Northumbria Research Link

Citation: Mitsiogianni, Melina, Kyriakou, Sotiris, Anestopoulos, loannis, Trafalis, Dimitrios
T., Deligiorgi, Maria V., Franco, Rodrigo, Pappa, Aglaia and Panayiotidis, Mihalis I. (2021)
An Evaluation of the Anti-Carcinogenic Response of Major Isothiocyanates in Non-
Metastatic and Metastatic Melanoma Cells. Antioxidants, 10 (2). p. 284. ISSN 2076-3921

Published by: MDPI
URL: https://doi.org/10.3390/antiox10020284 <https://doi.org/10.3390/antiox10020284>

This version was downloaded from Northumbria Research Link:
http://nrl.northumbria.ac.uk/id/eprint/45424/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners. Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without prior permission or charge, provided the authors, title and full bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder. The full policy is

available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of the research, please visit the publisher's website (a subscription
may be required.)

ok Northumbria 5

University
NEWCASTLE w

O]

8 UniversityLibrary


http://nrl.northumbria.ac.uk/policies.html

= o

antioxidants

Article

An Evaluation of the Anti-Carcinogenic Response of Major
Isothiocyanates in Non-Metastatic and Metastatic
Melanoma Cells

Melina Mitsiogianni *, Sotiris Kyriakou 23%, Joannis Anestopoulos 23, Dimitrios T. Trafalis 4, Maria V. Deligiorgi 4,
Rodrigo Franco 56, Aglaia Pappa 7 and Mihalis I. Panayiotidis 123*

Citation: Mitsiogianni, M.;
Kyriakou, S.; Anestopoulos, I;
Trafalis, D.T.; Deligiorgi, M.V ;
Franco, R.; Pappa, A.; Panayiotidis,
M.IL An Evaluation of the
Anti-Carcinogenic Response of
Major Isothiocyanates in
Non-Metastatic and Metastatic
Melanoma Cells. Antioxidants 2021,
10, 284. https://doi.org/10.3390/
antiox10020284

Academic Editor: Alessandra Napo-
litano

Received: 24 December 2020
Accepted: 10 February 2021
Published: 13 February 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2021 by the authors. Li-
censee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (http://crea-

tivecommons.org/licenses/by/4.0/).

1 Department of Applied Sciences, Northumbria University, Newcastle Upon Tyne NE1 8ST, UK;
melina.mitsiogianni@northumbria.ac.uk

2 Department of Electron Microscopy & Molecular Pathology, The Cyprus Institute of Neurology & Genetics,
Nicosia 2371, Cyprus; sotirisk@cing.ac.cy (S.K.); ioannisa@cing.ac.cy (I.A.)

3 The Cyprus School of Molecular Medicine, P.O. Box 23462, Nicosia 1683, Cyprus

¢ Laboratory of Pharmacology, Medical School, National & Kapodistrian University of Athens, 11527 Athens,
Greece; dtrafal@med.uoa.gr (D.T.T.); mdeligiorgi@yahoo.com (M.V.D.)

5 Redox Biology Centre, University of Nebraska-Lincoln, Lincoln, NE 68583, USA; rodrigo.franco@unl.edu

¢ Department of Veterinary Medicine & Biomedical Sciences, University of Nebraska-Lincoln, Lincoln,
NE 68583, USA

7 Department of Molecular Biology & Genetics, Democritus University of Thrace, 68100 Alexandroupolis,

Greece; apappa@mbg.duth.gr

Correspondence: mihalisp@cing.ac.cy; Tel.: +357-223-92626

t Equally contributing authors.

Abstract: Malignant melanoma is one of the most deadly types of solid cancers, a property mainly
attributed to its highly aggressive metastatic form. On the other hand, different classes of isothiocy-
anates, a class of phytochemicals, present in cruciferous vegetables have been characterized by con-
siderable anti-cancer activity in both in vitro and in vivo experimental models. In the current study,
we investigated the anti-cancer response of five isothiocyanates in an in vitro model of melanoma
consisting of non-metastatic (A375, B16F-10) and metastatic (VMM1, Hs294T) malignant melanoma
as well as non-melanoma epidermoid carcinoma (A431) and non-tumorigenic melanocyte-neigh-
boring keratinocyte (HaCaT) cells. Our aim was to compare different endpoints of cytotoxicity (e.g.,
reactive oxygen species, intracellular glutathione content, cell cycle growth arrest, apoptosis and
necrosis) descriptive of an anti-cancer response between non-metastatic and metastatic melanoma
as well as non-melanoma epidermoid carcinoma and non-tumorigenic cells. Our results showed
that exposure to isothiocyanates induced an increase in intracellular reactive oxygen species and
glutathione contents between non-metastatic and metastatic melanoma cells. The distribution of cell
cycle phases followed a similar pattern in a manner where non-metastatic and metastatic melanoma
cells appeared to be growth arrested at the G2/M phase while elevated levels of metastatic mela-
noma cells were shown to be at sub G1 phase, an indicator of necrotic cell death. Finally, metastatic
melanoma cells were more sensitive apoptosis and/or necrosis as higher levels were observed com-
pared to non-melanoma epidermoid carcinoma and non-tumorigenic cells. In general, non-mela-
noma epidermoid carcinoma and non-tumorigenic cells were more resistant under any experi-
mental exposure condition. Overall, our study provides further evidence for the potential develop-
ment of isothiocyanates as promising anti-cancer agents against non-metastatic and metastatic mel-
anoma cells, a property specific for these cells and not shared by non-melanoma epidermoid carci-
noma or non-tumorigenic melanocyte cells.

