a new promising cancer
chemopreventive agent from rocket salads, shows anti-proliferative activity on human lung carcinoma A549 cells. Food Chem.
Toxicol. 2009, 47, 1430–1436. [CrossRef] [PubMed]

16. Fimognari, C.; Nusse, M.; Iori, R.; Cantelli-Forti, G.; Hrelia, P. The new isothiocyanate 4-(methylthio)butylisothiocyanate
selectively affects cell-cycle progression and apoptosis induction of human leukemia cells. Investig. New Drugs 2004, 22, 119–129.
[CrossRef]

17. Melchini, A.; Traka, M.H. Biological profile of erucin: A new promising anticancer agent from cruciferous vegetables. Toxins 2010,
2, 593–612. [CrossRef] [PubMed]

http://doi.org/10.1080/15384047.2019.1640032
http://www.ncbi.nlm.nih.gov/pubmed/31366280
http://www.ncbi.nlm.nih.gov/pubmed/25398793
http://doi.org/10.3389/fonc.2020.00951
http://www.ncbi.nlm.nih.gov/pubmed/32714859
http://doi.org/10.1007/s42764-020-00009-8
http://doi.org/10.1002/humu.20481
http://doi.org/10.1101/cshperspect.a026179
http://doi.org/10.1038/sj.jid.5700458
http://doi.org/10.1002/humu.20802
http://www.ncbi.nlm.nih.gov/pubmed/18421705
http://doi.org/10.1002/cncr.31345
http://doi.org/10.3389/fonc.2022.880876
http://doi.org/10.5114/wo.2012.31767
http://www.ncbi.nlm.nih.gov/pubmed/23788916
http://doi.org/10.1155/2022/1534083
http://doi.org/10.1007/s40495-015-0024-z
http://doi.org/10.1371/journal.pone.0100599
http://www.ncbi.nlm.nih.gov/pubmed/24950293
http://doi.org/10.1016/j.fct.2009.03.024
http://www.ncbi.nlm.nih.gov/pubmed/19328833
http://doi.org/10.1023/B:DRUG.0000011788.19754.54
http://doi.org/10.3390/toxins2040593
http://www.ncbi.nlm.nih.gov/pubmed/22069601


Antioxidants 2023, 12, 41 13 of 15

18. Citi, V.; Piragine, E.; Pagnotta, E.; Ugolini, L.; Di Cesare Mannelli, L.; Testai, L.; Ghelardini, C.; Lazzeri, L.; Calderone, V.;
Martelli, A. Anticancer properties of erucin, an H2 S-releasing isothiocyanate, on human pancreatic adenocarcinoma cells
(AsPC-1). Phytother. Res. 2019, 33, 845–855. [CrossRef]

19. Martelli, A.; Citi, V.; Testai, L.; Brogi, S.; Calderone, V. Organic Isothiocyanates as Hydrogen Sulfide Donors. Antioxid. Redox
Signal. 2020, 32, 110–144. [CrossRef] [PubMed]

20. De Cicco, P.; Panza, E.; Armogida, C.; Ercolano, G.; Taglialatela-Scafati, O.; Shokoohinia, Y.; Camerlingo, R.; Pirozzi, G.;
Calderone, V.; Cirino, G.; et al. The Hydrogen Sulfide Releasing Molecule Acetyl Deacylasadisulfide Inhibits Metastatic Melanoma.
Front. Pharmacol. 2017, 8, 65. [CrossRef] [PubMed]

21. De Cicco, P.; Panza, E.; Ercolano, G.; Armogida, C.; Sessa, G.; Pirozzi, G.; Cirino, G.; Wallace, J.L.; Ianaro, A. ATB-346, a
novel hydrogen sulfide-releasing anti-inflammatory drug, induces apoptosis of human melanoma cells and inhibits melanoma
development in vivo. Pharmacol. Res. 2016, 114, 67–73. [CrossRef] [PubMed]

22. Ercolano, G.; De Cicco, P.; Frecentese, F.; Saccone, I.; Corvino, A.; Giordano, F.; Magli, E.; Fiorino, F.; Severino, B.;
Calderone, V.; et al. Anti-metastatic Properties of Naproxen-HBTA in a Murine Model of Cutaneous Melanoma. Front. Pharmacol.
2019, 10, 66. [CrossRef] [PubMed]

