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A B S T R A C T

Melanoma is the most aggressive skin tumour, which incidence is rising fast over the year. The metastatic stage
of disease is extremely difficult to treat and the mortality rate is still high. Emerging evidence suggested that
oxidative stress (OS) is involved in the pathophysiological pathways of several chronic diseases and in the
transformation and progression of many common cancers, including melanoma. In particular, it has emerged
that OS interacts with inflammatory and immune response, all taking part in the melanomagenic process. In light
of the interest shown by the scientific community for this topic, it was analysed the association between mel-
anoma and oxidative stress. A systematic review was performed according to PRISMA guideline employing
PubMed database. It identified n= 29 articles which investigated this aspect. Melanoma cells resulted to have
adaptive mechanisms to overcome effects of high reactive oxygen species (ROS) levels. Furthermore, OS in-
fluences the metastatic ability of melanoma cells and their resistance to therapy. Nonetheless, the included
studies were conducted on heterogeneous patient population and with differences in the design of the studies
and in the protocols. Therefore, it is mandatory performing further studies which analyze all the aspect of OS
pathways: ROS imbalance, its effect to proliferation and metastasis, role of microenvironment, ROS effect to
drug resistance. All this in order to understand the role of oxidative stress in the complex biology of melanoma
and to provide possibilities of defining new strategy of therapy.

1. Background

Melanoma is the most aggressive type of skin tumour and extremely
difficult to treat in the metastatic stage of disease. Its incidence rises fast
with an increasing global rate per year at 2–7% annually [1]. Before
2010, the mortality was high due to a less effective therapy [2]. Recent
development of target therapies has offered the first improvement in
response rate, duration of disease control and overall survival [2,3].
Nonetheless, a great number of patients is still succumbing to meta-
static disease, making imperative to continue the research of new
therapeutic strategies.

Over the years, the scientific research has suggested that the mel-
anomagenic process is very complex [4]. There is a crosstalk of mela-
noma cells with inflammatory and immune reactions which sig-
nificantly influences the biology of melanoma in terms of proliferation,
differentiation and progression [5,6]. The inflammatory response in-
duces the recruitment of innate and adaptive immune cells which could
indirectly cause oxidative stress (OS) [7]. OS might itself be involved in
the melanoma development. Many recent studies have confirmed the
important role of ROS in different step of this process. First of all, the
melanin synthesis involves redox reaction and accumulation of reactive
oxygen species (ROS). Moreover, the involvement of OS is confirmed by
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the evidence of several mutated melanoma-associated genes resulting
from ROS activity [8,9]. ROS might also be associated with melanoma
cell metabolism, hypoxia, metastasis and as seen before in the immune
response [7].

OS is defined as an imbalance between the overproduction of ROS,
such as superoxide (O2

−) and hydrogen peroxide (H2O2), and the re-
duction of antioxidant system (AOS) [9]. OS is involved in the patho-
physiological pathways of several chronic diseases, such as cardiovas-
cular disease, retinal degeneration, benign prostatic hyperplasia,
diabetic disease, asthma, neurodegenerative disease and also skin dis-
eases [10–14]. Moreover, OS plays a role in the transformation and
progression of many common cancers, including melanoma [15]. In
fact, elevated levels of ROS lead to genomics instability and DNA da-
mage, which have a pro-tumorigenic effect [12,16].

Mitochondria and NADPH oxidase (NOX) are the major source of
endogenous ROS. In addition to these, other sources are cycloox-
igenases, lipooxygenases and cythocrome P450. On the other hand, in
the skin exogenous ROS production could be stimulated by sun ex-
posure and by inflammation, as a result of post inflammatory hy-
perpigmentation [9]. In particular, UV induce in melanocytes the pro-
duction of H2O2, a reduction of catalase activity and of HO-1 expression
[17].

Direct impact of ROS in biological systems, like modification of
DNA, lipids and proteins, could be evaluated by the measure of dif-
ferent biomarkers. Malondialdehyde (MDA) and 4-hydroxy-2-nonenal
(HNE) are end products of lipid peroxidation, while advanced oxidation
protein products (AOPPs) and advanced glycation end products (AGEs)
derived from protein oxidation.

