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ABSTRACT Nonylphenol (NP) is among the most prevalent endocrine-disrupting compounds found in the environment.
Although the carcinogenic properties of endocrine disruptors have been well investigated, their possible
anticancer effects remain comparatively underexplored. This study investigated the cytotoxic and pro-
apoptotic effects of NP on G-361 human malignant melanoma cell line. The major objective of the stuyd was to
assess anticancer effects of the endocrine-disrupting compound NP on G-361 melanoma cells. The MTT assay
was used to determine cell viability, and quantitative real-time PCR was performed to analyze the expression
levels of apoptosis-associated genes, including Caspase-3, Bcl-2, Bax, P53, P21, and B-actin. The results
indicated a significant decrease in cell viability following treatment with 100 pg/ml NP. Notably, NP exerted a
dose-dependent cytotoxic effect, suggesting its possible role in the modulation of apoptotic pathways in
melanoma cells. These results require further investigation of different pathways by which NP exerts its
effects to gain a deeper insight into its molecular mechanism.
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0z G-361 Malignant Melanoma Hiicrelerinde 4-Nonilfenoliin Hiicre Proliferasyonu ve
Apoptoz Aktivasyonu Uzerindeki Etkisinin Aragtirilmasi

Nonilfenol (NP), cevrede bulunan en yaygin endokrin bozucu bilesikler arasindadir. Endokrin bozucularin
kanserojen 6zellikleri iyi arastirilmis olsa da olas1 antikanser etkileri nispeten yeterince arastirilmamistir. Bu
calisma, NP'nin G-361 insan malign melanom hiicre hatt1 lizerindeki sitotoksik ve proapoptotik etkilerini
arastirmistir. Calismanin temel amaci, endokrin bozucu bilesik NP'nin G-361 melanom hiicreleri lizerindeki
antikanser etkilerini degerlendirmekti. Hiicre canliligini belirlemek icin MTT testi kullanild1 ve Caspase-3, Bcl-
2, Bax, P53, P21 ve [-actin dahil olmak tlizere apoptozla iliskili genlerin ifade diizeylerini analiz etmek icin
kantitatif gercek zamanlh PCR gerceklestirildi. Sonuglar, 100 pg/ml NP ile tedaviden sonra hiicre canliliginda
énemli bir azalma oldugunu gosterdi. Ozellikle, NP doz bagiml bir sitotoksik etki gdsterdi ve bu da melanom
hiicrelerinde apoptotik yollarin modiilasyonunda olasi bir rolii oldugunu diisiindiirdii. Bu sonuglar, NP'nin
molekiiler mekanizmasina daha derin bir bakis agis1 kazanmak i¢in etkilerini gosterdigi farkl yollarin daha
fazla arastirilmasini gerektiriyor.

Anahtar Kelimeler: Melanoma, Nonilfenol, Hiicre Proliferasyonu, P53.

INTRODUCTION surface water, groundwater, and food items such as meat,
milk, and vegetables (Park et al. 2020; Gatazka and
Jankiewicz 2022). It has been detected in almost every
aquatic matrix present in the environment, including both
drinking  water and  groundwater. = Moreover,
contaminated products like meat, milk, and vegetables
facilitate their entry into the food chain (Cherry et al
2001). Consequently, there has been a growing body of
toxicological research focused on the adverse effects of
NP in recent years. The NP exposure has been implicated
in hormonal imbalances, induction of apoptosis, and

Melanoma is an aggressive cancer arising from
melanocytes, which presents a formidable clinical
challenge due to its high metastatic potential and
increasing global incidence (Cummins et al. 2016; Galluzzi
et al. 2018). A comprehensive understanding of the
molecular mechanisms underlying melanoma progression
is essential for the formulation of targeted therapeutic
interventions (Shi et al. 2024). Nonylphenol (NP) is a
commonly used alkylphenol in industrial applications and
often found in diverse environmental matrices, including
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carcinogenesis (Inkaya et al. 2025). Besides mimicking

estrogenic activity, NP can also interfere with cellular
processes related to survival and apoptosis, resulting in
negative consequences (Phillips & Tanphaichitr, 2008).