23. Xiao, Q.; Ying, J.; Qiao, Z.; Yang, Y.; Dai, X.; Xu, Z.; Zhang, C.; Xiang, L. Exogenous hydrogen sulfide inhibits human melanoma
cell development via suppression of the PI3K/AKT/mTOR pathway. J. Dermatol. Sci. 2020, 98, 26–34. [CrossRef] [PubMed]

24. Cai, F.; Xu, H.; Cao, N.; Zhang, X.; Liu, J.; Lu, Y.; Chen, J.; Yang, Y.; Cheng, J.; Hua, Z.C.; et al. ADT-OH, a hydrogen sulfide-
releasing donor, induces apoptosis and inhibits the development of melanoma in vivo by upregulating FADD. Cell Death Dis.
2020, 11, 33. [CrossRef]

25. Panza, E.; De Cicco, P.; Armogida, C.; Scognamiglio, G.; Gigantino, V.; Botti, G.; Germano, D.; Napolitano, M.; Papapetropoulos,
A.; Bucci, M.; et al. Role of the cystathionine gamma lyase/hydrogen sulfide pathway in human melanoma progression. Pigment.
Cell Melanoma Res. 2015, 28, 61–72. [CrossRef]

26. Ercolano, G.; Gomez-Cadena, A.; Dumauthioz, N.; Vanoni, G.; Kreutzfeldt, M.; Wyss, T.; Michalik, L.; Loyon, R.; Ianaro, A.;
Ho, P.C.; et al. PPAR drives IL-33-dependent ILC2 pro-tumoral functions. Nat. Commun. 2021, 12, 2538. [CrossRef]

27. Widmer, D.S.; Cheng, P.F.; Eichhoff, O.M.; Belloni, B.C.; Zipser, M.C.; Schlegel, N.C.; Javelaud, D.; Mauviel, A.; Dummer, R.;
Hoek, K.S. Systematic classification of melanoma cells by phenotype-specific gene expression mapping. Pigment. Cell Melanoma
Res. 2012, 25, 343–353. [CrossRef]

28. Menon, S.S.; Guruvayoorappan, C.; Sakthivel, K.M.; Rasmi, R.R. Ki-67 protein as a tumour proliferation marker. Clin. Chim. Acta
2019, 491, 39–45. [CrossRef]

29. McIlwain, D.R.; Berger, T.; Mak, T.W. Caspase functions in cell death and disease. Cold Spring Harb. Perspect. Biol. 2013, 5, a008656.
[CrossRef]

30. Wang, Y.; Ji, P.; Liu, J.; Broaddus, R.R.; Xue, F.; Zhang, W. Centrosome-associated regulators of the G(2)/M checkpoint as targets
for cancer therapy. Mol. Cancer 2009, 8, 8. [CrossRef]

31. Lelievre, E.C.; Plestant, C.; Boscher, C.; Wolff, E.; Mege, R.M.; Birbes, H. N-cadherin mediates neuronal cell survival through Bim
down-regulation. PLoS ONE 2012, 7, e33206. [CrossRef] [PubMed]

32. Lu, M.; Marsters, S.; Ye, X.; Luis, E.; Gonzalez, L.; Ashkenazi, A. E-cadherin couples death receptors to the cytoskeleton to regulate
apoptosis. Mol. Cell 2014, 54, 987–998. [CrossRef] [PubMed]

33. Barrallo-Gimeno, A.; Nieto, M.A. The Snail genes as inducers of cell movement and survival: Implications in development and
cancer. Development 2005, 132, 3151–3161. [CrossRef] [PubMed]

34. Cabaco, L.C.; Tomas, A.; Pojo, M.; Barral, D.C. The Dark Side of Melanin Secretion in Cutaneous Melanoma Aggressiveness.
Front. Oncol. 2022, 12, 887366. [CrossRef] [PubMed]

35. Hartman, M.L.; Czyz, M. MITF in melanoma: Mechanisms behind its expression and activity. Cell. Mol. Life Sci. 2015, 72,
1249–1260. [CrossRef] [PubMed]

36. Napolitano, A.; Panzella, L.; Monfrecola, G.; d’Ischia, M. Pheomelanin-induced oxidative stress: Bright and dark chemistry
bridging red hair phenotype and melanoma. Pigment. Cell Melanoma Res. 2014, 27, 721–733. [CrossRef]

