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Abstract. Melanoma, an aggressive type of cancer, is known 
for its ability to adapt to redox changes and resist standard treat‑
ments. Targeting the inherent redox weaknesses of melanoma 
has become a promising approach in research on redox‑based 
cancer therapies. The present study investigated the toxic and 
DNA‑damaging effects of elemental selenium (Se0) on CHL‑1 
human melanoma cells and its effects on p53‑related cell death 
pathways. Cell survival was assessed using an MTT assay. 
Oxidative DNA damage was measured with the alkaline comet 
assay, which involved calculating the olive tail moment (OTM) 
and the percentage of tail DNA (% tail DNA). In addition, the 
expression levels of the genes p53, p21, caspase‑3 and Bcl‑2 
were measured using reverse transcription‑quantitative PCR. 
Hydrogen peroxide (H2O2) was used to induce oxidative stress, 
permitting the assessment of redox sensitization. Exposure to 
Se0 reduced CHL‑1 cell viability, which is based on both the 
concentration and duration of exposure; the IC50 value was 
determined to be 7.50 µM after 48 h. The results revealed that 
the combination of Se0 and hydrogen peroxide produced more 
oxidative DNA damage than either treatment alone, due to 
increasing levels of oxidative stress, as indicated by signifi‑
cant increases in OTM and % tail DNA. Selenium‑induced 
oxidative DNA damage was associated with the activation of 
p53, p21, and caspase‑3, and the significantly downregulation 
of Bcl‑2, combined with the activation of p53‑mediated cell 
cycle arrest and intrinsic pathways for apoptosis. The find‑
ings of the present study suggest that selenium may promote 
redox imbalance and oxidative damage in CHL‑1 melanoma 
cells by activating the p53‑regulated apoptotic signaling 

pathway. Therefore, additional investigations are warranted in 
later‑stage preclinical models to recognize the role of selenium 
as a redox‑modulating agent that may increase the suscepti‑
bility of melanoma cells to oxidative stress.

Introduction

Melanoma, a highly aggressive and difficult‑to‑treat type of 
skin cancer, continues to be a major cause of skin cancer‑related 
mortality worldwide. Recent Global Burden of Disease data 
suggest that the number of melanoma cases and deaths is 
expected to increase until 2044. This highlights differences 
among countries, underscoring the need for treatments that 
target specific mechanisms (1). The ability of the cancer to 
spread, its natural resistance to standard chemotherapy, and its 
frequent return following treatment are still major challenges 
in clinical practice. However, the use of targeted therapies, 
such as monoclonal antibodies and checkpoint inhibitors, 
has significantly improved short‑term results for patients. 
A number of patients experience limited response times to 
therapy, which is sometimes due to either resistance or the 
toxic effects of these therapies. Thus, additional or alternative 
methods for selectively eliminating melanoma cells need to be 
developed based on established, well‑characterized biological 
mechanisms (2,3).

Recent evidence suggests that redox dysregulation is a 
major factor in melanoma development. Compared to normal 
melanocytes, melanoma cells have significantly higher levels 
of reactive oxygen species (ROS). These advanced levels of 
ROS can result from any stimuli, including oncogenic signaling 
pathways, dysfunctional mitochondria, and metabolic changes 
in melanoma cells. Although the management of ROS levels in 
cancer cells favorably affects their development and survival, 
excessive oxidative stress can damage macromolecules (e.g., 
DNA, proteins, and lipids) and induce cell death signaling in 
melanoma cells. Emerging agents are being developed that 
treat this weakness by enhancing oxidative stress rather than 
the ‘adaptive’ capacity for melanoma cells (4,5).

DNA is highly vulnerable to oxidative damage caused by 
ROS. ROS induce oxidative damage, activating three signaling 
cascades that regulate the response of cells to oxidative 
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damage. This group of signaling pathways, the DNA damage 
response (DDR), primarily coordinates the cellular response 
to DNA damage (cell cycle arrest, DNA repair, or apoptosis) 
based on the type and severity of the DNA damage. The p53 
tumor‑suppressor protein is a major regulator of the cellular 
response to DNA damage and regulates the cellular response 
through downstream effector proteins (e.g., the p53‑regulated 
genes that include p21 (CDKN1A) and caspases (e.g., caspase‑3). 
Patients with melanoma exhibited the dysregulation of p53 
signaling pathways and the levels of the p53‑inhibitory protein, 
Bcl‑2, which led to the unregulated growth and/or survival of 
melanoma cells and resistance to apoptosis. Substances that 
restore systems and regulate the functions of the body are a 
critical aspect of scientific study (6,7).

The present study aimed to determine whether the 
selenium‑induced interruption of the balance of redox reac‑
tions, or redox imbalance, can lead to DNA damage caused by 
oxidative stress and the subsequent activation of p53‑depen‑
dent apoptosis pathways in the melanoma cell line studied. In 
the present study, the redox‑modulating ability of elemental 
selenium (Se0) was assessed; Se0 has different physical and 
chemical properties (e.g., solubility and cellular absorption 
rates) compared to other inorganic selenium species, such as 
sodium selenite. According to its physical and chemical prop‑
erties, Se0 has extremely limited solubility in water and very 
unique redox properties; therefore, Se0 can provide insight 
into the mechanisms through which selenium alters the oxida‑
tive stress cellular process without being subject to the same 
interfering effects that occur with selenium salts (that is, with 
easily absorbed soluble inorganic selenium species). Selenium 
is necessary for synthesizing selenoproteins; selenoproteins 
play a crucial role in maintaining the oxidative process in 
the cells (i.e., balancing oxidative and antioxidant processes). 
Selenium compounds exhibit a concentration‑dependent 
impact in biological systems at physiological concentrations. 
They serve as antioxidants at higher concentrations; selenium 
species can function as pro‑oxidants, increasing the produc‑
tion of ROS. This functional transition, contingent upon 
concentration, is of particular significance in cancer research. 
The redox balance of cells can be altered by changes in the 
redox balance (8,9), determining whether a cell will survive or 
undergo apoptosis (8,9). The majority of experimental studies 
have been conducted on soluble inorganic selenium species, 
such as sodium selenite, due to their well‑characterized redox 
activity and the generation of intracellular ROS  (10‑12). 
Multiple cancer models have identified the cytotoxicity and 
pro‑apoptotic effects associated with selenium; however, other 
studies have focused on melanoma, and the only endpoints 
evaluated were single‑cell viability and/or a single cellular 
marker (13,14). Few studies have comprehensively integrated 
quantitative oxidative DNA damage assessments with coordi‑
nated analyses of apoptosis‑associated gene expression within 
the same experimental framework (15,16). 

To the best of our knowledge, no study to date has system‑
atically combined the functional evaluation of cytotoxicity, 
the quantitative comet‑based assessment of genotoxicity, 
and coordinated p53 pathway‑based gene expression profiles 
in the CHL‑1 melanoma model. The present study presents 
mechanistic support for the association between Se0‑induced 
redox imbalance, the production of oxidative DNA damage, 

and the transduction of p53‑dependent apoptotic signaling 
by integrating these three complementary endpoints within a 
single experimental framework (17,18). 