Keywords: isothiocyanates; sulforaphane; iberin; allyl isothiocyanate; benzyl isothiocyanate;
phenethyl isothiocyanate; anti-cancer agents; melanoma; reactive oxygen species; glutathione; cell
cycle arrest; apoptosis; necrosis
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1. Introduction

Malignant melanoma (MM) is one of the deadliest types of malignancies, and it is
characterized by continuously increasing rates worldwide [1-5]. Although it accounts for
approximately 5% of skin cancer cases, it is related to high mortality rates which account
for approximately 80% of skin cancer deaths [6]. The aggressiveness of MM is related to
low 5-year survival rates (i.e., less than 15%) while patients with advanced stage MM (i.e.,
stage IV) have a median survival of less than one year [6,7]. MM arises from the progres-
sive accumulation of melanocytic lesions while important risk factors include genetic pre-
disposition as well as prolonged UV exposure, strongly associated with the onset and pro-
gression of the disease [8-10]. A number of genetic abnormalities have been identified and
associated with the onset of MM including mutations in BRAF, NRAS and KIT while ad-
ditional mutations in TP53, TERT and PTEN are required for the occurrence of the inva-
siveness of the disease [11-14]. Currently, treatment options for early stages of MM in-
clude surgical resection while systemic therapy (i.e., chemotherapy (e.g., paclitaxel, te-
mozolomide), immuno-therapy by means of cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed cell death protein 1 (PD-1) inhibitors (e.g., Ipilimumab, Nivo-
lulab, Pembrolizumab) and targeted therapy by means of BRAF and MEK inhibitors (e.g.,
Dabrafenib, Vemurafenib, Trametinib)) is applied for more advanced and metastatic types
of the disease [6,7,11]. However, although the significant clinical progress due to these
therapeutic approaches, MM is still incurable as it is associated with high rates of recur-
rence and poor prognosis. In addition, the observed side effects caused by systemic tox-
icity, along with drug resistance, can further contribute to the limited therapeutic efficacy
against MM [6,11,15]. To this end, the development of new therapeutic approaches is of
high importance in order to improve current existing protocols, thereby improving the
quality of life in MM patients [6,15-17].

A number of studies have revealed that phytochemicals have been associated with
significant anti-cancer activity against a variety of tumors. Many epidemiological studies
have indicated an inverse correlation between consumption of fruits and vegetables and
risk for cancer development [18,19]. In this context, the beneficiary and health-promoting
properties of various phytochemicals against skin malignancies have been extensively de-
scribed [20-22]. Specifically, it has been reported that the consumption of cruciferous veg-
etables is associated with reduced risk of cancer development, a capacity associated with
their high content of sulfur-containing phytochemicals known as isothiocyanates (ITCs)
[23-26]. These are secondary metabolites obtained from hydrolysis of their precursor mol-
ecules (glucosinolates), by myrosinase, an enzyme activated after plant tissue disruption
[27] (Figure 1). The importance of ITCs as nutraceutical agents is reflected upon their ca-
pacity to modulate enzymes involved in (i) detoxification, (ii) apoptotic induction, (iii) cell
cycle growth arrest and (iv) interactions with various other cellular pathways of tumor
growth and invasion known to be deregulated in various cancers including MM [28-38].
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Figure 1. Schematic representation of the enzymatic conversion of glucosinolates into ITCs by the action of myrosinase.
Sulfoxide, allylic and aromatic derivatives of glucosinolates are presented as the three major ones along with their respec-
tive ITCs namely IBN, SEN, AITC, PEITC and BITC, respectively.

Although the great majority of studies have documented an anti-cancer activity of
ITCs against non-metastatic melanoma cell lines [33-35], their effect in metastatic mela-
noma cells has remained largely undetermined. Thus, in the present study, we have aimed
to evaluate and compare the anti-cancer potency of five major ITCs (e.g., sulforaphane;
SEN, iberin; IBN, allyl isothiocyanate; AITC, benzyl isothiocyanate; BITC and phenethyl
isothiocyanate; PEITC) in metastatic (A375, B16F-10) and non-metastatic (VMM1, Hs294T)
melanoma cells. Furthermore, we have adopted non-melanoma epidermoid carcinoma
(A431) and immortalized non-tumorigenic melanocyte-neighboring keratinocyte (Ha-
CaT) cells in order to characterize the specificity of our observations to MM alone.

2. Materials and Methods
2.1. Cell Lines and Cultures

A375 and A431 cells were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ha-
CaT cells were kindly provided by Sharon Broby (Dermal Toxicology & Effects Group;
Centre for Radiation, Chemical and Environmental Hazards; Public Health England, UK).
Finally, VMM1, Hs294T and B16F-10 cells were obtained from LGC Standards (Middlesex,
UK). All cells were authenticated by Short Tandem Repeat (STR) profiling, tested for my-
coplasma and cultured for 15-20 passages before the usage of new stocks. All cell lines
were maintained in a humidified atmosphere at 37 °C and 5% CO: and according to the
provider’s recommended culture conditions.
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2.2. Exposure Protocols

For the estimation of reactive oxygen species (ROS), glutathione (GSH), cell cycle ki-
netics, apoptosis and necrosis, cells were seeded in 100 mm dishes, followed by overnight
incubation. The next day, all cells were exposed to 10 uM of each ITC for 24 and 48 h
incubation periods. Untreated (control) cells were incubated with either 0.1% DMSO or
0.1% EtOH. The density of seeded cells was determined as previously published [16,17].

2.3. Determination of Biological Endpoints

After exposure to each ITC, a single cell suspension of 10¢ cells/mL was prepared. For
the determination of ROS, DHR 123 (10 uM) was added in the suspension and incubated
for 5 min at 37 °C while DAPI (1 uM) was added to each sample and incubated for addi-
tional 5 min, in order to determine the % of dead cells. For the determination of GSH, 5
UL of ThiolGreen detection reagent was added into each cell suspension. Samples were
incubated at 37 °C (for 30 min), centrifuged (at 1000 rpm for 4 min) and cell pellets were
resuspended in 1 mL of Assay Buffer. Finally, DAPI (1 uM) was added into each sample
and incubated for 5 min in order to determine the % of dead cells in the suspension. For
the determination of cell cycle kinetics, the FxCycle PI/RNase staining solution was used
according to the manufacturer’s instructions. Briefly, about 0.5 x 10¢ cells were fixed in
cold 70% ethanol, for 1 h or longer, and kept at 4 °C until further processing. Then, cells
were washed twice with PBS to remove ethanol and finally suspended in FxCycle
PI/RNase staining solution for 30 min, at room temperature, in dark conditions. For the
detection of apoptosis, the CellEvent Caspase 3/7 Green flow cytometry assay kit was
used, according to the manufacturer’s instructions. Briefly, 0.5 uL of CellEvent Caspase
3/7 Green detection reagent was added into 0.5 mL of each cell suspension and samples
were incubated at 37 °C for 30 min. Finally, DAPI (1 uM) was added to each sample and
incubated for 5 min in order to determine the percent of dead cells in the suspension.
Caspase-3/7-positive and DAPI-positive cells were identified as apoptotic and/or necrotic,
respectively. For all determinations, 10,000 events were used (for each sample) while data
acquisition and analysis were performed using a FACS Canto II flow cytometer (BD Bio-
sciences, San Jose, CA, USA).