Both in vitro and in vivo studies have demonstrated the
estrogenic activity of NP in various organs, tissues, and
cell types (Wroblewska-tuczka et al. 2023). The NP
exhibits estrogenic activity by binding to estrogen
receptors, therefore disrupting endocrine function (Soto
et al. 1991; White et al. 1994; de Weert et al. 2008).
Studies on melanoma development during pregnancy and
the investigation of sex-related differences in melanoma
progression have resulted in the idea that estrogens may
significantly influence the pathophysiology of melanoma
(Behari and Kesari 2006).

Considering the potential carcinogenicity ans possible
transgenerational effects of NP, this study assessed its
effects on cell proliferation and gene expression. The
study specifically investigated the mRNA expression
levels of the Caspase-3, Bcl-2, Bax, P53, P21, and (-actin
genes. Furthermore, cell viability of G-361 melanoma cells
exposed to environmentally relevant concentrations of
NP was assessed through MTT assay.

MATERIAL AND METHODS

The study protocol received ethical approval from the
Afyon Kocatepe University Animal Experiments Local
Ethics Committee (approval number: 49533702/79,
dated 01/07/2019).

Cell Culture and Treatment Protocol

The G-361 human melanoma cell line was obtained from
ATCC (Manassas, VA, USA) and cultured in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin. Cells
were cultured at 37°C in a humidified incubator with 5%
CO2. NP was first solubilized in DMSO to provide a 1 M
stock solution, which was then diluted to the required
concentrations in the culture medium.
MTT[3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] Assay for Cell Viability
The MTT assay was used to determine cell viability and
the half-maximal inhibitory concentration (IC50) of NP in
G-361 cells following manufacturer’s instructions. The G-
361 cells were plated in 96-well plates at a density of 3 x
104 cells per well and incubated for 48 hours. Cells were
then treated with NP at doses between 0.1 and 100 pg/ml
for 24 hours. Following treatment, the MTT reagent was
added, and absorbance was quantified at 570 nm using a
spectrophotometer. Cell viability was expressed as a
percentage relative to untreated control cells.

RNA Isolation Quantitative Real-Time PCR

Total RNA was isolated from NP-treated G-361 cells using
a commercial isolation kit (Abt, 102-01-10), followed by
on-column DNase treatment. Complementary DNA
(cDNA) was produced with Sybr Green PCR Master Mix
(Abm, 204454) following the manufacturer’s instructions.
Primer sequences (Table.1) were constructed with the
Primer3 Plus program. Quantitative PCR was performed
with 1 pM of each primer, using GAPDH as the internal
control. The thermal cycling protocol included an initial
denaturation and polymerase activation at 94°C for 1
minute, followed by 40 cycles of 94°C for 10 seconds,
57°C for 10 seconds, and 72°C for 20 seconds.
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Table 1: Primers used in the study.

PRIMER F R

CDNK1ACCGTGAGCGATGGAACTTCGC TGGGAAGGTAGAGCTTGGGCA

Bax CGCCTCACTCACCATCTGGAA CCTCAAGACCACTCTTCCCCA

Bcl-2  GAGGGGCTACGAGTGGGATGC GGAGGAGAAGATGCCCGGTGC

Casp3 GGAAGCGAATCAATGGACTCTGGA CCTGAGGTTTGCTGCATCGAC

P53 CTACAGTACTCCCCTGCCCT ACCATCGCTATCTGAGCAGC

3-actin CACCCCAGCCATGTACGTTGC CCGGAGTCCATCACGATGCCA

Statistical Analysis

Data analysis was conducted using SPSS version 22.0. The
Shapiro-Wilk test was used to assess the normality of data
distribution. Parametric tests were used for normally
distributed data, while non-parametric techniques,
including the Mann-Whitney U test with Bonferroni
correction and Kruskal-Wallis test, were used for non-
normally distributed datasets (Conover 1980). The
results are presented as meanzstandard error, with p-
values < 0.05 regarded statistically significant.