The antioxidant defenses created by certain melanoma 
cells have the capacity to survive for an extended period of 
time following treatment, longer than would otherwise be 
expected due to their enhanced ability to buffer against oxida‑
tive damage and redox damage. Hydrogen peroxide (H2O2) 
is the most common experimental inducer of oxidative stress 
in vitro. Therefore, the purpose of using H2O2 along with Se0 in 
the present study was to evaluate whether Se0 can diminish the 
redox resistance of melanoma cells, thereby increasing suscep‑
tibility to oxidative DNA damage and genotoxic stress (19). 
Consequently, the incorporation of exogenous H2O2 consti‑
tutes a crucial experimental element, designed to replicate the 
oxidative stress characteristic of the tumor microenvironment. 
This methodology investigates selenium under conventional 
laboratory conditions and assesses the capacity of selenium to 
diminish the oxidative tolerance exhibited by melanoma cells. 
Consequently, this enhances their susceptibility to subsequent 
oxidative insult. This particular design choice reinforces 
the mechanistic understanding of selenium as a potential 
redox‑sensitizing agent.

The CHL‑1 human melanoma cell line was selected. It 
has been used in studies investigating how melanoma cells 
respond to oxidative stress and DNA damage  (20,21), and 
its redox‑adapted characteristics are well‑known. Its ability 
to adapt to redox changes and its aggressive nature render it 
a good model for studying the mechanisms through which 
selenium affects redox processes (7). Therefore, the present 
study examined how Se0 affects CHL‑1 melanoma cells under 
normal and oxidative stress conditions. Cell viability was 
measured using the 3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyl 
tetrazolium bromide (MTT) assay to determine how cyto‑
toxicity changes with time and dose and to calculate the 
half‑maximal inhibitory concentration (IC50). Using the 
alkaline comet assay to quantify oxidative DNA damage 
via the olive tail moment (OTM) and the percentage of tail 
DNA (% Tail DNA), as well as using concurrent quantitative 
gene expression analysis for key regulators of DNA damage 
response and apoptosis (p53, p21, caspase‑3, and Bcl‑2), this 
dual approach allows for the systematic mechanistic assess‑
ment of redox modifications associated with exposure to Se0 

and apoptosis‑related signaling pathways in melanoma cells.

Materials and methods

Preparation of selenium. Selenium powder (Se0; CAS no. 
7782‑49‑2; ≥99% purity; cat. no. 229865; MilliporeSigma) was 
freshly prepared as a nominal stock suspension prior to each 
experiment. As Se0 exhibits very limited aqueous solubility, it 
was prepared as a uniformly dispersed suspension rather than 
a true solution.

A suspension stock was prepared at a nominal concentration 
of 10 mM. Accurately measured, 7.9 mg of selenium powder 
was located in an amber sterile tube. The selenium powder 
was diluted in 500 µl absolute ethanol (100%) and mixed in 
a vortex mixer for 1 min to form a solution. The suspension 
was sonicated in a water bath sonicator for 10‑15  min at 
room temperature (25˚C) to promote uniform particle size 
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and reduce particle agglomeration. Following sonication, 
an appropriate volume of 9.5 ml of sterile complete culture 
medium (DMEM supplemented with 10% FBS, 100 U/ml 
penicillin, and 100 µg/ml streptomycin; Invitrogen; Thermo 
Fisher Scientific, Inc.) was added to achieve a total of 10 ml 
of 10  mM nominal concentration of selenium suspension 
and to also achieve a final ethanol concentration in the stock 
suspension of <1% (v/v) as a result of the progressive ethanol 
dilution throughout the preparation procedure.

Nominal selenium concentrations (µM) were calculated 
based on the total mass of Se0 added relative to the final culture 
volume according to the equation (m=C x MW x V).

Reported concentrations represent nominal exposure 
concentrations based on total selenium mass, without the 
quantification of the dissolved or bioavailable fraction. No 
attempt was made to quantify the dissolved or bioavailable 
fraction of selenium in the culture medium. All preparation 
steps were performed under dim light conditions to minimize 
potential photochemical alterations. Tubes were protected 
from light using amber containers or aluminum foil wrapping. 
The vehicle (ethanol) and culture media were sterilized using 
a 0.22‑µm filter prior to use. Due to the particulate nature of 
Se0, post‑dispersion filtration was not performed to avoid the 
removal of suspended particles.

The five working concentrations of the compound were 
prepared fresh (5, 10, 25, 50 and 75 µM) by diluting the original 
10 mM stock solution into complete culture medium immedi‑
ately prior to treatment of the cells using the dilution formula 
(C1V1=C2V2). Prior o each dilution, the stock suspensions were 
vortexed for 5‑10 sec to avoid sedimentation. Before diluting 
stocks in the culture wells, they were vortexed again to further 
minimize sedimentation and ensure even exposure. The 
compound selenium was added to cell treatments in 96‑well 
plates as a pre‑diluted working solution (total volume=100 µl). 
The desired final selenium in each well is shown in the results. 
The ethanol concentration in all treated wells was 0.1% v/v.

A solvent control group was used and received the same 
complete culture medium and conditions with ethanol at a 
final concentration ≤0.1% (v/v) to assess the use of a solvent 
as a vehicle; this corresponds to the maximum solvent 
concentration present in the selenium‑treated wells. 

The stock suspensions were used within 2 h for long‑term 
storage to avoid variations due to settling particles or 
oxidation. The methods for preparing and handling these 
stock suspensions were standardized and adapted from a 
published selenium cytotoxicology protocol (11) to produce 
reproducibility and accuracy in concentration.

Cell line and culture conditions. The human melanoma cell 
line, CHL‑1, was obtained from the American Type Culture 
Collection (ATCC). After receiving the cells, they were grown, 
frozen in small portions, and then used in experiments at low 
passage numbers (passages 5‑12) to reduce changes in their 
characteristics. 

Dulbecco's modified Eagle's medium (DMEM; high 
glucose, 4.5 g/l glucose, manufactured by Invitrogen; Thermo 
Fisher Scientific, Inc.) was the basis for cell culture. The 
media contained 10% (v/v) heat‑inactivated fetal bovine serum 
(FBS), 100 U/ml penicillin, and 100 µg/ml streptomycin (all 
purchased from Invitrogen; Thermo Fisher Scientific, Inc.) 

and were all incubated in a humidified 37˚C incubator with 
5% CO2 and 95% air to maintain physiological pH. The media 
were exchanged every 48‑72 h, and the cells were sub‑cultured 
by trypsinization (0.25% trypsin‑EDTA), reaching 70‑80% 
confluency. Following trypsinization, the cells were neutral‑
ized in complete media (DMEM supplemented with 10% FBS, 
100 U/ml penicillin, and 100 µg/ml streptomycin; Invitrogen; 
Thermo Fisher Scientific, Inc.). The cells were centrifuged 
at 300 x g for 5 min at room temperature (25˚C). Cells were 
subsequently reseeded to the appropriate density.

Regular observation of cell morphology using a contrast 
microscope to determine appropriate spindle‑shaped adherent 
melanoma cell morphology. Cell viability (>95%) was assessed 
by trypan blue exclusion, and only viable cultures were used 
for experimental seeding. All culturing experiments were 
performed by using antibiotics (penicillin/streptomycin) to 
verify experimental accuracy, reduce biological variability, 
and prevent masking contamination. Mycoplasma testing 
was carried out with PCR‑based detection assays and was 
confirmed to be negative throughout the experiments.

Cell viability assay (MTT assay). Cell viability was evalu‑
ated using the MTT assay as previously described (22,23), in 
which the viability of cells is assessed using a colorimetric 
method based upon reduction of the tetrazolium salt MTT by 
mitochondrial dehydrogenase activity of metabolically active 
cells to form insoluble purple formazan crystals. The amount 
of formazan produced is directly proportional to the number 
of viable cells.