2.4. Statistical Analyses

Data were expressed as mean values * standard deviation (SD). Comparisons
between control and treated groups were analyzed by one-way ANOVA with Tukey’s
test for multiple comparisons using the SPSS v.22 software. Levels of p < 0.05, p <0.01 and
p <0.001 were considered statistically significant.

3. Results

We have previously provided evidence that SEN, IBN, AITC, BITC and PEITC exhib-
ited significant cytotoxic activity against an in vitro model of MM [16,17]. Based on these
findings, exposure to 10 uM, at 24 and 48 h, of each ITC were selected as the optimum
conditions for all experiments in this study. To this end, we have adopted these conditions
in order to evaluate if the previously documented cytotoxic capacity of ITCs [16,17] is
mediated through perturbations in levels of ROS, GSH, apoptosis, and necrosis as well as
changes in cell cycle growth arrest kinetics.

For assessing ROS production, we have used a flow cytometry approach (Figure 2A—
F and Supplementary Figure S1A-F). Our data revealed that for the majority of ITCs, 48
h of exposure induced higher levels of ROS (when compared to 24 h) in all cell lines. Spe-
cifically, the most robust ROS induction was observed in A375 and B16F-10 (Figure 2A,B,
respectively) compared to VMM1 and Hs294T (Figures 2C,D, respectively) cell lines.
However, A431 and HaCaT cells appeared to be more resistant in ITCs-induced ROS gen-
eration (Figure 2E,F, respectively). In fact, their ROS levels were almost similar to those
observed in metastatic melanoma cells.
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Figure 2. The effect of various ITCs on ROS levels in an in vitro model of MM. Cells were exposed
to 10 uM of each ITC, for 24 and 48 h, and monitored by means of flow cytometry. Results were
quantitated as ROS fold induction levels for (A) A375, (B) B16F-10, (C) VMM]1, (D) Hs294T, (E)
A431 and (F) HaCaT cells. Data shown are means + SD of three replicates from three independent
experiments. " p <0.05. " p <0.01,” p <0.001, when compared to untreated (control) cells.

Next, we sought to determine the effects of ITCs on the intracellular levels of GSH by
flow cytometry (Figure 3A-F and Supplementary Figure S2A-F). According to our data,
the main pattern of GSH levels followed either a significant decrease (Figure 3A,D and F)
or remained at control levels (Figure 3B,C and E) over 24 h of exposure for the majority of
ITCs, in all cell lines, accompanied by a marked increase at 48 h of ITCs exposure (Figure

3A-F).
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Figure 3. The effect of various ITCs on GSH levels in an in vitro model of MM. Cells were exposed
to 10 uM of each ITC, for 24 and 48 h, and monitored by means of flow cytometry. Results were
quantitated as relative GSH levels for (A) A375, (B) B16F-10 (C) VMM]1, (D) Hs294T, (E) A431 and
(F) HaCaT cells. Data shown are means + SD of three replicates from three independent experi-
ments. “p <0.05, " p <0.01,” p <0.001, when compared to untreated (control) cells.

In the next series of experiments, we examined the effect of ITCs exposure in causing
perturbations on cell cycle progression by flow cytometry (Figure S3A-F). In A375 and
B16F-10 cells, ITCs induced cell cycle growth arrest at G2/M phase, an effect that was in-
tensified after 48 h of exposure, in A375 cells (Figure 4A), while, in B16F-10 cells, this was
clearly not the case as there was no evidence of growth arrest (Figure 4B). In VMM1 and
Hs294T cells, exposure to ITCs resulted in G2/M growth arrest but to a lesser extent when
compared to A375 cells (Figure 4C,D). In A431 cells, ITCs exhibited a G2/M growth arrest
evident at 48 h of exposure only while non-tumorigenic cells did not exhibit any evidence
of cell cycle growth arrest (Figure 4E,F, respectively). Overall, our findings indicate cell
cycle perturbations in non-metastatic and metastatic melanoma as well as non-melanoma
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cells (with a predominant growth arrest at G2/M phase) while non-tumorigenic cells re-
mained largely unaffected after exposure to ITCs.
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Figure 4. The effect of various ITCs on cell cycle progression in an in vitro model of MM. Cells were exposed to 10 uM of
each ITC, for 24 and 48 hr, and monitored by means of flow cytometry. Results were quantified as percent of total DNA
content accumulated at each phase of the cell cycle (e.g., sub-G1, G1, S and G2/M) for (A) A375, (B) B16F-10, (C) VMM,
(D) Hs294T, (E) A431 and (F) HaCaT cells. Data shown are means + SD of three replicates from three independent exper-
iments. p< 0.05, "p < 0.01,”p < 0.001, when compared to untreated (control) cells.