There is a natural protective mechanism to prevent oxidative da-
mage and to promote cell survival, known as the antioxidant response,
which is achieved by non-enzymatic and enzymatic molecules. The first
ones include glutathione (GSH), which belongs to the glutathione
system, also involving glutathione reductase, glutathione peroxidase
(GPX) and glutathione-s-transferase (GST). The enzymatic ones include
superoxide dismutase (SOD), superoxide reductase, catalase (CAT) and
thioredoxin (TRX).

Therefore, the aim of this systematic review is to analyse published
studies investigating the role of OS on survival, growth and metastasis
of melanoma. This systematic review has been registered with PROS-
PERO (the NIHR International Prospective Register of Systematic
Reviews) under the registration number CRD42018096546.

2. Materials and methods

2.1. Research strategy

This systematic review has been conducted according to PRISMA
guideline [18] employing PubMed database. On this website, we sear-
ched until November 18, 2018 using “melanoma” keyword and four key
terms related to oxidative stress (“oxidative stress”, “glycation end
products, advanced”, “malondialdehyde”, “advanced oxidation protein
products"). Table 1 describes the electronic search strategy. All titles

and abstract were initially screened to include only articles that ex-
amined the association between melanoma and oxidative stress. The
authors read the entire article only if the abstract indicates that the
article potentially met the inclusion criteria.

2.2. Study selection

Articles included in the review followed these inclusion criteria: (I)
English language, (II) explicit reference to the evaluation of the asso-
ciation between melanoma and OS through marker of OS. Instead, ar-
ticles were excluded by title, abstract or full-text for irrelevance to the
topic of the review. Further exclusion criteria are reviews, books and
documents.

2.3. Data extraction

Two authors (LB, AT) independently performed the initial search
and selected the articles based on the inclusion and exclusion criteria.
The data extracted included (I) study author names, (II) publication
date, (III) sample size, (IV) group studies, (V) clinical and biological
variables and (VI) outcome of interest of the study.

Principal outcome of interest included studies about OS markers
evaluation in melanoma cells.

In view of the considerable heterogeneous patient populations,
differences in the design of the studies and in the protocols, a meta-
analysis was not deemed to be appropriate.

3. Results

Fig. 1 reports the flow of articles retrieved for the review. The
search in PubMed provided 271 citations, and, after adjusting for du-
plicates, 270 of such citations were screened. Of these, 219 articles
were excluded by language as they are not English written (n=4), by
title because not meeting the criteria, being reviews or books and
documents (n= 22). The majority of articles (n= 193) were excluded
as their title or abstract were not relevant to the outcome of interest for
the review, meaning they don’t analyze the association between OS and
melanoma proper. The remaining 51 articles were examined by reading
the full text. A total of 22 records were excluded not meeting the in-
clusion criteria (n= 16) or not having available full-texts (n= 6). Fi-
nally, 29 articles were assessed for eligibility and all of them were in-
cluded in the systematic review. Table 2 summarizes the records
selected, in particular highlighting species employed, main outcomes
and main properties of melanoma cells.

3.1. Melanoma cells are resistant to oxidative stress

Commonly, ROS have elevated levels in cancer cells. On one hand,
they promote cancer survival, proliferation and metastasis, but on the
other side, at higher level, they induce apoptosis and senescence of
cancer via DNA damage. Therefore, melanoma should have adaptive
mechanisms to overcome effects of high ROS levels [12].

One of the first studies in this domain was the one published by
Applegate et al., in which the authors decided to determine the levels of
two antioxidant compounds, GSH and ferritin, in human melanoma
cells. Such levels were found low in the cell lines, however without
being related to the sensitivity of melanoma cell lines to OS [19].
Therefore, authors concluded that melanoma cells are resistant to OS.