37. Balaban, R.S.; Nemoto, S.; Finkel, T. Mitochondria, oxidants, and aging. Cell 2005, 120, 483–495. [CrossRef]
38. Ghazi, T.; Arumugam, T.; Foolchand, A.; Chuturgoon, A.A. The Impact of Natural Dietary Compounds and Food-Borne

Mycotoxins on DNA Methylation and Cancer. Cells 2020, 9, 2004. [CrossRef]
39. Malagoli, C.; Malavolti, M.; Agnoli, C.; Crespi, C.M.; Fiorentini, C.; Farnetani, F.; Longo, C.; Ricci, C.; Albertini, G.;

Lanzoni, A.; et al. Diet Quality and Risk of Melanoma in an Italian Population. J. Nutr. 2015, 145, 1800–1807. [CrossRef]
40. Arts, I.C.; Hollman, P.C. Polyphenols and disease risk in epidemiologic studies. Am. J. Clin. Nutr. 2005, 81, 317S–325S. [CrossRef]
41. Reitz, L.K.; Schroeder, J.; Longo, G.Z.; Boaventura, B.C.B.; Di Pietro, P.F. Dietary Antioxidant Capacity Promotes a Protective

Effect against Exacerbated Oxidative Stress in Women Undergoing Adjuvant Treatment for Breast Cancer in a Prospective Study.
Nutrients 2021, 13, 4324. [CrossRef] [PubMed]

42. Castaneda, A.M.; Melendez, C.M.; Uribe, D.; Pedroza-Diaz, J. Synergistic effects of natural compounds and conventional
chemotherapeutic agents: Recent insights for the development of cancer treatment strategies. Heliyon 2022, 8, e09519. [CrossRef]
[PubMed]

43. Lin, Y.; Yang, X.; Lu, Y.; Liang, D.; Huang, D. Isothiocyanates as H2S Donors Triggered by Cysteine: Reaction Mechanism and
Structure and Activity Relationship. Org. Lett. 2019, 21, 5977–5980. [CrossRef] [PubMed]

http://doi.org/10.1002/ptr.6278
http://doi.org/10.1089/ars.2019.7888
http://www.ncbi.nlm.nih.gov/pubmed/31588780
http://doi.org/10.3389/fphar.2017.00065
http://www.ncbi.nlm.nih.gov/pubmed/28289382
http://doi.org/10.1016/j.phrs.2016.10.019
http://www.ncbi.nlm.nih.gov/pubmed/27777130
http://doi.org/10.3389/fphar.2019.00066
http://www.ncbi.nlm.nih.gov/pubmed/30800067
http://doi.org/10.1016/j.jdermsci.2020.02.004
http://www.ncbi.nlm.nih.gov/pubmed/32098704
http://doi.org/10.1038/s41419-020-2222-9
http://doi.org/10.1111/pcmr.12312
http://doi.org/10.1038/s41467-021-22764-2
http://doi.org/10.1111/j.1755-148X.2012.00986.x
http://doi.org/10.1016/j.cca.2019.01.011
http://doi.org/10.1101/cshperspect.a008656
http://doi.org/10.1186/1476-4598-8-8
http://doi.org/10.1371/journal.pone.0033206
http://www.ncbi.nlm.nih.gov/pubmed/22427990
http://doi.org/10.1016/j.molcel.2014.04.029
http://www.ncbi.nlm.nih.gov/pubmed/24882208
http://doi.org/10.1242/dev.01907
http://www.ncbi.nlm.nih.gov/pubmed/15983400
http://doi.org/10.3389/fonc.2022.887366
http://www.ncbi.nlm.nih.gov/pubmed/35619912
http://doi.org/10.1007/s00018-014-1791-0
http://www.ncbi.nlm.nih.gov/pubmed/25433395
http://doi.org/10.1111/pcmr.12262
http://doi.org/10.1016/j.cell.2005.02.001
http://doi.org/10.3390/cells9092004
http://doi.org/10.3945/jn.114.209320
http://doi.org/10.1093/ajcn/81.1.317S
http://doi.org/10.3390/nu13124324
http://www.ncbi.nlm.nih.gov/pubmed/34959876
http://doi.org/10.1016/j.heliyon.2022.e09519
http://www.ncbi.nlm.nih.gov/pubmed/35669542
http://doi.org/10.1021/acs.orglett.9b02117
http://www.ncbi.nlm.nih.gov/pubmed/31318571