Finally, we evaluated the type of cell death under the same experimental conditions
by using flow cytometry in order to distinguish between necrosis and apoptosis. Overall,
our data indicated that exposure to ITCs exhibited a modest induction of necrosis while
minimally affecting apoptosis as the great majority of the various cell types remained vi-
able at the end of each exposure protocol. Specifically, A375 and B16F-10 cells appeared
to be more sensitive to necrosis (Figure 5C,F) rather than apoptosis (Figure 5B,E) after
exposure to ITCs. These observations were evenly distributed among all tested ITCs. On
the other hand, VMM1 and Hs294T cells appeared to follow the same pattern of apoptotic
(Figure 5H,K) and/or necrotic (Figure 5L, L) cell death except that the effect of aromatic
compounds (e.g., BITC and PEITC) was substantially higher in both types of cell death.
Finally, A431 and HaCaT cells showed to be resistant to ITCs-induced cell death as evi-
dent by a small percent of apoptotic (Figure 5N,Q) and/or necrotic (Figure 50,R) cells.
Overall, our results indicate that exposure to ITCs induces both a necrotic as well as apop-
totic cell death in non-metastatic and metastatic melanoma cells while non-melanoma ep-
idermoid carcinoma and non-tumorigenic cells remain largely unaffected.
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Figure 5. The effect of various ITCs on apoptotic and necrotic cell death in an in vitro model of MM. Cells were exposed
to 10 uM of each ITC, for 24 and 48 h, and monitored by means of flow cytometry. Results were quantitated as percent of
live, apoptotic and necrotic cell populations for (A-C; A375), (D-F; B16F-10), (G-I; VMM1), (J-L; Hs294T), (M-O; A431),
(P-R; HaCaT) cells. Data shown are means + SD of three replicates from three independent experiments. "p< 0.05, “p <

otk

0.01,"p < 0.001, when compared to untreated (control) cells.

4. Discussion

MM is one of the most aggressive and lethal types of solid cancers worldwide, with
its metastatic form accounting for 80% of all deaths related to skin cancer, despite the use
of several promising therapeutic treatment options [6,39]. On the other hand, epidemio-
logical studies revealed that a balanced diet, rich in cruciferous vegetables, is inversely
related with the incidence of skin cancer development [23]. To these ends, ITCs represent
an important class of bioactive dietary compounds that exhibit a wide range of biological
activities including anti-inflammatory, anti-bacterial, anti-aging, and anti-cancer in vari-
ous types of cancers. In MM, the underlined ITCs-induced anti-cancer mechanisms are
mediated through alterations in various otherwise deregulated cellular signaling path-
ways associated with cell growth, proliferation and apoptosis, thereby negatively regulat-
ing the initiation and progression of this type of malignancy [24,25].

Initially, we have evaluated the potential of ITCs to induce oxidative stress as an im-
portant parameter of their cytotoxicity. Despite ITCs-induced stimulation of oxidative
stress, a differential response in ROS production was evident depending on the cell type
itself as well as the class of ITC used in each exposure protocol. Specifically, our results
indicated that ROS induction in non-metastatic melanoma cells was significantly higher
compared to metastatic melanoma, non-melanoma epidermoid carcinoma and non-ma-
lignant cells. The observed differences in contents of intracellular ROS levels could be
linked to the differential response of each cell type against ITCs-induced cytotoxicity.
Overall, our data are in agreement with other reports indicating that ITCs (particularly
BITC and PEITC) can promote ROS-induced cytotoxicity in various in vitro models of
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lung cancer [40-42]. Furthermore, in another study, SFN was shown to increase ROS lev-
els in a p53-null osteosarcoma (MG-63) as well as bronchial epithelial (BEAS-2B) cell lines
where ROS accumulation was accompanied by increased expression levels of Nrf2 and
heme oxygenase-1 (OH-1) leading to cell death [43,44].

Then, we attempted to evaluate the role of GSH in the differential response of each
cell line against exposure to ITCs. Overall, the levels of total intracellular GSH content
were significantly increased in non-metastatic cells while the same pattern was observed
also in all the other cell lines as well, but to a lesser extent. The marked increase in GSH
levels was particularly evident at 48 h of ITCs exposure, an observation that may be inter-
preted either as a consequence to increased levels of oxidative stress or as an adaptive
response for the metabolism of ITCs via the mercapturic acid pathway. For the latter,
many reports suggest that the mode of action of ITCs is based on their ability to conjugate
with intracellular GSH forming dithio-carbamates [45-48]. However, these conjugates ap-
peared unstable due to extracellular hydrolysis, resulting in the burst elevation of GSH
that is reabsorbed back to the cell [45,49]. To this end, another study has suggested that
ITCs are capable of inducing oxidative stress due to their conjugation with intracellular
GSH, thereby deactivating a major constituent of the intracellular antioxidant cell defense
mechanism [50,51].

Moreover, when assessing cellular distribution in the context of cell cycle growth ar-
rest, metastatic and non-metastatic melanoma cells showed a similar pattern indicative of
a G2/M phase growth arrest. In addition, non-melanoma epidermoid carcinoma cells were
also shown to be growth arrested at G2/M phase, an observation that was not shared by
non-malignant cells as they remained largely unaffected after exposure to ITCs. A number
of studies have provided contradicted data regarding the capacity of ITCs to induce
growth arrest at G2/M phase in various cancer cell lines [52-55] or other cell cycle phases
like GO/G1 [56] and G1/S [57] as well. In particular, exposure of epithelial colorectal ade-
nocarcinoma (CaCo-2 and SW620) cells to SEN, AITC, BITC and PEITC was shown to
induce a growth arrest at G2/M phase while exposure of human oral squamous carcinoma
(HSC-3) and breast ductal carcinoma (ZR-75-1) cells to PEITC and SFN respectively
caused growth arrest at GO/G1 phase [55-57]. To these ends, exposure to IBN also appears
to follow the same pattern in neuroblastoma (HT 92 and SK-N/-SH) cells by inducing a
growth arrest at G2/M and G0/G1 phases, respectively [58].