Bracalente et al. examined which group of genes are up or down
regulated in melanoma cells in antioxidant response. There were 19
downregulated, co-expressed genes in metastatic cells, revealing a
disruption in the antioxidant response. As a result, intracellular ROS
increased triggering dedifferentiation and malignant metastatic pro-
gression. However, in the non-metastatic melanoma cell lines, 10 genes
of the AOS were upregulated, underlining the increasing ability of these
cells to respond to OS [20].

Table 1
Search terms entered into the PubMed search engines for identification of the
studies used in this systematic review.

Number Search terms Number of studies

1 Melanoma “Mesh terms” 88198
2 Oxidative stress “Mesh terms” 117253
3 Glycation end products, advanced “Mesh terms” 6956
4 Malondialdehyde “Mesh terms” 32146
5 Advanced oxidation protein products “Mesh

terms”
274

6 2 OR 3 OR 4 OR 5 141793
7 1 AND 6 271
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Three articles described elevated levels of enzymes involved in the
defense from ROS, including GSH, CAT and SOD in addition to MDA
[21–23]. In one study MDA, SOD and CAT levels were determined in
blood and tissue of mice. The authors found that there is an age-asso-
ciated increase of these enzymes [21]. Ortega et al. found that high GSH
levels in melanoma cells promote survival to OS. They proposed that
high levels could implemented metastatic growth too [22]. Finally, in
the third study authors determined high levels of MDA, SOD and CAT,
in human melanoma biopsy [23].

Furthermore, Meyskens et al. showed that some transcriptional
factors play an important role in protecting melanomas from ROS da-
mage. Melanoma cells exposed to ROS presented an increased AP-1
activation and of NF-kB pathway. Moreover, O2

−level raised in mela-
noma compared to melanocytes and it directly correlated with AP-1. On
the other hand, H2O2 level was decreased in melanoma cells and it
exhibited a correlation with NF-kB. However, the recruitment of these
two transcriptional factors did not provide a control of apoptosis, sug-
gesting a general mechanism by which melanoma cells can escape by
noxious injury [24].

Wang et al. demonstrated that the activation of MAPK pathway
played a role in protecting melanoma cells from OS through the Skp2/
MTH1 axis. Skp2 limited DNA damage upregulating MTH1 that, in turn,
prevented misincorporation of oxidized dNTPs into genomic DNA.
MTH1 expression was upregulated in melanoma cells and in patients
specimen, compared with nevi, and It was also in metastatic melanoma
compared to primary melanomas, suggesting that increase of MTH1 is
related to disease development and progression [25].

Another study by Pieri et al. suggested that ROS contribute to affect
the redox regulation of protein phosphorylation, an essential me-
chanism of intracellular signal transduction, impacting on the cellular
protein kinase/phosphatase balance. The membrane-bound ecto-en-
zyme gamma-glutamyltransferase (GGT) may participate in the process
promoting ROS production, such as H2O2 [26].

Also, Giommarelli et al. focused on GGT role in antioxidant response

in melanoma cells lines. GGT overexpression was associated with re-
sistance to OS and with an increased expression of CAT [27].

CD147 is a cell surface receptor for cyclophilin A, which is over-
expressed in various tumour cells protecting them from OS. Li et al.
demonstrated that CD147 silencing sensitized MM cell to ROS. They
also found that CD147 silencing exacerbate H2O2-induced damage,
increasing ROS and MDA generation and decreasing SOD activity.
Therefore, they propose that CD147 depletion may enhance chemio-
and radiotherapy effects [28].

Mougiakakos et al. investigated the expression of glutamate-l-cy-
steine ligase catalytic subunit (GCLC), a key factor of GSH synthesis, in
malignant melanoma cell lines. High GCLC levels were high and they
correlated with lower intracellular-level of ROS as well as with lower
rates of cell proliferation. Additionally, in patients with malignant
melanoma, GCLC levels correlated with a better 5-year overall survival
[29].

3.2. Oxidative stress influences metastatic ability of melanoma cells

Cutaneous melanoma is an aggressive malignancy due to its high
metastatic ability. Piskounova et al. found that OS, albeit increasing in
metastasizing cells, limits the metastasis of melanomas. The GSH-to-
oxidized glutathione (GSSG) ratio was in fact lower in metastatic no-
dules or circulating melanoma cells. This suggested that metastatic cells
consumed GSH in an effort to maintain redox homeostasis. The authors
also demonstrated that anti-oxidant treatment promoted distant me-
tastasis [30].