Antioxidants 2023, 12, 41 14 of 15

44. Sakuma, S.; Minamino, S.; Takase, M.; Ishiyama, Y.; Hosokura, H.; Kohda, T.; Ikeda, Y.; Fujimoto, Y. Hydrogen sulfide donor
GYY4137 suppresses proliferation of human colorectal cancer Caco-2 cells by inducing both cell cycle arrest and cell death.
Heliyon 2019, 5, e02244. [CrossRef] [PubMed]

45. Chen, X.X.; Liu, X.W.; Zhou, Z.G.; Chen, X.Y.; Li, L.D.; Xiong, T.; Peng, L.; Tu, J. Diallyl disulfide inhibits invasion and metastasis
of MCF-7 breast cancer cells in vitro by down-regulating p38 activity. J. South. Med. Univ. 2016, 36, 814–818.

46. Zheng, J.; Cheng, X.; Xu, S.; Zhang, L.; Pan, J.; Yu, H.; Bao, J.; Lu, R. Diallyl trisulfide induces G2/M cell-cycle arrest and apoptosis
in anaplastic thyroid carcinoma 8505C cells. Food Funct. 2019, 10, 7253–7261. [CrossRef]

47. Yue, Z.; Guan, X.; Chao, R.; Huang, C.; Li, D.; Yang, P.; Liu, S.; Hasegawa, T.; Guo, J.; Li, M. Diallyl Disulfide Induces Apoptosis and
Autophagy in Human Osteosarcoma MG-63 Cells through the PI3K/Akt/mTOR Pathway. Molecules 2019, 24, 2665. [CrossRef]

48. Testai, L.; Pagnotta, E.; Piragine, E.; Flori, L.; Citi, V.; Martelli, A.; Mannelli, L.D.C.; Ghelardini, C.; Matteo, R.; Suriano, S.; et al.
Cardiovascular benefits of Eruca sativa mill. Defatted seed meal extract: Potential role of hydrogen sulfide. Phytother. Res. 2022,
36, 2616–2627. [CrossRef]

49. Martelli, A.; Piragine, E.; Gorica, E.; Citi, V.; Testai, L.; Pagnotta, E.; Lazzeri, L.; Pecchioni, N.; Ciccone, V.; Montanaro, R.; et al.
The H(2)S-Donor Erucin Exhibits Protective Effects against Vascular Inflammation in Human Endothelial and Smooth Muscle
Cells. Antioxidants 2021, 10, 961. [CrossRef]

50. Hu, X.; Xiao, Y.; Sun, J.; Ji, B.; Luo, S.; Wu, B.; Zheng, C.; Wang, P.; Xu, F.; Cheng, K.; et al. New possible silver lining for pancreatic
cancer therapy: Hydrogen sulfide and its donors. Acta Pharm. Sin. B 2021, 11, 1148–1157. [CrossRef]

51. Martelli, A.; Piragine, E.; Citi, V.; Testai, L.; Pagnotta, E.; Ugolini, L.; Lazzeri, L.; Di Cesare Mannelli, L.; Manzo, O.L.;
Bucci, M.; et al. Erucin exhibits vasorelaxing effects and antihypertensive activity by H(2) S-releasing properties. Br. J. Pharmacol.
2020, 177, 824–835. [CrossRef] [PubMed]

52. Sestito, S.; Pruccoli, L.; Runfola, M.; Citi, V.; Martelli, A.; Saccomanni, G.; Calderone, V.; Tarozzi, A.; Rapposelli, S. Design and
synthesis of H(2)S-donor hybrids: A new treatment for Alzheimer’s disease? Eur. J. Med. Chem. 2019, 184, 111745. [CrossRef]
[PubMed]

53. Kashfi, K.; Olson, K.R. Biology and therapeutic potential of hydrogen sulfide and hydrogen sulfide-releasing chimeras. Biochem.
Pharmacol. 2013, 85, 689–703. [CrossRef]