For these experiments, CHL‑1 melanoma cells were plated 
at 5x103 cells per well in 96‑well flat‑bottom plates in a final 
volume of 100 µl complete culture medium and allowed to attach 
overnight at 37˚C and 5% CO2. The following day, the cells were 
subjected to increasing concentrations of Se0 at nominal concen‑
trations of 5, 10, 25, 50, and 75 µM for 24 or 48 h to determine 
the cytotoxicity based on both concentration and time. A vehicle 
control group containing 0.1% (v/v) ethanol was included with 
each data point. One‑way ANOVA was used to compare the 
vehicle‑treated group with the untreated control group. The 
untreated cells served as the negative controls (NC). Hydrogen 
peroxide (H2O2; Sigma‑Aldrich; Merck KGaA; 75 µM) was 
used as a positive control to trigger cytotoxicity by oxidative 
stress. The concentration of H2O2 was determined based on a 
previous study (24) and initial optimization experiments; these 
investigations concluded the induction of measurable oxidative 
stress while limiting non‑specific cell death. 

Following each treatment, 10  µl of MTT solution 
(Sigma‑Aldrich; Merck KGaA) (5  mg/ml in sterile PBS, 
yielding a final concentration of 0.5  mg/ml) were added 
to each well, thereby maintaining a 1:10 ratio of reagent to 
medium. After incubating the plates for 4 h at 37˚C to produce 
formazan crystals, their culture media were removed using an 
aspirator without affecting the formazan crystals formed at the 
bottom of each well. A solubilizing agent was added at 100 µl 
(DMSO; Sigma‑Aldrich; Merck KGaA) to each well to 
dissolve/integrate the formazan crystals. The plates were then 
agitated at room temperature for ~10‑15 min. The absorbance 
of each specimen was determined using a microplate reader 
(BioTek Quant Plate Reader, BioTek; Agilent Technologies, 
Inc.) operating at 570 nm. The blank was subtracted from 

https://www.spandidos-publications.com/10.3892/wasj.2026.469


ALHAWAMDEH et al:  EFFECTS OF SELENIUM ON CHL-1 CELLS4

the absorbance of the sample before calculating the relative 
viability of the cell. The calculation of cell viability was 
performed as follows: Cell viability (%)=[(OD sample‑OD 
blank)/(OD control‑OD blank)] x100.

The blank was the media only supplemented with MTT 
reagent but containing no cells; the control was untreated cells 
used as the positive control (defined as 100% viability). The 
vehicle‑treated cells did not exhibit a statistically significant 
difference in viability compared with the untreated controls 
(P>0.05). Dose‑response curves were generated using 
GraphPad Prism version 8.0.2 (Dotmatics), and IC50 values 
were determined by nonlinear regression using a four‑param‑
eter logistic (4PL) dose‑response model (variable slope) in 
GraphPad Prism. The parameters of the model, including 
the top, bottom plateau, Hill slope and log IC50 values, were 
estimated by using least‑squares fitting. Each treatment 
condition was tested in triplicate wells (technical replicates) 
within each independent experiment. Furthermore, the entire 
experiment was repeated three times (biological replicates). 
Data are presented as the mean ± SEM (n=3). Exact P‑values 
obtained from ANOVA are reported in the Results section, 
where applicable.

Comet assay. The alkaline comet assay was performed to 
assess DNA damage according to previously established 
protocols (25) with minor modifications. Before the comet 
assay analysis, CHL‑1 melanoma cells were cultured and 
treated as described above. The cells were assigned to four 
experimental groups, as follows: i)  The negative control 
(untreated cells); ii)  positive control treated with 75  µM 
H2O2 (26); iii) Se0‑treated cells (7.50 µM; corresponding to the 
IC50 value), and iv) cells treated with Se0 (7.50 µM) combined 
with 75 µM H2O2.

Cells were exposed to selenium (7.50 µM) for 30 min 
at 37˚C. In the combined treatment group, H2O2 (75 µM) was 
co‑administered during the same 30‑min exposure period. 
Immediately following treatment, cell viability was assessed 
by trypan blue exclusion and confirmed to be >85%, ensuring 
that DNA damage was not secondary to overt cytotoxicity. 
Cells were obtained via trypsinization followed by centrifu‑
gation at 300 x g for 5 min at 4˚C; the resultant cell pellet 
was reconstituted in chilled PBS to an approximate density 
of 1x105 cells/ml. A total of 75 µl of 0.5% low‑melting‑point 
agarose (Sigma‑Aldrich; Merck KGaA) was maintained 
at 37˚C and mixed with 25 µl of cell suspension (immedi‑
ately upon preparation). It was spread onto glass microscope 
slides (Thermo Fisher Scientific, Inc.) pre‑coated with 1% 
normal‑melting‑point agarose  (Sigma‑Aldrich; Merck KGaA) 
and allowed to solidify at 4˚C for 10 min. Preparation for the 
remaining procedures was carried out under low lighting 
conditions to minimize DNA damage.

Following at least 1  h of incubation at a temperature 
of 4˚C in lysis buffer (all chemicals were purchased from 
Sigma‑Aldrich; Merck KGaA) [2.5  M sodium chloride, 
100 mM ethylene diaminetetraacetic acid (EDTA), 10 mM 
tris (hydroxymethyl) aminomethane (Tris); pH  10‑10.5], 
the slides were removed from the lysis buffer to remove all 
cellular proteins and membranes. The slides were then placed 
into fresh alkaline electrophoresis buffer (chemicals from 
Sigma‑Aldrich; Merck KGaA) [300 mM sodium hydroxide; 

1 mM EDTA (pH >13)] for 20 min to allow DNA to unwind 
before performing the actual electrophoresis for 25 min at an 
applied voltage of 25 V (~0.8 V/cm), with a 300 mA current 
following a temperature of 4˚C.

Following electrophoresis, the slides were neutralized in 
Tris buffer (Sigma‑Aldrich; Merck KGaA) (0.4 M, pH 7.5) 
for a minimum of 5 min per wash (three total washes) before 
staining with ethidium bromide (Sigma‑Aldrich; Merck 
KGaA) (2 µg/ml) for 5 min at room temperature in the dark. 
Comets were visualized using a fluorescence microscope 
(Olympus BX53; Olympus Corporation) at x20 magnification. 
DNA migration patterns were analyzed in a blinded manner. 
At least 100 randomly selected nuclei per slide were scored for 
each sample. Image acquisition was performed using a CCD 
camera system connected to Kinetic Imaging software. Comet 
parameters were quantified using Komet 6 image analysis 
software (Kinetic Imaging Ltd.), and images were exported 
as uncompressed BMP files. DNA damage was expressed 
as OTM and % tail DNA, which are sensitive indicators of 
oxidative DNA strand breaks (27).