In two studies, the role of PG1α, a transcriptional coactivator, was
investigated, which protects against OS and influences melanoma drug
sensitivity and survival. Vazquez et al. showed that PG1α positive
melanoma cells have increased ROS detoxification capacities [31]. Luo
et al. found that elevated levels of PG1α in melanoma cells inversely
correlate with vertical growth in human melanoma. In addition, it also
suppresses metastasis, acting on the regulation of transcriptional

Fig. 1. Flow diagram of studies assessed in the systematic review. Diagram shows the several step of the studies selection in the systematic review, describing also the
exclusion criteria and the final number of included articles for each step.
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programs relating to AOS. Moreover, metastatic cells have lower
amounts of PG1α [32].

An important regulator of growth and melanoma progression is
TGF-1β, which specifically inhibits tumor relapse, as pointed out by
Bernardes et al. [33]. More in depth, they explored the relationship
between TGF-1β levels and OS in patients with metastatic melanoma.
Such subjects had less circulating levels of TGF-1β and increased TRAP,

thiol, AOPPs and lipid peroxidation (LPO). Moreover, a negative cor-
relation was observed between TGF-1β levels and systemic levels of
MDA, as well as with AOPPs, while a positive correlation was revealed
between TGF-1β and GSH levels [33].

Nogués et al. found that GST was increased in melanoma samples,
whereas SOD and thiobarbituric acide reactive substances (TBARS)
were decreased in direct relation to Clark levels. Furthermore, GST

Table 2
Studies exploring the association between oxidative stress and melanoma. AOPP advanced oxidation protein products; AOS antioxidant system; CAT catalase; GPx
glutathione peroxidase; GSH glutathione; GCLC glutamate-l-cysteine ligase catalitic subunit; GSSG oxidized glutathione; GST glutathione-S-transferase; GGT
membrane-bound ecto-enzyme gamma-glutamyltransferase; LPO lipid peroxidation; MDA malondialdehyde; Nrf2Nuclear factor erythroid-2-related factor; 8−OHdG
8-hydroxydeoxyguanosine; pt patients; OS oxidative stress; ROS reactive oxygen species; SOD superoxide dismutase; TBARS thiobarbituric acid reactive substances.

Study Species employed Main outcomes Main properties of melanoma cells

Wang et al.
[25]

Human
Animal
Cell lines

Melanoma cells are resistant to OS Upregulation of MAPK-Skp2-MTH1 axis

Coelho et al.
[46]

Cell lines ROS contributes to melanoma treatment
resistance

Upregulation of CAT

Luo et al.
[32]

Cell lines OS promotes melanoma metastasis Downregulation of PCG1α

Bracalente et al.
[20]

Cell lines Melanoma cells are resistant to OS Downregulation of 19 AOS genes in metastatic cells, upregulation of
10gens in non-metastatic one

Hintsala et al.
[36]

Human (N=121pt)
Cell lines

AOS correlate with Breslow thickness Nrf2 is more expressed in metastatic cells, while 8-OHdG is less
expressed

Kaur et al.
[42]

Animal OS promotes melanoma metastasis Loss of APE-1

Bernardes et al.
[33]

Human
(N=30 cases and N=30 controls)

OS promotes melanoma metastasis Less levels of TGF-1β and increased TRAP, thiol, AOPP and LPO in
metastatic cells

Herraiz et al.
[43]

Animal
Cell lines

OS inhibits progression Inverse correlation between OS and actomyosin contractility

Piskounova et al.
[30]

Human (N=8pt)
Animal

OS inhibits progression Higher level of OS and lower GSH/GSSG ratio in metastatic cells

Bernardes et al.
[37]

Human (N=43 cases and N=50
controls)

OS correlates with Breslow thickness Elevated levels of MDA

Xie et al.
[38]