54. Kaur, H.; Kaur, K.; Singh, A.; Bedi, N.; Singh, B.; Alturki, M.S.; Aldawsari, M.F.; Almalki, A.H.; Haque, S.; Lee, H.J.; et al.
Frankincense oil-loaded nanoemulsion formulation of paclitaxel and erucin: A synergistic combination for ameliorating drug
resistance in breast cancer: In vitro and in vivo study. Front. Pharmacol. 2022, 13, 1020602. [CrossRef]

55. Awadelkareem, A.M.; Al-Shammari, E.; Elkhalifa, A.E.O.; Adnan, M.; Siddiqui, A.J.; Snoussi, M.; Khan, M.I.; Azad, Z.; Patel, M.;
Ashraf, S.A. Phytochemical and In Silico ADME/Tox Analysis of Eruca sativa Extract with Antioxidant, Antibacterial and
Anticancer Potential against Caco-2 and HCT-116 Colorectal Carcinoma Cell Lines. Molecules 2022, 27, 1409. [CrossRef] [PubMed]

56. Prelowska, M.; Kaczynska, A.; Herman-Antosiewicz, A. 4-(Methylthio)butyl isothiocyanate inhibits the proliferation of breast
cancer cells with different receptor status. Pharmacol. Rep. 2017, 69, 1059–1066. [CrossRef] [PubMed]

57. Hell, T.; Dobrzynski, M.; Groflin, F.; Reinhardt, J.K.; Durr, L.; Pertz, O.; Hamburger, M.; Garo, E. Flavonoids from Ericameria
nauseosa inhibiting PI3K/AKT pathway in human melanoma cells. Biomed. Pharmacother. 2022, 156, 113754. [CrossRef]

58. Zitek, T.; Bjelic, D.; Kotnik, P.; Golle, A.; Jurgec, S.; Potocnik, U.; Knez, Z.; Finsgar, M.; Krajnc, I.; Krajnc, I.; et al. Natural
Hemp-Ginger Extract and Its Biological and Therapeutic Efficacy. Molecules 2022, 27, 7694. [CrossRef]

59. AlQathama, A.; Prieto, J.M. Natural products with therapeutic potential in melanoma metastasis. Nat. Prod. Rep. 2015, 32,
1170–1182. [CrossRef]

60. Gimotty, P.A.; Van Belle, P.; Elder, D.E.; Murry, T.; Montone, K.T.; Xu, X.; Hotz, S.; Raines, S.; Ming, M.E.; Wahl, P.; et al. Biologic
and prognostic significance of dermal Ki67 expression, mitoses, and tumorigenicity in thin invasive cutaneous melanoma. J. Clin.
Oncol. 2005, 23, 8048–8056. [CrossRef]

61. Loh, C.Y.; Chai, J.Y.; Tang, T.F.; Wong, W.F.; Sethi, G.; Shanmugam, M.K.; Chong, P.P.; Looi, C.Y. The E-Cadherin and N-Cadherin
Switch in Epithelial-to-Mesenchymal Transition: Signaling, Therapeutic Implications, and Challenges. Cells 2019, 8, 1118.
[CrossRef]

62. Arozarena, I.; Wellbrock, C. Targeting invasive properties of melanoma cells. FEBS J. 2017, 284, 2148–2162. [CrossRef] [PubMed]
63. Cheng, C.S.; Chen, J.X.; Tang, J.; Geng, Y.W.; Zheng, L.; Lv, L.L.; Chen, L.Y.; Chen, Z. Paeonol Inhibits Pancreatic Cancer Cell

Migration and Invasion Through the Inhibition of TGF-beta1/Smad Signaling and Epithelial-Mesenchymal-Transition. Cancer
Manag. Res. 2020, 12, 641–651. [CrossRef]

64. Allegra, M.; De Cicco, P.; Ercolano, G.; Attanzio, A.; Busa, R.; Cirino, G.; Tesoriere, L.; Livrea, M.A.; Ianaro, A. Indicaxanthin from
Opuntia Ficus Indica (L. Mill) impairs melanoma cell proliferation, invasiveness, and tumor progression. Phytomedicine 2018, 50,
19–24. [CrossRef]

65. De Cicco, P.; Ercolano, G.; Tenore, G.C.; Ianaro, A. Olive leaf extract inhibits metastatic melanoma spread through suppression of
epithelial to mesenchymal transition. Phytother. Res. 2022, 36, 4002–4013. [CrossRef] [PubMed]