RESULTS

The apoptotic effects caused by endocrine-disrupting
phenols have been previously reported (Ruberto et al,
2022). Based on these findings, G-361 human melanoma
cell line was used to investigate the in vitro effects of
nonylphenol (NP). The MTT assay was used to evaluate
cell viability and assess the cytotoxic effects of NP on G-
361 cell growth. Cells were treated with NP at doses
ranging from 0.1 to 100 pg/mL (Figure 2). They were
dissolved in 0.1% DMSO for 48 h. A significant decrease in
cell viability was observed across this concentration
range compared with the control group. Treatment with
100 pg/mL NP significantly reduced viability (Figure 1).
The measured half-maximal inhibitory concentration
(ICs0) was 64.82 pg/mL.
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Figure 1: Cell viability levels obtained from various
concentrations of NP.

Following 48 hours of incubation, statistical analysis
revealed non-significant changes in cell viability among
the control, solvent, and NP-treated groups at doses of 0.1
and 1 pg/mL (p>0.05). Cell viability was significantly
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decreased at NP concentrations of 10 and 100 pg/mL
compared with the control group (p<0.001).

Quantitative analysis of Caspase3, P21, Bax, Bcl2, P53
protein expression levels in G-361 melanoma cells after
48 hours of treatment with Control, Solvent, 0.1, 1, 10 and
100 uM NP was performed Figure 3 (A-E). Graphs show
each protein band's relative intensity normalized to -
actin. In comparison to controls, the data are shown as
the mean * SD of three separate studies (n=3; *p<0.05
and **p<0.01). (A) According to the results obtained, it
was determined that the expression level was statistically
significantly higher in the groups treated with other NP
concentrations compared to the control group. (B) When
compared with the control group, it was determined that
the expression level was statistically significantly higher
in the groups applied with 1 pg/ml (p<0.01), 10 pg/ml
(p<0.01) and 100 pg/ml (p<0.001) NP. When compared
with the control group, a statistically significant decrease
was observed in the Solvent group (p<0.05). (C)
Compared to the control group, Bax expression level was
shown to be statistically significantly higher (p<0.01) in
the NP applied groups except the solvent group. Although
there was an increase in the solvent group compared to
the control group, it was not statistically significant. (D)
According to the statistical analysis of the obtained data, a
statistical decrease was observed in the solvent group
(p<0.01), 10 pg/ml (p<0.05) and 100 pg/ml NP applied
groups compared to the control group. Although a
decrease was observed in the 0.1 and 1 pg/ml NP applied
groups compared to the control group, it was not
statistically significant. (E) When compared with the
control group, a statistically significant increase (p<0.01)
was detected in all NP-applied groups.
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Figure 2: Cell density in NP-treated G-361 melanoma
cells decreases in a dose-dependent manner (a-f). Scale
bar=100 pm.

Cellular Morphological Alterations Induced by
Nonylphenol at Varying Concentrations After 48
Hours of Exposure

Morphological characteristics of G-361 melanoma cells
after a 48-hour exposure to increasing doses of NP are
given in Figure 1. Cells frequently adhered to the culture
substrate, forming a monolayer. At lower NP
concentrations (e.g., 0.1 pg/mL; panel a), a slight decrease
in cell growth was observed. Conversely, exposure to
higher concentrations of NP (e.g, 100 pg/mL; panel f)
caused significant cytotoxic effects, characterized by a
significant reduction in cell density and breakdown of
monolayer integrity.
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Figure 3: Effects of NP on apoptotic protein expression in
G-361 melanoma cells.