Reverse transcription‑quantitative PCR (RT‑qPCR). The 
purity and concentration of total RNA were measured using 
a BioDrop™ Touch Duo spectrophotometer (BioDrop Ltd.) by 
determining the 260/280 ratio. cDNA synthesis was conducted 
according to the manufacturer's instructions using the iScript™ 
cDNA synthesis system (Bio‑Rad Laboratories, Inc.). A total 
of three independent biological replicates for each condition 
were prepared, and triplicate (technical) qPCR reactions were 
carried out on each of the biological replicates to analyze them. 
A total of 20 µl of mixture consisted of 1 µg total RNA, 4 µl 
5X iScript reaction mix, 1 µl iScript reverse transcriptase, and 
nuclease‑free water to create cDNA. The Bio‑Rad PTC‑200 
Peltier Thermal Cycler (Bio‑Rad Laboratories Inc.) was used 
to perform reverse transcription. Reverse transcription was 
performed using the following conditions: 5  min at  25˚C 
(priming), 20  min at  46˚C (reverse transcription), 1  min 
at 95˚C (inactivation), and a final hold of 10 min at 4˚C. The 
synthesized cDNA samples were kept at ‑20˚C.

qPCR was conducted using MicroAmp® Optical 8‑Cap 
Strips in 96‑Well Plates on a StepOnePlus Real‑Time PCR 
Detection System (Applied Biosystems, Inc.). Each 20 µl reac‑
tion consisted of 10 µl SYBR®‑Green Master Mix (Qiagen, 
Inc.), 2 µl primer, 4 µl nuclease‑free water, and 4 µl diluted 
cDNA. The cycling conditions were as follows: An initial 
denaturation at 95˚C for 10 min was followed by 40 cycles at 
95˚C for 15 sec and 60˚C for 1 min; the melt curve (i.e., 95˚C 
for 15 sec and 60˚C for 15 sec, followed by 95˚C for 15 sec) 
followed by melt curve analysis confirmed specificity and that 
each primer pair amplified a single specific product. Each run 
included no‑template controls and no‑reverse‑transcription 
controls (no reverse transcription controls).

Relative gene expression was calculated using the 2‑ΔΔCq 
method (28). β‑actin was used as the internal reference gene, 
and its expression was confirmed to be stable under the 
tested conditions (29). Primer efficiencies were determined 
from 5‑point serial dilutions of cDNA and were within the 
acceptable range of 90‑110% (slopes ‑3.1 to ‑3.6, R2>0.99). 
The primer sequences are listed in Table I (30‑34). All data‑
sets were examined for data entry accuracy prior to analysis. 
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Experimental data are presented as the mean ± SEM derived 
from at least three independent biological experiments (n=3), 
each performed with technical replicates as described above.

Statistical analyses. All datasets were conducted using 
GraphPad Prism version 8.0.2 (Dotmatics). The distribution 
was assessed using the Shapiro‑Wilk test before performing 
parametric analyses. For comparisons among multiple groups, 
one‑way ANOVA was applied, followed by Tukey's post 
hoc test for pairwise multiple comparisons. For the MTT 
assay, statistical analyses were performed separately for the 
24‑ and 48‑h treatment time points. For RT‑qPCR analysis, 
as the relative expression values derived from the 2‑ΔΔCq 
method are log‑normally distributed, fold‑change data were 
log2‑transformed before statistical analysis to approximate 
normal distribution and satisfy the assumptions required for 
parametric ANOVA testing. Statistical comparisons between 
experimental groups were performed using one‑way ANOVA 
followed by Tukey's post hoc test for multiple comparisons. 
A value of P<0.05 was considered to indicate a statistically 
significant difference. Fold‑change values are presented in 
the figures for biological interpretation. No data points were 
excluded from the analysis. All statistical tests were two‑tailed.

Results

Cytotoxic effects of selenium on CHL‑1 melanoma cells. 
Cell viability was assessed using the MTT assay following 
24 and 48 h of exposure to increasing concentrations of Se0 

(5‑75 µM). Exposure to selenium induced a concentration‑ and 
time‑dependent reduction in CHL‑1 cell viability (Fig. 1). 
The vehicle‑treated cells (ethanol ≤0.1% v/v) did not exhibit a 
statistically significant difference in viability compared with 
untreated control cells (one‑way ANOVA, P>0.05) and were 
therefore considered equivalent to baseline conditions.

At 24 h following treatment with selenium, the viability 
of the CHL‑1 cells decreased in a concentration‑dependent 
manner. In the absence of selenium, the mean percentage of 
viable cells was 100±0.01%; however, the cells treated with 
5, 10, 25, 50, and 75 µM selenium exhibited a viability of 

55±0.23, 45±0.45, 38±0.56, 25±0.35, and 18±0.13%, respec‑
tively (n=3). At 48  h following treatment with selenium, 
even lower percentages of viable cells were noted, with the 
mean levels being 52±0.03, 43±0.49, 34±0.66, 22±0.35 and 
13±0.06%, respectively, as compared to the aforementioned 
mean percentages.

The viability of the CHL‑1 cells exposed to 75 µM (posi‑
tive oxidative stress control) H2O2 decreased to 75±0.04% at 
24 h and 78±0.15% at 48 h following treatment (indicated by 
the isolated red data points in Fig. 1). A statistically significant 
treatment effect was determined using one‑way ANOVA at 
both time points (P<0.05). Non‑linear regression analysis of 
the 48‑h dose‑response curve (plotted in Fig. 1) indicated an 
IC50 value of 7.50 µM.

Selenium enhances DNA strand breakage in CHL‑1 cells. 
DNA strand breaks were quantified using the alkaline comet 
assay and expressed as both % tail DNA and OTM, as demon‑
strated below and in Figs. 2‑4.

Percentage of tail DNA (% tail DNA). CHL‑1 cells origi‑
nally were able to achieve low levels of DNA damage with 
only a mean % tail DNA of 27.90±1.19 when left untreated. 
Following exposure of these cells to 75 µM H2O2, the amount 
of DNA fragmentation increased significantly from baseline, 
with a mean % tail DNA of 37.77±1.05. Conversely, when the 
cells were treated with 7.50 µM selenium alone, this treatment 
increased tail DNA (38.70±0.57). Furthermore, the highest 
level of DNA damage occurred in cells treated concurrently 
with selenium and H2O2 (44.67±1.13). 

Analysis using one‑way ANOVA demonstrated that each 
treatment had a significant effect on % tail DNA [F(3.8)=45.95, 
P=2.18x10‑5]. In addition, Tukey's post hoc analysis revealed 
that each treatment with H2O2 and selenium alone, as well as 
the concurrent treatment with H2O2 and selenium, produced 
significantly more DNA damage compared with the untreated 
CHL‑1 cells (P<0.001). No significant difference was observed 
between the groups treated with H2O2 and selenium (P>0.05).

Improved pairwise analysis indicated that concurrent 
treatment with selenium and H2O2 resulted in more DNA 

Table I. Primer sequences used for RT‑qPCR analysis.

Genes	 Primer sequence (5' to 3')	 (Refs.)

p53	 F: 5'‑CCTCAGCATCTTATCCGAGTGG‑3'	 (30)
	 R:  5'‑TGGATGGTGGTACAGTCAGAGC‑3'	
p21	 F: 5'‑AAGTCAGTTCCTTGTGGAGCC‑3'	 (31)
	 R: 5'‑GGTTCTGACGGACATCCCCA‑3'	
Caspase‑3	 F: 5'‑ATGGAAGCGAATCAATGGA‑3'	 (32)
	 R: 5'‑TGTACCAGACCGAGATGTC‑3'	
Bcl‑2	 F: 5'‑GGATCCAGGATAACGGAGGC‑3'	 (33)
	 R: 5'‑CCAGATAGGCACCCAGGGT‑3'	
β‑actin/ACTB	 F: 5'‑CCTGGCACCCAGCACAAT‑3'	 (34)
	 R: 5'‑GCCGATCCACACGGAGTACT‑3'	

RT‑qPCR, reverse transcription‑quantitative PCR; F, forward; R, reverse. All primer sequences were adopted from the indicated previously 
published studies.
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damage than either treatment with H2O2 (P<0.01) or with sele‑
nium (P<0.05) alone. Thus, each treatment led to increased 
levels of DNA damage; however, the degree of DNA fragmen‑
tation was greatest when evaluated under combined oxidative 
conditions using both selenium and H2O2.