Finally, our findings confirmed that ITCs are capable of inducing a modest induction
of apoptotic and/or a necrotic cell death, in all cell lines, but to a different extent depending
on cell type. Specifically, the levels of apoptosis were diminished when compared to those
of necrosis in all cell lines. In addition, levels of both necrosis and apoptosis were signifi-
cantly higher in metastatic and non-metastatic melanoma cells when compared to non-
melanoma epidermoid carcinoma and non-tumorigenic ones. This is of major importance
as previous work, by our group, has shown that, although higher concentrations of ITCs
(25-100 uM) were capable of exerting significantly higher levels of an anti-cancer re-
sponse, this was demonstrated by a pattern of non-specificity towards both tumorigenic
and non-tumorigenic cells [16,17,26]. In other words, an ITC concentration above 10 uM
appeared to be considerably more cytotoxic for any cell line regardless if it was tumor-
igenic or not (i.e., non-specific potency) [16,17,26]. To overcome the barrier of such non-
specificity, we have selected an ITC concentration of 10 uM, over 48 h of exposure, as this
was shown to be the maximum concentration capable of exerting cytotoxicity to mela-
noma cells while tumorigenic non-melanoma (A431) as well as non-tumorigenic keratino-
cyte (HaCaT) cells remained relatively resistant [16,17,26]. Finally, according to the litera-
ture, the cytotoxic effect of ITCs appears to be mediated through activation of both apop-
totic and necrotic cell death, a response that is related to the specific type of cells used
under various experimental protocols, thus indicating a bimodal mode of cell death in-
duction [59-62].
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5. Conclusions

In the present study, we have provided evidence that major ITC compounds (e.g.,
SEN, IBN, AITC, BITC and PEITC) exert a differential anti-cancer response against meta-
static and non-metastatic melanoma cells, by means of increased intracellular ROS and
total reduced GSH levels and perturbations in cell cycle distribution kinetics along with
activation of cytotoxicity-induced apoptotic and/or necrotic cell death. Specifically, BITC
and PEITC were shown to be the most potent compounds in inducing activation of ne-
crotic cell death in metastatic melanoma cell lines when compared to the non-metastatic
ones. At the same time, non-melanoma epidermoid carcinoma and immortalized melano-
cyte-neighboring keratinocyte cells were shown to be more resistant to treatment with all
ITCs. Moreover, our data showed that the order of ITCs’ cytotoxic potency was as follows:
BEITC~PEITC > SFN~IBN > AITC. These observations are in agreement with the results
from other studies suggesting that the structure of ITCs is strongly associated with their
cytotoxic potential as aromatic compounds (BITC and PEITC) appear to be most potent
when compared to the aliphatic (AITC) and organosulfur (SBN and IBN) ones [63-65].
Furthermore, this effect could be attributed to the relative volatility of ITCs as aromatic
ITCs appear to be considerably less volatile compared to allylic ones [66]. In conclusion,
our study provides further evidence about the potential of ITCs to act as novel therapeutic
agents, thereby supporting their inclusion in pharmaceutical drug development against
MM.

Supplementary Materials: The following are available online at www.mdpi.com/2076-
3921/10/2/284/s1, Figure S1: The effect of ITCs (SEN, IBN, AITC, BITC, PEITC) on ROS levels in an
in vitro model of malignant melanoma, Figure S2: The effect of ITCs (SEN, IBN, AITC, BITC, PEITC)
on GSH levels in an in vitro model of malignant melanoma, Figure S3: The effect of ITCs (SFN, IBN,
AITC, BITC, PEITC) on cell cycle in an in vitro model of malignant melanoma, Figure S4: The effect
of ITCs (SEN, IBN, AITC, BITC, PEITC) to induce apoptosis and/or necrosis in an in vitro model of
malignant melanoma.

Author Contributions: Conceptualization, D.T.T.; R.F.; A.P. and M.L.P.; methodology, M.M.; S.K.
and LA.; formal analysis, M.M.; S.K. and I.A.; investigation, M.M. and S.K.; and L A.; resources,
M.LP.; data curation, M.M.; SK. and I.A.; writing —original draft preparation, M.M.; S.K. and LA.;
D.T.T,; M.V.D,; RF.; AP. and M.LP.; writing—review and editing, M.M,; SK,; L.A; D.T.T., M.V.D.;
R.F.; A.P. and M.LP; supervision, M.I.P.; project administration, M.I.P.; funding acquisition, M.LP.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by internal seed funds from The Cyprus Institute of Neurology
and Genetics, Nicosia, Cyprus (M.LP.) as well as from internal start-up funds from Northumbria
University, Newcastle, UK (M.LP.) including a PhD studentship (M.M.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not Applicable.
Data Availability Statement: Data are contained within the article and supplementary material.

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

References

1.  Apalla, Z; Nashan, D.; Weller, R.B.; Castellsague, X. Skin cancer: Epidemiology, disease burden, pathophysiology, diagnosis,
and therapeutic approaches. Dermatol. Ther. 2017, 7, 5-19.

2. Apalla, Z; Lallas, A.; Sotiriou, E.; Lazaridou, E.; Ioannides, D. Epidemiological trends in skin cancer. Dermatol. Pract. Concept.

2017, 7, 1-6.

Leiter, U.; Eigentler, T.; Garbe, C. Epidemiology of skin cancer. Adv. Exp. Med. Biol. 2014, 810, 120-140.

4. Arnold, M.; Holterhues, C.; Hollestein, L.M.; Coebergh, ].W.; Nijsten, T.; Pukkala, E.; Holleczek, B.; Tryggvadottir, L.; Comber,
H.; Bento, M.].; et al. Trends in incidence and predictions of cutaneous melanoma across Europe up to 2015. J. Eur. Acad. Der-
matol. Venereol. 2014, 28, 1170-1178.

5. Hunter, H.L.; Dolan, O.M.; McMullen, E.; Donnelly, D.; Gavin, A. Incidence and survival in patients with cutaneous malignant
melanoma: Experience in a U.K. population, 1984-2009. Br. ]. Dermatol. 2013, 168, 676-678.

6. Bomar, L.; Senithilnathan, A.; Ahn, C. Systemic therapies for advanced melanoma. Dermatol. Clin. 2019, 37, 409-423.

@



Antioxidants 2021, 10, 284 12 of 14

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Bhandaru, M.; Rotte, A. Monoclonal antibodies for the treatment of melanoma: Present and future strategies. Methods Mol. Biol.
2019, 1904, 83-108.

Emri, G.; Paragh, G.; Tosaki, A.; Janka, E.; Kollar, S.; Hegedus, C.; Gellen, E.; Horkay, I.; Koncz, G.; Remenyik, E. Ultraviolet
radiation-mediated development of cutaneous melanoma: An update. |. Photochem. Photobiol. B 2018, 185, 169-175.