Animal OS promotes melanoma metastasis Elevated levels of ROS

Moretti et al.
[39]

Cell lines OS inhibits progression Calpain-3 increases ROS production

Kim SH et al.
[35]

Animal
Cell lines

OS inhibits progression Elevated levels of ROS in IDH2(-) melanoma cells

Vazquez et al.
[31]

Cell lines OS inhibits progression AOS increased in PGC1α(+) melanoma cell

Lin et al.
[44]

Cell lines ROS promote tumor invasiveness High-level ROS in primary melanoma

Mougiakakos et al.
[29]

Human (28 pt)
Animal
Cell lines

Melanoma cells are resistant to OS High expression of GCLC

Li et al.
[28]

Cell lines Melanoma cells are resistant to OS Higher level of SOD, Lower of MDA then H2O2 MM cells treated

Giommarelli et al.
[27]

Cell lines Melanoma cells are resistant to OS High GGT levels

Michard et al.
[47]

Cell lines ROS contributes to melanoma treatment
resistance

High GSH levels in melanoma cells overexpressing TRP-2

Baldi et al.
[40]

Human (11 pt)
Animal
Cell lines

Ferritin expression enhanced OS sensitivity Increased SOD and decreased CAT in ferritin (-) metastatic cells
In vivo ferritin correlated with T and M status

Cheng et al.
[45]

Cell lines ROS promote tumor invasiveness High ROS levels in metastatic cells

Wheeler et al.
[41]

Animal
Cell lines

OS promotes melanoma metastasis High SOD levels in non-metastatic cells

Sander et al.
[21]

Human (N=18 cases vs N=28
controls)

Melanoma cells are resistant to OS Elevated CAT, SOD, MDA levels

Pieri et al.
[26]

Cell lines ROS damage protein phosphorylation Elevated GGT levels

Ortega et al.
[22]

Animal
Cell lines

Melanoma cells are resistant to OS Elevated GSH levels

Wozniak et al.
[23]

Animal
Cell lines

Melanoma cells are resistant to OS Elevated level of MDA, SOD, CAT, GPx

Nogués et al.
[34]

Human (N=34 cases vs N=101
controls)

ROS levels are correlated with Clark levels GST increased, SOD and TBARS decreased

Meyskens et al.
[24]

Cell lines Melanoma cells are resistant to OS O2
−and H2O2 upregulated NF-kB and AP1

Applegate et al.
[19]

Cell lines Melanoma cells are resistant to OS Low levels of ferritin and GSH

S.P. Cannavò et al. Pathology - Research and Practice 215 (2019) 21–28

24



activity correlated to malignity and a decrease of SOD linked to pro-
gression of melanoma [34].

Isocitrate dehydrogenase (IDH2) is one of the major enzymes of
AOS. Kim et al. investigated the role of IDH2 in tumor progression,
observing that a downregulation of IDH2 inhibits tumor growth, pre-
sumably inducing apoptosis and a reduction of angiogenesis-related
factors [35].

Hintsala et al. measured the levels of Nrf2, a marker for AOS, and 8-
OHdG, a marker for oxidative lesion in human tissue samples. They
found that Nrf2 expression is a powerful negative prognostic factor of
primary tumour. Indeed, in melanoma cells it correlates positively with
deeper Breslow, which is an indicator of aggressiveness and risk of
recurrence. Nrf2 expression presents also a positive correlation with
invasive phenotype (Clark III-V), nodular histology and worse mela-
noma-specific survival. These results may reflect a role for Nrf2 in ra-
dial-to-vertical growth transformation of melanoma. On the other hand,
the study revealed that 8-OHdG is significantly less expressed in ma-
lignant melanoma. Its nuclear endothelial expression is associated with
the presence of ulceration and correlates with worse prognosis [36].

Bernardes et al. evaluated the relationship between systemic OS and
Breslow thickness in 43 patients with cutaneous melanomas. MDA and
thiol levels were higher in these patients’ tissue samples compared to
controls, while GSH was lower. MDA levels correlated positively with
the Breslow thickness, indicating that the greater the thickness, the
greater the systemic OS [37].