OTM. The average OTM in the untreated CHL‑1 cells was 
7.61±0.41, indicating minimal baseline DNA damage. Exposure 
to H2O2 (75  µM) significantly increased DNA damage, 
resulting in an average OTM value of 15.47±0.60. Cells treated 
with selenium alone at 7.50 µM also exhibited increased DNA 

Figure 2. The ability of selenium and H2O2 to induce DNA damage was evaluated using the OTM. The extent of DNA fragmentation from selenium‑treated 
CHL‑1 melanoma cells was assessed with the alkaline comet assay, and DNA strand breakage was quantified using the OTM. Cells were not treated, treated 
with selenium at its IC50 (7.50 µM), treated with 75 µM H2O2 (positive control), or treated with both selenium and 75 µM H2O2. DNA fragmentation in 
untreated cells was significantly higher in selenium compared to those that did not receive any treatment, thus indicating that selenium is a genotoxic inducing 
agent, which produced more DNA fragmentation than H2O2 alone. The use of H2O2 in addition to selenium resulted in higher OTM values than both treat‑
ments alone; therefore, the combination of selenium and hydrogen peroxide produced more oxidative DNA damage than either treatment alone. The data are 
expressed as the mean ± SEM for the three independent experiments, using a one‑way ANOVA with Tukey's post hoc to determine significance (*P<0.05, 
**P<0.01, ***P<0.001 and ****P<0.0001; ns, not significant). OTM, olive tail moment; H2O2, hydrogen peroxide; Se, selenium.

Figure 1. Cytotoxic effects of selenium on the viability of CHL‑1 melanoma cells assessed using MTT assay. MTT was utilized to determine the concentration‑ 
and time‑dependent effects of curative cancer treatment using selenium, a natural supplement with anti‑cancer properties. To perform this experiment, cells 
were treated with increasing concentrations of elemental selenium (5 to 75 µM) during both the 24 and 48 h of the trial, with resulting cell viability reported 
as a percentage of the time‑matched control. Selenium treatment resulted in decreased cell viability with increasing concentrations and varying durations of 
treatment. Hydrogen peroxide at 75 µM was used as an oxidation control for the occurrence of cytotoxicity due to oxidative stress (represented by the red data 
points on the graph); results of the tests are expressed as mean values (mean ± SEM, n=3) from a total of 3 separate experiments (n=3). The calculated IC50 
value derived from the 48‑h dose‑response curve is 7.50 µM.
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damage, with an average OTM value of 11.30±0.24. Combined 
treatment with selenium and H2O2 produced the highest level 
of DNA damage, with an average OTM value of 17.62±0.45. 
Based on one‑way ANOVA analysis, the treatment conditions 
had a highly significant effect on OTM values in CHL‑1 cells 
[F(3,8)=98.46, P=1.18x10‑6].

Tukey's multiple comparison tests revealed that H2O2, 
selenium alone, and combined treatment with selenium + 
H2O2 all produced significantly higher OTM values compared 
with the untreated CHL‑1 cells (P<0.01 for all comparisons). 
In addition, significant differences were observed between 
the H2O2 and selenium treatment groups (P<0.01). Pairwise 
comparisons further indicated that combined treatment with 
selenium + H2O2 produced significantly greater DNA damage 
compared with H2O2 alone (P<0.05) and selenium alone 
(P<0.01). Representative comet images (Fig. 4) qualitatively 

supported the quantitative findings, illustrating progressively 
increased DNA damage across treatment conditions.

Effect of selenium and H2O2 on the expression of apoptosis‑
related genes in CHL‑1 cells. Log2‑transformed fold change 
values were used to compare the experimental groups. The 
relative mRNA expression levels of p53, p21, caspase‑3, and 
Bcl‑2 were assessed using RT‑qPCR, normalized against 
the internal reference gene, β‑actin, and presented as a ratio 
relative to untreated control cells, which were assigned a value 
of 1.0 (Fig. 5). 

Exposure to H2O2 increased p53 expression by 4.85‑fold 
relative to the control; selenium (7.50 µM) increased p53 
expression by 3.47‑fold relative to the control. Following 
exposure to H2O2, the expression of the cyclin‑dependent 
kinase inhibitor, p21, was measured as ~3.45‑fold that of the 

Figure 3. Selenium and selenium plus H2O2 induce significant DNA damage as evidenced by the amount of tail DNA percent, relative to the amount of tail 
DNA percent in CHL‑1 melanoma cells treated with selenium (7.50 µM), H2O2 (75 µM), and both selenium and H2O2 concurrently. The untreated controls had 
very limited amounts of % tail DNA, but selenium treatment resulted in a marked increase in tail DNA percent, confirming that selenium is a genotoxicant. 
Concurrent treatment with selenium and H2O2 resulted in a significantly higher tail DNA percentage than either treatment alone and demonstrated an increased 
sensitivity of the cells to oxidative DNA damage. Data are presented as the mean ± SEM of three independent experiments. Statistical analysis was performed 
by one‑way ANOVA with Tukey's post hoc test; (*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001). H2O2, hydrogen peroxide; Se, selenium.

Figure 4. Representative comet assay analysis illustrating DNA damage in CHL‑1 melanoma cells under different treatment conditions. Representative 
fluorescence micrographs of CHL‑1 cells stained with ethidium bromide following alkaline comet assay. Cells were treated with (A) untreated control, 
(B) selenium (7.50 µM), (C) H2O2 (75 µM; positive control), and (D) selenium (7.50 µM) combined with H2O2 (75 µM). Images were acquired under identical 
imaging conditions using a 20X objective. Untreated cells exhibited intact nuclei with minimal DNA migration. Selenium‑treated cells showed moderate DNA 
fragmentation. Hydrogen peroxide treatment resulted in pronounced comet tail formation, indicating increased DNA strand breaks. The combined selenium 
and hydrogen peroxide treatment produced the most extensive DNA damage, with marked tail elongation and increased DNA dispersion. These qualitative 
observations are consistent with the quantitative analysis of % tail DNA and olive tail moment, demonstrating a progressive increase in DNA damage across 
treatment groups. H2O2, hydrogen peroxide; PC, positive control. Scale bar, 50 µm.
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control. In the selenium‑treated cells, p21 expression was 
~2.63‑fold that of the control. Statistical analysis (ANOVA 
followed by Tukey's test) demonstrated a statistically signifi‑
cant treatment‑dependent difference in the expression levels of 
both p53 and p21 based on treatment (P<0.05) (Fig. 5). 

The mRNA expression of caspase‑3 was markedly 
increased in both treatment groups, with levels in the H2O2 
group being 3.25‑fold those of the controls and 3.01‑fold those 
of controls in the selenium group. ANOVA followed by Tukey's 
test determined that the treatments had a significant effect on 
the caspase‑3 expression level (P<0.05) (Fig. 5).

The expression of Bcl‑2 (an anti‑apoptotic gene) signifi‑
cantly decreased following each treatment condition. With 
respect to Bcl‑2 expression, exposure to H2O2 resulted in 
Bcl‑2 expression being reduced to 0.46‑fold compared to the 
untreated controls; treatment with selenium reduced Bcl‑2 
expression to 0.65‑fold (P<0.05) (Fig. 5).