Sample, A.; He, Y.Y. Mechanisms and prevention of UV-induced melanoma. Photodermatol. Photoimmunol. Photomed. 2018, 34,
13-24.

Samarasinghe, V.; Madan, V. Non melanoma skin cancer. J. Cutan. Aesthet. Surg. 2012, 5, 3-10.

Rozeman, E.A.; Dekker, T.J.A.; Haanen, ].B.A.G.; Blank, C.U. Advanced melanoma: Current treatment options, biomarkers, and
future perspectives. Am. J. Clin. Dermatol. 2018, 3, 303-317.

Mantso, T.; Vasileiadis, S.; Lampri, E.; Botaitis, S.; Perente, S.; Simopoulos, C.; Chlichlia, K.; Pappa, A.; Panayiotidis, M.I. Hy-
perthermia suppresses post in vitro proliferation and tumor growth in murine malignant melanoma and colon carcinoma. An-
ticancer Res. 2019, 39, 2307-2315.

Mantso, T.; Trafalis, D.T.; Botaitis, S.; Franco, R.; Pappa, A.; Rupasinghe, H.P.V.; Panayiotidis, M.I. Novel docosahexaenoic acid
ester of phloridzin inhibits proliferation and triggers apoptosis in an in vitro model of skin cancer. Antioxidants 2018, 7, 188.
Mirea, M.A; Eckensperger, S.; Hengstschlager, M.; Mikula, M. Insights into differentiation of melanocytes from human stem
cells and their relevance for melanoma treatment. Cancers 2020, 12, E2508.

Di Martile, M.; Garzoli, S.; Ragno, R.; Del Bufalo, D. Essential oils and their main chemical components: The past 20 years of
preclinical studies in melanoma. Cancers 2020, 12, E2650.

Mitsiogianni, M.; Trafalis, D.T.; Franco, R.; Zoumpourlis, V.; Pappa, A.; Panayiotidis, M.I. Sulforaphane and iberin are potent
epigenetic modulators of histone acetylation and methylation in malignant melanoma. Eur. J. Nutr. 2020, 60, 147-158.
Mitsiogianni, M.; Mantso, T.; Trafalis, D.T.; Vasantha Rupasinghe, H.P.; Zoumpourlis, V.; Franco, R.; Botaitis, S.; Pappa, A.;
Panayiotidis, M.I. Allyl isothiocyanate regulates lysine acetylation and methylation marks in an experimental model of malig-
nant melanoma. Eur. . Nutr. 2020, 59, 557-569.

Kim, K.H.; Moon, E.; Choi, S.U.; Kim, S.Y.; Lee, K.R. Polyphenols from the bark of Rhus verniciflua and their biological evalu-
ation on antitumor and anti-inflammatory activities. Phytochemistry 2013, 92, 113-121.

Ruiz, R.B.; Hernandez, P.S. Cancer chemoprevention by dietary phytochemicals: Epidemiological evidence. Maturitas 2016, 94,
13-19.

Katta, R.; Brown, D.N. Diet and skin cancer: The potential role of dietary antioxidants in nonmelanoma skin cancer prevention.
J. Skin Cancer 2015, 2015, 893149-893159.

Islam, S.U.; Ahmed, M.B.; Ahsan, H.; Islam, M.; Shehzad, A.; Sonn, ].K.; Lee, Y.S. An update on the role of dietary phytochem-
icals in human skin cancer: New insights into molecular mechanisms. Antioxidants 2020, 9, E916.

Sajadimajd, S.; Bahramsoltani, R.; Iranpanah, A ; Patra, ].K,; Das, G.; Gouda, S.; Rahimi, R.; Rezaeiamiri, E.; Cao, H.; Giampieri,
F.; et al. Advances on natural polyphenols as anticancer agents for skin cancer. Pharmacol. Res. 2020, 151, 104584.

Razis, A.F.A.; Noor, N.M. Cruciferous vegetables: Dietary phytochemicals for cancer prevention. Asian Pac. ]. Cancer Prev. 2013,
14, 1565-1570.

Mitsiogianni, M.; Koutsidis, G.; Mavroudis, N.; Trafalis, D.T.; Botaitis, S.; Franco, R.; Zoumpourlis, V.; Amery, T.; Galanis, A.;
Pappa, A.; et al. The role of isothiocyanates as cancer chemo-preventive, chemo-therapeutic and anti-melanoma agents. Antiox-
idants 2019, 8, 106.

Mitsiogianni, M.; Amery, T.; Franco, R.; Zoumpourlis, V.; Pappa, A.; Panayiotidis, M.I. From chemo-prevention to epigenetic
regulation: The role of isothiocyanates in skin cancer prevention. Pharmacol. Ther. 2018, 190, 187-201.

Mantso, T.; Sfakianos, A.P.; Atkinson, A.; Anestopoulos, I.; Mitsiogianni, M.; Botaitis, S.; Perente, S.; Simopoulos, C.; Vasileiadis,
S.; Franco, R.; et al. Development of a novel experimental in vitro model of isothiocyanate-induced apoptosis in human malig-
nant melanoma cells. Anticancer Res. 2016, 36, 6303—-6309.

Liu, F.; Yang, H.; Wang, L.; Yo, B. Biosynthesis of the high-value plant secondary product benzyl isothiocyanate via functional
expression of multiple heterologous enzymes in Escherichia coli. ACS Synth. Biol. 2016, 12, 1557-1565.

Tsai, S.C.; Huang, W.W.; Huang, W.C,; Lu, C.C,; Chiang, ].H.; Peng, S.F.; Chung, ].G.; Lyn, Y.H.; Hsu, Y.M.; Amagaya, S.; et al.
ERK-modulated intrinsic signaling and G2/M phase arrest contribute to the induction of apoptotic death by allyl isothiocyanate
in MDA-MB-468 human breast adenocarcinoma cells. Int. . Oncol. 2012, 41, 2065-2072.

Lai, K.C; Lu, C.C; Tang, Y.J.; Chiang, ].H.; Kuo, D.H.; Chen, F.A.; Chen, LL.; Yang, ].S. Allyl isothiocyanate inhibits cell metas-
tasis through suppression of the MAPK pathways in epidermal growth factor-stimulated HT29 human colorectal adenocarci-
noma cells. Oncol. Rep. 2014, 31, 189-196.