Other authors investigated the role of Atg7 gene, which controls
macro-autophagy, promoting melanoma survival and growth. Atg7-
deficient mice model melanomas presented high levels of 8-OxodG and
an elevated ROS production [38].

Moretti et al. focused on Calpain-3, an intracellular cysteine pro-
tease, which has a diminished expression in melanomas on a vertical
growth phase and, on an even greater extent, in metastasis. They found
in melanoma cells lines that an overexpression of Calpain-3 leads to a
modulation of OS-related genes and to an increased formation of ROS,
resulting in DNA damage. Besides, a downregulation of this enzyme is
linked to metastatic melanoma, due to an impaired cell growth [39].

Another study pointed out the role of ferritin in the progression of
melanoma. High levels of L-ferritin were strongly associated to the
metastatic phenotype. In fact, L-ferritin downregulation in metastatic
melanoma cells reduced the proliferation rate and enhanced sensitivity
to OS, with increased SOD and decreased CAT activities. Finally, ana-
lysis of human melanomas showed that ferritin expression in non-me-
tastatic tumors was correlated with T and M status [40].

Wheeler et al. also evaluated the effects of OS on tumor growth in
melanoma cells lines. High levels of SOD blunted oxidant-dependent
vascular endothelial growth factor (VEGF) expression. These data sug-
gest that OS may facilitate tumor vascularization, thus promoting
melanoma growth [41].

Some authors even analyzed the effect of aged-microenvironment
on melanoma progression. Aged dermal fibroblasts secreted a Wnt an-
tagonist, sFRP2, which in turn activated a pathway ultimately resulting
in loss of function of a key redox effector, APE-1. The loss of this ef-
fector reduced the response of melanoma cells to DNA damage induced
by ROS. Furthermore, upregulation of sFRP2 increased both angio-
genesis and metastasis of melanoma cells [42].

Another study explored the links between actomyosin, a key reg-
ulator for tumor invasion, and OS DNA damage. The authors found an
inverse correlation between actomyosin contractility and OS. In parti-
cular, an upregulation of genes increasing ROS was showed in mela-
noma cell lines, suggesting a beneficial role for ROS in the suppression
of tumor invasion [43].

In one article, it was explored the role of tumor-associated macro-
phages (TAMs), which played a part in tumor growth, invasion and
metastasis. In mice high-levels of ROS in non-metastatic melanoma
environment resulted to have ability to promote tumor invasiveness by
influencing TAMs behavior [44].

Finally, some authors explored in melanoma cells lines how OS
could promote the intravasation of melanoma cells to make metastasis
occurring. More in depth, Cheng et al. tested the hypothesis that ROS
could influence melanoma cell reverse trans-endothelial migration
(TEM). ROS may enhance TEM and this mechanism could be triggered
by an ultraviolet radiation through the expression of two other proteins,
thioredoxin interacting protein and thioredoxin [45].

3.3. Oxidative stress and treatment resistance

Resistance to OS is a key mechanism of tumor treatment resistance.
Coelho et al. investigated the influence of adipocyte secretome in
melanoma cell radio-sensitivity. Indeed, obesity is a risk factor for
melanoma, but also high adiposity is associated with a pro-oxidative
status. The activity of CAT is higher in irradiated cell lines exposed to
adipocyte secretome, whereas CAT usually presents a diminished basal
activity after radiation [46].

Two studies also revealed how the loss of function of AOS attenuate
the response of melanoma cells to DNA damage induced by ROS. As a
result, this response makes the cells more resistant to target therapy
[28,42].

Dopachrome tautomerase (TRP-2) is a melanogenic enzyme, whose
expression improves resistance to cytotoxic treatment. Michard et al.
found that TRP-2 overexpression in melanoma cell lines reduced their
sensitivity to OS and consequently to DNA damage. Furthermore, they
reported an 80% increase in GSH content following TRP-2 expression
[47].