Both selenium and oxidative stress exposure result in 
a coordinated upregulation of pro‑apoptotic and cell cycle 
regulatory transcripts (p53, p21, and caspase‑3), with the 
downregulation of the anti‑apoptotic gene, Bcl‑2. This tran‑
scriptional profile corresponds with the increased DNA strand 
breakage observed in comet assay analyses, thereby suggesting 
a coordinated, treatment‑dependent cellular stress response 
within CHL‑1 cells (Fig. 5). 

Discussion

Melanoma, an aggressive type of cancer, is known for its ability 
to adapt to changes in oxidation and reduction (redox) conditions, 
its metabolic flexibility, and its resistance to treatment (35,36). 
The present study aimed to systematically determine if the 
cell‑killing effects of selenium in CHL‑1 melanoma cells are 

directly related to oxidative DNA damage and the coordinated 
changes in the expression of genes in the p53 pathway. The 
present study combined tests that measure cell survival, a comet 
assay to quantify DNA damage, and p53, p21, caspase‑3, and 
Bcl‑2 expression, all within the same experiment. To date, few 
studies (37,38) have simultaneously considered how selenium 
affects cell death, quantitatively assessed DNA damage, and 
analyzed the expression of genes in the p53 pathway within the 
same melanoma model. In addition, using external H2O2 as a 
controlled source of oxidative stress strengthens this systematic 
approach by functionally confirming the ability of selenium to 
enhance the sensitivity of the cells' redox changes under condi‑
tions that mimic the stress of a tumor environment.

The results of the MTT assay indicated that selenium 
significantly decreased the viability of CHL‑1 cells in both a 
concentration‑ and time‑dependent manner (IC50, 7.50 µM; 
Fig. 1). In addition, the results are consistent with previous 
research that demonstrated the increased sensitivity of mela‑
noma cells to redox‑disrupting compounds due to their high 
basal levels of ROS and limited ability to further regulate 
them during oxidative stress (39,40). Chronic levels of ROS 
can support the proliferation and survival of melanoma cells 
through moderate amounts of ROS signaling. When excessive 
ROS overwhelm antioxidant defenses, cellular damage becomes 
irreversible, leading to cell death. The higher level of cytotoxicity 
at 48 h compared to 24 h of selenium exposure observed herein 
also indicates that selenium‑induced oxidative stress may have a 
cumulative or delayed effect on the ability of the cells to mount 
adaptive antioxidant responses  (41). Research supports this 
time‑dependent pattern, demonstrating that selenium‑induced 
cytotoxicity is associated with the generation of intracellular 
ROS rather than through acute oxidative stress (42). The results 
of decreased viability of cells exposed to selenium were similar 

Figure 5. The mRNA expression levels of genes in the CHL‑1 melanoma cells following exposure to 7.5 µM selenium or 75 µM of H2O2 determined using 
reverse transcription‑quantitative PCR. The genes analyzed involved p53 (as the tumor suppressor gene and DNA damage sensor that activates stress response 
signals), p21/CDKN1A (a cyclin‑dependent kinase inhibitor to p53 that promotes cell cycle arrest at the G1/S checkpoint), caspase‑3 (an executing protease 
involved with final stages of intrinsic apoptosis), and Bcl2 (an anti‑apoptotic mitochondrial protein that inhibits protease to activate caspases and maintains the 
integrity of mitochondrial membranes). All expression level data were normalized relative to the reference gene, β‑actin and reported as the relative fold change 
from control cells (set as 1.0). Statistical significance compared to the untreated control is indicated by asterisks (*P<0.05). Data were analyzed using one‑way 
ANOVA followed by Tukey's post hoc test, where all treatment groups were statistically different from each other based on a log2 transformation of raw data.
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to the effects of exposure to H2O2, supporting the role of sele‑
nium as a redox‑modulating agent in melanoma cells. ROS are 
highly reactive towards several cellular macromolecules, but 
one of the most sensitive targets is DNA; therefore, the oxidative 
stress‑induced damage to DNA is one of the critical factors that 
determines the fate of a cell (43). 

The IC50 dose level and treatment with selenium signifi‑
cantly increased OTM and % tail DNA, suggesting the 
induction of significant DNA strand breaks and alkali‑labile 
sites consistent with oxidative DNA damage. The present 
study presents integrated evidence linking selenium‑induced 
oxidative DNA damage with the coordinated activation of 
p53‑dependent apoptotic signaling in CHL‑1 melanoma cells. 
These findings are in agreement with those of previous studies 
that reported the ability of selenium to induce both single‑ and 
double‑(two‑ended) strand breaks in cancer cells due to oxida‑
tive damage to DNA (44,45). The presence of such damage 
activates a biological pathway known as the DDR. The 
response of a cell to the severity of an insult will depend on 
the activation of the DDR pathway, including cell cycle arrest, 
repair of the damage, or apoptosis (46). 

Melanoma is an aggressive type of skin cancer that has 
a high incidence of mutations related to the repair of DNA 
damage and is often characterized by alterations to DDR 
pathways. Increased DNA damage caused by excessive oxida‑
tive stress will induce a shift in the apoptotic response from 
cell survival or repair to cell death. In the present study, when 
melanoma cell lines were treated with both selenium and 
H2O2, they exhibited a substantial increase in DNA damage 
compared to treatments with either agent alone. The addition 
of H2O2 into the study provided functional evidence of the 
redox‑sensitizing properties of selenium. When selenium and 
H2O2 were used in combination, it appeared that selenium 
rendered melanoma cells less tolerant to oxidative stress 
from an outside source and therefore increased the amount of 
genotoxic stress experienced by these cells from an outside 
source of oxidative stress. In summary, these findings describe 
the ability of selenium to be a redox sensitizer by decreasing 
the oxidative stress tolerance threshold of melanoma cells and 
increasing the amount of genotoxic stress that these cells expe‑
rience from outside sources of oxidative stress. Thus, the data 
indicate that selenium lowers the redox resistance of melanoma 
cells, rendering them more sensitive to oxidative stress (47). 
In addition, emerging evidence suggests that melanoma cells 
may also be susceptible to other metal ion‑induced cell death 
mechanisms, such as cuproptosis, which occurs with the pres‑
ence of copper, causing mitochondrial stress and metabolic 
dysfunction. Although different from the mechanism of redox 
imbalance of selenium, this evidence supports the broader 
notion that disrupting trace element‑related metabolic and 
redox‑dependent mechanisms may be a promising treatment 
strategy for melanoma (48).

As a result of previous studies, there are multiple strate‑
gies that use redox‑active agents to increase the sensitivity 
of cancer cells to oxidative stress; for example, by breaking 
down the normal buffering capacity of antioxidant systems. 
This is crucial as it allows for an understanding of how 
the selenium‑mediated modulation of redox can produce 
an increase in the effectiveness of oxidative and targeted 
therapies and suggests that future research using combination 

models is warranted. These findings have clinical significance 
outside of the in vitro models, due to their implications for 
resistance to therapy in patients with melanoma. Specifically, 
targeted therapies that inhibit BRAF and MEK have been 
associated with the development of adaptive metabolic repro‑
gramming and the incorporation of enhanced antioxidant 
defense systems, both of which present significant clinical 
problems (49‑51). Melanoma cells that develop resistance to 
targeted therapies can alter their redox homeostasis in such a 
manner as to provide mitigation against the accrual of excess 
ROS, which improves survival and tolerance to these thera‑
peutics. In this regard, the ability of selenium to disrupt redox 
balance within cells and amplify DNA oxidative damage may 
provide the mechanistic basis for shifting the oxidative toler‑
ance level of resistant melanoma phenotypes. Although the 
present study did not directly evaluate drug‑resistant models, 
the observed redox sensitization and coordinated activation 
of p53‑dependent apoptotic signaling provide a conceptual 
framework through which selenium could potentially enhance 
responsiveness to targeted therapies. Future investigations 
using BRAF inhibitor‑resistant melanoma cell lines or combi‑
nation treatment models are warranted in order to determine 
whether selenium‑mediated redox modulation can overcome 
clinically relevant resistance mechanisms (52).