Cheng, Y.M.; Tsai, C.C; Hsu, Y.C. Sulforaphane, a dietary isothiocyanate, induces G2/M arrest in cervical cancer cells through
cyclin B1 downregulation and GADD45(3/CDC2 association. Int. ]. Mol. Sci. 2016, 17, 1-13.

Xu, C.; Shen, G.; Yuan, X.; Kim, ].H.; Gopalkrishnan, A.; Keum, Y.S.; Nair, S.; Kong, A.N.T. ERK and JNK signaling pathways
are involved in the regulation of activator protein 1 and cell death elicited by three isothiocyanates in human prostate cancer
PC-3 cells. Carcinogenesis 2006, 27, 437-445.

Jiang, Z.; Liu, X,; Chang, K,; Liu, X.; Xiong, J. Allyl isothiocyanate inhibits the proliferation of renal carcinoma cell line GRC-1
by inducing an imbalance between Bcl2 and Bax. Med. Sci. Monit. 2016, 22, 4283-4288.



Antioxidants 2021, 10, 284 13 of 14

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Huang, S.; Hsu, M; Hsu, S.; Yang, J.; Huang, W.; Huang, A.; Hsiao, Y.P.; Chung, ].G. Phenethyl isothiocyanate triggers apoptosis
in human malignant melanoma A375. S2 cells through reactive oxygen species and the mitochondria-dependent pathways.
Hum. Exp. Toxicol. 2014, 33, 270-283.

Huang, S.H.; Wu, LW.; Huang, A.C,; Yu, C.C; Lien, ]J.C,; Huang, Y.P.; Yang, ].S.; Yang, ].H.; Hsiao, Y.P.; Wood, W.G.; et al.
Benzyl isothiocyanate induces G2/M phase arrest and apoptosis in human melanoma A375.52 cells through reactive oxygen
species and both mitochondria-dependent and death receptor-mediated multiple signaling pathways. . Agric. Food Chem. 2012,
60, 665-675.

Thejass, P.; Kuttan, G. Modulation of cell-mediated immune response in B16F-10 melanoma-induced metastatic tumor-bearing
C57BL/6 mice by sulforaphane. Immunopharmacol. Immunotoxicol. 2007, 29, 173-186.

Thejass, P.; Kuttan, G. Allyl isothiocyanate and phenyl isothiocyanate inhibit tumour-specific angiogenesis by downregulating
nitric oxide and tumour necrosis factor-a (TNF-a) production. Nitric Oxide 2007, 16, 247-257.

Su, Z.Y.; Zhang, C.; Lee, ].H.; Shu, L.; Wu, T.Y.; Khor, T.O. Conney, A.H.; Lu, Y.P.; Kong, A.N.T. Requirement and epigenetics
reprogramming of Nrf2 in suppression of tumor promoter TPA-induced mouse skin cell transformation by sulforaphane. Can-
cer Prev. Res. 2014, 7, 319-329.

Boyanapalli, S.S.; Li, W.; Fuentes, F.; Guo, Y.; Ramirez, C.N.; Gonzalez, X.P.; Pung, D.; Kong, A.N.T. Epigenetic reactivation of
RASSF1A by phenethyl isothiocyanate (PEITC) and promotion of apoptosis in LNCaP cells. Pharmacol. Res. 2016, 114, 175-184.
Shannan, B.; Perego, M.; Somasundaram, R.; Herlyn, M. Heterogeneity in melanoma. Cancer Treat. Res. 2016, 167, 1-15.

Lin, J.F,; Tsai, T.F.; Yang, S.C,; Li, Y.C,; Chen, H.E.; Chou, K.Y.; Howan, T.S. Benzyl isothiocyanate induces reactive oxygen
species-initiated autophagy and apoptosis in human prostate cancer cells. Oncotarget 2017, 8, 20220-20234.

Pocasap, P.; Weerapreeyakul, N.; Thumanu, K. Structure of isothiocyanates attributed to reactive oxygen species generation
and microtubule depolarisation in Hep2G cells. Biomed. Pharmacother. 2018, 101, 698-709.

Wu, X.; Zhu, Y.; Yan, H; Liu, B.; Li, Y.; Zhou, Q.; Xu, K. Isothiocyanates induce oxidative stress and suppress the metastasis
potential of human non-small cell lung cancer cells. BMC Cancer 2010, 269, 1-11.

De Oliveira, ].M.P.F.; Costa, M.; Pedrosa, T.; Pinto, P.; Remédios, C.; Oliveira, H.; Pimentel, F.; Almeida, L.; Santos, C. Sul-
foraphane induces oxidative stress and death by p53-independent mechanism: Implication of impaired glutathione recycling.
PLoS ONE 2014, 9, €92980.

Lee, Y.J.; Lee, S.H. Sulforaphane induces antioxidative and antiproliferative responses by generating reactive oxygen species in
human bronchial epithelial BEAS-2B cells. |. Korean Med. Sci. 2011, 26, 1474-1482.

Yuesheng, Z. Role of glutathione in the accumulation of anticarcinogenic isothiocyanates and their glutathione conjugates by
murine hepatoma cells. Carcinogenesis 2000, 21, 1175-1182.

Calmes, B.; Morel-Rouhier, M.; Bataille-Simoneau, N.; Gelhaye, E.; Guillemette, T.; Simoneau, P. Characterization of glutathione
transferases involved in the pathogenicity of Alternaria brassiciola. BMIC Microbiol. 2015, 15, 1-10.

Chen, G.; Chen, Z.; Hu, Y.; Huang, P. Inhibition of mitochondria respiration and rapid depletion of mitochondrial glutathione
by B-phenethyl isothiocyanate: Mechanism for anti-leukemia activity. Antioxid. Redox Signal. 2011, 12, 2911-2921.

Zhang, Y.; Kolm, R.H.; Mannervik, B.; Telalay, P. Reversible conjugation of isothiocyanates with glutathione catalyzed by hu-
man glutathione transferases. Biochem. Biophys. Res. Commun. 1995, 206, 748-755.