4. Discussion

In this systematic review, 29 studies were taken into account and
examine the relationship between OS and melanoma. 11 of them focus
on the ability of melanoma cells to overcome the effects of high levels of
ROS. On the other hand, 16 studies analyse the role of OS to influence
metastasis. Finally, 4 studies showed how OS improves melanoma
treatment resistance.

Emerging evidences suggest that OS seems to play an important role
in cancer cell survival, proliferation, invasion and migration [48].
Moderate ROS levels have been showed to activate pro-tumorigenic
signalling through the regulation of different pathways as well as mu-
tations in transcription factors. However, excessive ROS accumulation
is antitumorigenic, triggering severe cellular damage and apoptosis
[12]. As a consequence, melanoma should have adaptive mechanisms
to be resistant to OS: tumour increased antioxidant response, which
keeps ROS levels below a critical threshold but still remaining higher
than occurs in normal cells (Fig. 2a).

Two studies analysed the important role of NF-kB and MAPK/Skp2
pathways [24,25]. NF-kB is a transcriptional factor that regulate the
cell cycle and also the development of drug resistance in many tumours
[12]. Meyskens et al. demonstrated that the recruitment of NF-kB did
not provide a control of apoptosis and in this way melanoma cells could
escape from ROS injury. As regards Wang et al. showed that the MAPK
pathway played a role in protecting cells from OS. MAPK activates the
Skp2/MTH1 axis, which limits DNA damage [25]. In particular, levels
of MTH1 progressively increased from nevi to primary tumour and,
secondly, in metastatic melanoma cells, underling its protective role
from OS.

Moreover, six studies conducted on humans demonstrated the pre-
sence of elevated levels of antioxidant molecules, such as SOD and CAT,
in melanoma cells. In addition, MDA, AOPP, thiols and LPO levels were
high [21,30,33,34,37,40] and this aspect was even confirmed by 10
studies conducted on animals or cell lines
[22,23,26–28,38,41,42,44,45], pointing out that moderate ROS levels
have however a pro-tumorigenic role.

One study also revealed that 10 genes involved in AOS were upre-
gulated in the primary tumour. On the other hand, 19 co-expressed
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genes involved in antioxidant response were downregulated in meta-
static melanoma cells [20]. All these aspects underline the capacity of
melanoma to be resistant to OS, in order to survive, to proliferate and to
migrate. Furthermore, the downregulation of antioxidant response
genes enhance the data of Piskounova et al. [30]. They pointed out that
melanomas are inefficient to form distant metastasis entering in the
circulation, compared to subcutaneous metastasis.

However, the metastatic ability of melanoma cells is pivotal to be
taken into account because metastasis are the main cause of death in
cancer patients. Nevertheless, this review shows that only few studies
focused their attention on this subject. In detail, five articles analysed
the link between OS and melanoma vertical growth [31,32,36,37,39],
which is one of the most accepted indicator of aggressiveness and re-
currence. It is named the Breslow thickness: high thickness strongly
correlates to melanoma recurrence and poor survival.

Two of the studies were conducted on humans. Hintsala et al. fo-
cused their attention on two markers, Nrf2 and 8-OHdG. Nrf2 is a
transcriptional factor and also a marker of AOS that increases the
production of antioxidant proteins. Nfr2 correlated positively with
deeper Breslow and also with a more invasive phenotype. 8-OHdG, a
marker of OS DNA damage, was less expressed in malignant mela-
nomas, confirming the OS unbalance in these cells [36]. Similar data
was showed by the second study, which found high levels of MDA and
thiols and low levels of GSH in melanoma. Furthermore, MDA levels
correlated positively with vertical growth [37].

The other three studies were conducted on animals or cell lines. Two
of them evidenced a role of a transcriptional coactivator, PCG1α, which
protects from OS and influences the survival and drug sensitivity of
melanoma cells [31,32]. PCG1α levels resulted lower in melanoma
cells, with an inverse correlation with Breslow thickness. The last study
focused on an intracellular cysteine protease, calpain-3, which mod-
ulates OS-related gene in an antitumorigenic sense [39]. Its expression
resulted to be diminished in the vertical growth phase and also in the
metastatic phase of melanomas.