The identification of key genes that regulate apoptosis 
and the cell cycle was performed to identify the mechanisms 
whereby selenium causes molecular changes in DNA. Selenium 
was shown to increase the levels of expression of p53, p21, 
and caspase‑3, while decreasing the levels of expression of 
the anti‑apoptotic gene, Bcl‑2, in the selenium‑treated cells 
compared to the controls. This increase in the expression of the 
genes identified is indicative of p53‑mediated cell cycle arrest 
and the initiation of intrinsic apoptotic pathways. p53 func‑
tions as a ‘central’ regulator (sensor) of genotoxic stress via the 
promotion of transcriptional programs that establish the fate 
of a cell in response to DNA damage (53). Herein, the increase 
in the expression of p21 observed in the selenium‑treated cells 
indicates that p53 is mediating the enforcement of cell cycle 
arrest at the G1/S transition so that the integrity of the DNA 
can be checked (54). When the damage to the DNA is beyond 
the ability of the cell to repair itself, p53 may redirect its efforts 
from inducing cell cycle arrest to inducing apoptosis in the 
cell by activating the expression of pro‑apoptotic factors, such 
as caspase‑3, and inhibiting the expression of anti‑apoptotic 
genes such as Bcl‑2. The downregulation of Bcl‑2 expression 
observed in selenium‑treated cells is particularly important 
in the context of melanoma, since Bcl‑2 overexpression is a 
well‑established means by which melanoma cells can avoid 
undergoing apoptosis or lose the ability to respond to chemo‑
therapy (55). By decreasing the expression of Bcl‑2, selenium 
may permit a decrease in the threshold for apoptosis and 
consequently enhance mitochondrial outer membrane perme‑
abilization, resulting in increased caspase‑dependent cell 
death (56). Similar mitochondrial apoptotic shifts mediated by 
modulation of Bcl‑2 family members have been reported for 
other bioactive compounds, including plant‑derived molecules 
that induce apoptosis through alteration of the BAX/BCL‑2 
ratio. These findings support the biological plausibility of 
selenium‑induced mitochondrial apoptotic priming in the 
present study (57).
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Exposure to H2O2 caused the same gene expression pattern, 
which confirmed that oxidative stress alone is sufficient to 
initiate apoptotic signaling in CHL‑1 cells. These findings 
suggest that selenium‑induced cytotoxicity occurs through 
redox‑dependent mechanisms. Selenium‑induced redox 
perturbation may interconnect with one or other redox‑sensi‑
tive signaling systems involved in melanoma development 
and chemotherapy resistance, even though the present study 
searched for the p53‑dependent apoptotic axis as the main 
focus. 

The generation of ROS affects the signaling properties of 
the PI3K/Akt signaling pathway through the oxidative inactiva‑
tion of the phosphatase tumor suppressor, PTEN, which, when 
functioning, promotes death‑signaling via p53 in the presence 
of low levels of oxidative stress. When there are increased 
levels of ROS, this leads to the decreased phosphorylation of 
Akt, promoting death signaling via apoptosis (58,59). 

Sustained oxidative stress affects the signaling proper‑
ties of the NRF2 antioxidant response pathway, which is the 
master regulator of redox homeostasis and serves to regulate 
the metabolic adaptation of melanoma cells to chemotherapy 
and resistance to chemotherapy. NRF2 signaling dysregulation 
associated with sustained oxidative stress may compromise 
the cellular antioxidant buffering system and thereby sensitize 
melanoma cells to additional oxidative stress (60,61). 

In addition, high levels of ROS can result in increased 
lipid peroxidation, thereby increasing susceptibility to a 
regulated form of cell death termed ferroptosis, suggesting 
that selenium‑induced redox imbalance may affect several 
types of regulated cell death, separate from classical 
p53‑dependent apoptosis (62,63). Although the present study 
did not examine these pathways, their well‑established redox 
sensitivity suggests that they present an explanation as to how 
selenium‑induced oxidative stress could lead to a variety of 
melanoma signaling pathways (40,42,52).

The results from the present study support an integrated 
mechanistic model that indicates selenium exposure is 
associated with i)  an imbalance in redox homeostasis; 
ii) oxidative DNA damage; and iii) the induction of the p53 
signaling pathway. This overall process provides support for 
the mechanistic framework proposed in the introduction and 
demonstrates that selenium may lead to enhanced oxidation 
(and death) of melanoma cells. However, there has yet to be 
direct evidence of the transcriptional activation of p53 in 
response to combined treatment with selenium and H2O2.

The present study included multiple endpoints (cyto‑
toxicity, genotoxicity, and gene expression), rather than 
evaluating a single endpoint, which was the case for previous 
studies (64‑66). Thus, the data present a more comprehensive 
understanding of how selenium exerts cytotoxicity against 
melanoma cells. In addition, the present study demonstrated 
that selenium enhanced oxidative DNA damage in a manner 
that was dependent on exogenous sources of oxidative stress. 
Finally, these findings suggest that redox‑based combination 
approaches can circumvent resistance mechanisms of mela‑
noma (67‑69). Therefore, future studies are required to include 
the validation of functional protein expression (phosphory‑
lated p53 and cleaved caspase‑3) along with the measurement 
of intracellular ROS to elucidate the mechanisms by which 
selenium causes cell death or impaired function.

Normal selenium levels at physiological levels are 
0.8‑1.5 µM (70‑120 µg/l), based on individual dietary and 
geographical differences. This is sufficient for maximum 
performance and the activity of all the major selenoproteins 
(e.g., glutathione peroxidases and thioredoxin reductases), 
which are critical to maintaining redox balance in the body. 
Provided that physiological selenium levels are greater than 
those in the present study, additional amounts of selenium do 
not increase activity proportionally, and if selenium levels 
remain above physiological levels for long periods of time, the 
potential for selenium toxicity increases (70). 

For the present study, concentrations should be viewed 
as pharmacological rather than nutritional; the maximum 
amounts of selenium obtained through dietary sources will 
not present sustained selenium levels above physiological 
levels. Therefore, long‑term elevations lead to unintentional 
side‑effects such as gastrointestinal complaints, brittle nails 
and hair, and in extreme cases, selenosis. While the amounts 
of selenium used in the present in vitro study are effective for 
elucidating cytotoxic mechanisms caused by oxidative stress 
in melanoma cells, further investigations on optimal dosing 
and targeted delivery methods are warranted before applying 
the results to individuals (71).