Overby, A.; Signe, E.A.; Sporsheim, B.; Magnar, A.B. Allyl isothiocyanate depletes glutathione and upregulates expression of
glutathione S-transferases in Arabidopsis thaliana. Front. Plant Sci. 2015, 6, 1-9.

Nakamura, Y.; Ohigashi, H.; Masuda, S.; Murakami, A.; Morimitsu, Y.; Kawamoto, Y.; Osawa, T.; Imagawa, M.; Uchida, K.
Redox regulation of glutathione S-transferase induction by benzyl isothiocyanate: Correlation of enzyme induction with the
formation of reactive oxygen intermediates. Cancer Res. 2000, 60, 219-225.

Xu, K.; Thornalley, P.]. Involvement of glutathione metabolism in the cytotoxicity of the phenethyl isothiocyanate and its cys-
teine conjugate to human leukemia cells in vitro. Biochem. Pharmacol. 2001, 61, 165-177.

Yeh, Y.T.; Yeh, H.; Su, S.H,; Lin, ].S.; Lee, K.J.; Shy, HW.; Chen, Z.F.; Huang, S. Y.; Su, S.J. Phenethyl isothiocyanate

induces DNA damage-associated G2/M arrest and subsequent apoptosis in oral cancer cells with varying p53

mutations. Free Radic Biol Med. 2014, 74, 1-13.

Wu, CL;; Huang, A.C,; Yang, ].S,; Liao, C.L,; Lu, HF.; Chou, S.T.; Ma, C.Y.; Hsia T.C.; Ko, Y.C.; Chunh, J,C. Benzyl isothiocya-
nate (BITC) and phenethyl isothiocyanate (PEITC)-mediated generation of reactive oxygen species causes cell cycle arrest and
induces apoptosis via activation of caspase-3, mitochondria disfunction and nitric oxide (NO) in human osteogenic sarcoma U-
2 OS cells. J. Orthop. Res. 2011, 29, 1199-1209.

Visanji, ]. M.; Duthie, S.J.; Pirie, L.; Thomson, D.].; Padfield, P.J. Dietary isothiocyanates inhibit Caco-2 cell proliferation and
induce G2/M phase cell cycle arrest, DNA damage and G2/M checkpoint activation. J. Nutr. 2014, 134, 312-3126.

Lau, W.S,; Chen, T.; Wong, Y.S. Allyl isothiocyanate induces G2/M arrest in human colorectal adenocarcinoma SW620 cells
through down regulation of Cdc25B and Cdc25C. Mol. Med. Rep. 2010, 3, 1023-1030.

Chen, Y.P,; Lin, K.C,; Lin, J.P.; Tang, N.Y.; Yang, ].S.; Lu, K.W. Phenethyl isothiocyanate (PEITC) inhibits the growth of human
oral squamous carcinoma HSC-3 cells through G0/G1 phase arrest and mitochondria-mediated apoptotic cell death. Evid. Based
Complementary Altern. Med. 2012, 2012, 1-12.

Cheng, A.C.; Shen, C.J.; Hung, C.M.; Hsu, Y.C Sulforaphane decrease of SERTAD1 expression triggers G1/S arrest in breast
cancer cells. . Med. Food 2019, 22, 444-450.



Antioxidants 2021, 10, 284 14 of 14

58.

59.

60.

61.

62.

63.

64.

65.

66.

Jadhav, U.; Vaughn, S.F.; Berhow, M.A.; Sanjeeva, M. Iberin induces cell cycle arrest and apoptosis in human neuroblastoma
cells. J. Mol. Med. 2007, 19, 353-361.

Nakamura, Y.; Kawakami, M.; Yoshihiro, A.; Miyoshi, N.; Ohigashi, H.; Kawai, K.; Osawa, T.; Uchija, K. Involvement of the
mitochondrial death pathway in the chemo-preventive benzyl isothiocyanate-induced apoptosis. J. Biol. Chem. 2001, 277, 8492—
8499.

Wu, X.; Zhou, Q.H.; Xu, K. Are isothiocyanates potential anti-cancer drugs? Acta Pharmacol. Sin. 2009, 30, 501-512.

Miyoshi, N.; Watanabe, E.; Osawa, T.; Okuhira, M.; Murata, Y.; Ohshima, H.; Nakamura, Y. ATP depletion alters the mode of
cell death induced by benzyl isothiocyanate. Biochim. Biophys. Acta 2008, 1782, 566-573.

Shang, H.S.; Shih, Y.L.; Lu, T.J.; Lee, C.H.; Hsueh, S.C.; Chou, Y.C,; Lu, H.F.; Liao, N.C.; Chung, J.G. Benzyl isothiocyanate
(BITC) induces apoptosis of GBM 8401 human brain glioblastoma multi-forms cells via activation of caspase-8/Bid and the
reactive oxygen species-dependent mitochondrial pathway. Environ. Toxicol. 2016, 31, 1751-1760.

Aires, A.; Mota, V.R,; Saavedra, M.].; Rosa, E.A.S.; Bennett, R.N. The antimicrobial effect of glucosinolates and their respective
hydrolysis product on bacteria isolated from human intestinal tract. J. Appl. Microbiol. 2009, 106, 2086—2095.

Borek, V.; Elberson, L.R.; McGaffrey, ].P.; Morra, M.]. Toxicity of aliphatic and aromatic isothiocyanates to eggs of the black
vine weevil (Coleoptera: Curculionidae). J. Econ. Entomol. 1995, 88, 1192-1196.

Jensen, J.; Styrishave, B.; Gimsing, A.L.; Hansen, H.C. The toxic effects of benzyl glucosinolate and its hydrolysis product, the
biofumigant benzyl isothiocyanate, to Folsomia fimetaria. Environ. Toxicol. Chem. 2009, 29, 359-364.

Bangarwa, S.K.; Norsworthy, ] K. Effect of pheny], allyl, and methyl isothiocyanate on Cyperus rotundus tubers under LDPE and
VIF mulch. Crop Prot. 2016, 84, 121-124.