66. De Cicco, P.; Busa, R.; Ercolano, G.; Formisano, C.; Allegra, M.; Taglialatela-Scafati, O.; Ianaro, A. Inhibitory effects of cynaropicrin
on human melanoma progression by targeting MAPK, NF-kappaB, and Nrf-2 signaling pathways in vitro. Phytother. Res. 2021,
35, 1432–1442. [CrossRef] [PubMed]

67. Saud, A.; Sagineedu, S.R.; Ng, H.S.; Stanslas, J.; Lim, J.C.W. Melanoma metastasis: What role does melanin play? (Review). Oncol.
Rep. 2022, 48, 1–10. [CrossRef]

http://doi.org/10.1016/j.heliyon.2019.e02244
http://www.ncbi.nlm.nih.gov/pubmed/31440595
http://doi.org/10.1039/C9FO00646J
http://doi.org/10.3390/molecules24142665
http://doi.org/10.1002/ptr.7479
http://doi.org/10.3390/antiox10060961
http://doi.org/10.1016/j.apsb.2020.10.019
http://doi.org/10.1111/bph.14645
http://www.ncbi.nlm.nih.gov/pubmed/30825379
http://doi.org/10.1016/j.ejmech.2019.111745
http://www.ncbi.nlm.nih.gov/pubmed/31585237
http://doi.org/10.1016/j.bcp.2012.10.019
http://doi.org/10.3389/fphar.2022.1020602
http://doi.org/10.3390/molecules27041409
http://www.ncbi.nlm.nih.gov/pubmed/35209197
http://doi.org/10.1016/j.pharep.2017.04.014
http://www.ncbi.nlm.nih.gov/pubmed/28958489
http://doi.org/10.1016/j.biopha.2022.113754
http://doi.org/10.3390/molecules27227694
http://doi.org/10.1039/C4NP00130C
http://doi.org/10.1200/JCO.2005.02.0735
http://doi.org/10.3390/cells8101118
http://doi.org/10.1111/febs.14040
http://www.ncbi.nlm.nih.gov/pubmed/28196297
http://doi.org/10.2147/CMAR.S224416
http://doi.org/10.1016/j.phymed.2018.09.171
http://doi.org/10.1002/ptr.7587
http://www.ncbi.nlm.nih.gov/pubmed/36222190
http://doi.org/10.1002/ptr.6906
http://www.ncbi.nlm.nih.gov/pubmed/33058354
http://doi.org/10.3892/or.2022.8432


Antioxidants 2023, 12, 41 15 of 15

68. Kawakami, A.; Fisher, D.E. The master role of microphthalmia-associated transcription factor in melanocyte and melanoma
biology. Lab. Investig. 2017, 97, 649–656. [CrossRef]

69. Denat, L.; Kadekaro, A.L.; Marrot, L.; Leachman, S.A.; Abdel-Malek, Z.A. Melanocytes as instigators and victims of oxidative
stress. J. Investig. Dermatol. 2014, 134, 1512–1518. [CrossRef]

70. Xing, X.; Dan, Y.; Xu, Z.; Xiang, L. Implications of Oxidative Stress in the Pathogenesis and Treatment of Hyperpigmentation
Disorders. Oxid. Med. Cell. Longev. 2022, 2022, 7881717. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1038/labinvest.2017.9
http://doi.org/10.1038/jid.2014.65
http://doi.org/10.1155/2022/7881717

	Introduction 
	Materials and Methods 
	Reagents and Cell Culture 
	Proliferation Assay 
	Flow Cytometry Analysis 
	Caspase 3/9 Activity Assay 
	RNA Extraction and Quantitative Real-Time PCR (qPCR) 
	Migration Assay 
	Clonogenic Assay 
	Invasion Assay 
	Measurement of Melanin Content 
	Statistical Analysis 

	Results 
	ERU Affected the Proliferation Rate of Human Melanoma Cell Lines 
	ERU Induced Apoptosis and the Cell Cycle Arrest of Human Melanoma Cells 
	ERU Modulated the Expression of Cadherins in Human Melanoma Cells 
	ERU at Low Concentrations Impaired Melanoma Cell Migration and Invasiveness 
	ERU Inhibited ROS Production in Melanoma Cells by Limiting Their Mitochondrial Function 

	Discussion 
	Conclusions 
	References