There are some critical limitations in the present study 
as well, despite its benefits. The first limitation is that one 
melanoma cell line (i.e., CHL‑1) was used for the present 
study; however, this cell line is known to be an established 
redox‑adapted model of melanoma (72,73). There are a number 
of genetic and metabolic differences between subtypes of 
melanoma, and the mutational makeup of a cell may affect its 
sensitivity to selenium due to how the cell regulates redox and 
undergoes apoptosis (51,74). In order to determine whether or 
not the findings of the present study can be generalized across 
melanomas, it would be necessary to validate these findings 
with multiple melanoma cell lines capable of being charac‑
terized into different molecular profiles. Future studies are 
required to include different mutational backgrounds in their 
cell lines, including a cell line that has a BRAF mutation and 
a cell line that has an NRAS mutation, to determine whether 
the redox‑sensitization properties of selenium also hold for 
these genetically diverse subtypes of melanoma. Additional 
comparative analyses will help provide further evidence that 
the data presented in the present study are generalizable and 
relevant to the treatment of melanoma.

Another limitation of the present study is evaluating 
differences in sensitivity between malignant (tumor) and 
non‑malignant cells using a normal human melanocyte popu‑
lation. Therefore, the selective vulnerability of melanoma cells 
to the toxicity of selenium is due to a difference in redox sensi‑
tivity between the malignant and non‑malignant cells (19,20). 
Further research is thus required with the inclusion of a 
normal human melanocyte control group to present the neces‑
sary information to determine the therapeutic selectivity of 
selenium therapy, as well as the safety margins of selenium 
therapy. The absence of a normal human melanocyte control 
group will prevent the ability to definitively determine whether 
or not malignant and non‑malignant melanocytes differ in their 
redox sensitivity. Establishing a difference in sensitivity will 
be critical for defining the therapeutic window of selenium and 
evaluating the potential for off‑target toxicity (75).
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The limits of the present study not only affect antioxidant 
activity but also present a critical perspective on another major 
issue, selenium speciation. The form of selenium will affect its 
biological action, since there are a number of different chemical 
forms (i.e., sodium selenite and selenomethionine), and their 
biological actions differ significantly in terms of their pharma‑
cokinetic, pharmacodynamic, or redox‑modulating actions (76). 
Additionally, elemental selenium has very little in common with 
either soluble inorganic or organic forms of selenium, making 
it essential, in terms of providing full and true extrapolations 
from the present findings into other selenium forms, to perform 
a systematic and direct comparative analysis across the various 
selenium forms to make rational therapeutic choices. 

In some cases, inorganic forms can generate more free 
radical damage than organic forms can, as they create free 
radicals directly from their reaction with the oxygen in the 
surrounding environment. By contrast, the organic forms of 
selenium may primarily function as antioxidant agents via 
their incorporation into selenoproteins that serve to regulate 
oxidative stress (43). Selenium nanoparticles are also consid‑
ered unique regarding their biological potential due to the 
altered kinetics of cellular uptake and potentially enhanced 
therapeutic indices observed in preclinical studies using 
cancer (77). These differences in how selenium functions in 
the body could result in differences in the dynamics and the 
levels of reactive oxygen species generated in cells, the levels 
of damage to the DNA, the amount of activation of apoptotic 
signaling, and the overall cytotoxic potential of different 
selenium species  (78). Therefore, to develop an adequate 
understanding of the relationship between the structure and 
activity of selenium species in the treatment of melanoma, it 
is critical to conduct systematic and comparative evaluations 
of the outcomes of treatment with different selenium species 
in vitro and in vivo (79,80).

Another limitation of the present study is that transcriptional 
profiles of select apoptosis‑related genes (p53, p21, caspase‑3, 
and Bcl‑2) were not evaluated in the selenium + H2O2 treatment 
group. The comet assay provided clear evidence of mark‑
edly increased DNA damage under combination redox stress 
conditions; however, the downstream activation status of the 
p53‑dependent apoptotic pathway was never assessed in this 
group. While there is a biologically plausible association between 
increased levels of genotoxicity and subsequent enhancement 
of p53‑mediated signaling, this type of mechanistic association 
was not evaluated at the transcriptional level using experimental 
methods. Thus, future studies including both gene and protein 
level studies (including phosphorylated p53, cleaved caspase‑3, 
and mitochondrial apoptotic indicators) under combined oxida‑
tive stress will provide a more detailed understanding of whether 
selenium redox‑mediated effects on apoptosis correspond to 
increased levels of apoptosis. On the whole, however, the results 
revealed the potential role of selenium as a redox‑modulating 
chemoresistant agent in melanoma.

Future studies are based on the concept of selenium as a 
redox sensitizer by confirming previous studies performed 
in vitro by repeating these studies in an in vivo model, such as a 
melanoma xenograft or syngeneic model, to determine whether 
selenium enhances the tumor response to its own oxidative 
stress or to standard‑of‑care treatment. In addition to this, it is 
anticipated that combining selenium with targeted drugs (i.e., 

BRAF or MEK inhibitors) or agents that induce regulated cell 
death (e.g., apoptosis and ferroptosis) would allow researchers 
to gain insight into whether selenium‑induced ROS eleva‑
tion enhances the apoptotic priming of melanoma models 
resistant to targeted therapy. These experiments will present 
insight into whether the selenium‑induced dysregulation 
of redox homeostasis can delay or eliminate adaptive resis‑
tance to treatment regimens. Furthermore, researchers need 
to be meticulous in measuring the systemic toxicity of these 
compounds to each model, as well as determining whether 
there is a difference when comparing the toxicity to both tumor 
and normal melanocytes, to determine the therapeutic window 
of redox‑modulating agents (81). These proposed experiments 
will present a transition zone between the experimental design 
of all the mechanistic in vitro assays and the possible clinical 
use of these compounds/therapies (82). 

In conclusion, the present study demonstrates that selenium 
causes considerable cytotoxic effects to CHL‑1 melanoma 
cells through oxidative DNA damage and through the activa‑
tion of p53‑dependent apoptotic signaling cascades. As a result 
of exploiting the redox susceptibility of melanoma cells, sele‑
nium exposure disrupts intracellular redox homeostasis, leads 
to the accumulation of DNA damage, and induces apoptosis. 
These are significant mechanistic insights into selenium‑medi‑
ated redox disruption in melanoma cells and serve to support 
additional investigative studies to determine the biological 
significance of selenium as a redox‑disrupting agent in more 
complex experimental systems.

In conclusion, selenium was demonstrated to induce cyto‑
toxicity in CHL‑1 human melanoma cells via redox‑mediated 
mechanisms in the present study. By concentration and time 
(IC50=7.50 µM), selenium decreased cell viability and also 
resulted in increased levels of oxidative DNA damage, indi‑
cated by an increase in the number of cells exhibiting an OTM 
and/or the amount of % tail DNA. Furthermore, toxicity was 
exacerbated in the presence of H2O2 when combined with 
selenium under oxidative conditions, indicating that redox 
sensitization was mediated by oxidative stress.

At the molecular level, selenium increased the expression 
of p53, p21, and caspase‑3 and decreased the expression of 
Bcl‑2, suggesting that p53 initiates both the intrinsic pathway 
of apoptosis and cell cycle arrest for cells undergoing apop‑
tosis. Collectively, these changes suggest that the mechanism 
of action of selenium is to disrupt the redox homeostasis of 
melanoma cells, driving them beyond their oxidative tolerance 
threshold and inducing the initiation of apoptosis.

While the results of the present study provide evidence 
supporting the potential for selenium to be a redox modulating 
agent, increasing susceptibility to oxidative stress in melanoma 
cells, further in vivo studies are required to further elucidate 
the mechanisms of action of selenium for the purpose of estab‑
lishing the translational relevance of these observations.
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