Therefore, all the five articles pointed out the importance of the
antioxidant response to promote the proliferation of melanoma.
Although the extracellular matrix and also the immune cells round

tumour play an important role in tumour progression [49,50].
The review shows that only two studies evidenced that the micro-

environment contributes in that sense [42]. The first one evidenced a
role for dermal fibroblasts, which secreted sFRP2, a Wnt antagonist. It
indirectly led to a loss of function of a key redox effector, APE-1, which
in turn reduced the response of melanoma cells to DNA damage. SFR2,
which resulted to be upregulated in melanoma, also increased angio-
genesis. Indeed, in another study, the authors showed that high levels of
ROS in melanoma cells promoted VEGF expression [41].

Instead, the second study explored the role of OS on tumour asso-
ciated macrophages. High levels of ROS in primary tumour promoted
tumour invasion by influencing macrophages activity [44]. In addition,
another study evidenced that ROS could influence the reverse trans-
endothelial migration of melanoma cells [45].

In contrast to all these studies that underline the role of ROS in the
invasion, Herraiz et al. evidenced that a key regulator of invasion
phase, actomyosin, is inversely correlated with OS [43]. This data is
not, therefore, so strange because, as pointed out previously, melanoma
the survive and proliferates thanks to imbalance between ROS and AOS
[12].

Finally, this systematic review underlines that OS even influences
tumour treatment resistance. One study pointed out that a melanogenic
enzyme (TRP2) was overexpressed reducing sensitivity to OS and, as a
consequence, improving resistance to cytotoxic treatment [47]. Fur-
thermore high adiposity, which correlated with a pro-oxidant status,
negatively influences the melanoma cell radio-sensitivity [46]. Two
other studies also showed that a loss of AOS made melanoma cells more
resistant to target therapies [28,42].

Concerning these evidences, in the last years two different strategies
were proposed for the treatment of melanoma [51]. The first one uses
agents that increase ROS levels to drive OS-induced cell death, whereas
the second one utilizes drugs which suppress ROS levels to prevent
tumour cell proliferation [9,12] (Fig. 2b). For example, L-buthionine-S-
sulfoximine increase ROS level through depletion of GSH and down-
regulation of GST expression, inhibiting cell proliferation [52]. Ad-
ditionally, high levels of ROS were measured during chemotherapy,
such as cisplatin e doxorubicin, and radiotherapy, inducing as a result

Fig. 2. ROS in the biology of melanoma. (a) ROS have a dual role in melanoma cells: both pro and antitumorigenic one. b) The potential targets of therapy in
melanoma: drugs which suppressing ROS and others which increasing them.
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cells death [12]. On the other hand, the antioxidant N-acetylcysteine
and selenium are examples of suppressing ROS drug. Both could be
administered to protect nevi from UV induced [53,54].

5. Conclusion

One limitation of this review is that, to date, there are few articles in
literature about the association between melanoma and OS (Fig. 3),
sometimes with different outcome. Nevertheless, the evidences ob-
tained in this review highlight OS seems to play an important role in the
biology of melanoma.

According to all the selected studies, even though their hetero-
geneity about sample populations and techniques applied, OS acts at
every step of melanoma life, from the primary one to the metastatic
one. Different pathways are involved in melanoma: they promote es-
cape from ROS injury and limit DNA damage. Moreover, AOS is ne-
cessary to melanoma vertical growth and migration. It is emerged also
that OS in the microenvironment influences these aspects. The review
even shows that AOS get involved in the tumour drug resistance.

Overall, the data suggesting that it is necessary to conduct studies
which perform an accurate analysis of all the aspect that are selectively
analyse by the included articles: ROS imbalance, its effect to pro-
liferation and metastasis, role of microenvironment, ROS effect to drug
resistance. All this in order to understand the complexity of OS path-
ways regulating melanoma. Furthermore, the data point out that new
therapeutic options for melanoma could act on the OS, to contrast every
step of progression. Finally, in the near future, it should also be ex-
amined if the marker of OS an AOS could be used as biomarker of
prognosis and drug response.
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