DISCUSSION AND CONCLUSION

Endocrine-disrupting chemicals (EDCs) are known for
their ability to disrupt hormonal homeostasis in
mammals, resulting in negative impacts on
immunological, neurological, reproductive, and
developmental systems (Yang et al. 2016). Increasing
evidence demonstrates that EDCs adversely affect human
health, leading to reduced fertility and initiation or
progression of diabetes, obesity, and endometriosis, and
many hormone-associated cancers (Ariemma et al. 2016;
Jambor et al. 2016; Kim et al. 2016). The EDCs may
mistakenly bind to hormone receptors, disrupting normal
endocrine functions and facilitating the onset and
progression of hormone-sensitive cancers, such as breast,
ovarian, and prostate malignancies (Park and Choi 2014;
In et al. 2015). The NP has been associated with the
development of many tumor types (Xie et al. 2019).

Previous studies investigated the effects of NP on colon
cancer using COLO205 and SW480 colon cancer cell lines
(Qiu et al. 2002). The effect of NP on apoptosis and cell
growth was examined by MTT assays and flow cytometry.
It was shown that NP reduced the growth of COLO205
and SW480 colon cancer cells in a dose-dependent
manner (Qiu et al. 2002). Duan et al. (2016) conducted a
separate cell culture study and found that dissolving NP
in dimethyl sulfoxide (DMSO) at a concentration of 0.1%
(v/v) did not cause cytotoxicity. The current study used
ethanol and DMSO as solvents, exhibiting similar cell
survival at a 0.1% concentration, demonstrating no
solvent-induced cytotoxicity. Likewise, Kim et al. (2016)
reported a concentration-dependent reduction in cell
viability following NP exposure in prostate cancer cells.
The MTT assay in the current study indicated that100
ug/mL NP significantly decreased cell viability relative to
the control group (p<0.05), exhibiting a concentration-
dependent decrease across the investigated range.

Yang et al. (2020) investigated the impact of NP on
several cancer cell lines and reported that colon cancer
cells (COLO205) had increased viability and proliferation
when exposed to NP at a concentration of 10™® mol/L.
Forte et al. (2016) similarly demonstrated that exposure
to 107® mol/L NP significantly impacted cell viability
more than 107*? mol/L in non-tumorigenic human
prostate cell lines. Bistakowa et al. (2016) used the
H295R human adrenocarcinoma cell line to examine the
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concentration-dependent effects of NP at 0.04, 0.2, 1, 2.5,
and 5 pg/mlL, indicating varying degrees of cytotoxicity.
Bistakowa et al. (2016) indicated that treatment with 5
pg/mL NP led to a slight decrease in cell viability relative
to the control group. Jambor et al. (2017) found that all
NP-treated groups, at doses of 0.04, 0.2, 1, 2.5, and 5
ug/mlL, significantly affected the viability of Leydig cells.
The results of current study align with previous
cytotoxicity assessments performed on several cell lines
exposed to NP and its derivatives, indicating that higher
NP concentrations are consistently linked to decreased
cell viability.

Malignant melanomas have varying expression levels of
pro-apoptotic and anti-apoptotic proteins, which
contribute to their resistance to programmed cell death
(Shariat et al., 2003; Shariat et al., 2004). Bcl-2 is a crucial
regulator that inhibits apoptosis and influences apoptotic
pathways. It has been extensively investigated as a
prognostic marker in melanoma (Nakopoulou et al. 1998).
Increased Bcl-2 expression has been linked to poorer
clinical results in several cancer types, such as lymphoma,
leukemia, neuroblastoma, and prostate cancer (Kong et al.
1998). The decreased Bcl-2 gene expression in all NP-
treated groups of the current study indicate decreased
cellular function and the initiation of apoptosis. Bcl-2 is an
anti-apoptotic  protein, essential in  preventing
programmed cell death. Numerous studies have
investigated the impact of different chemicals on cancer
cells by analyzing the expression of Bcl-2 and the pro-
apoptotic gene Bax, highlighting their pivotal roles in
apoptosis regulation (Zeestraten et al. 2013; Zhu et al.
2013). Evidence suggests that both Bax and Bcl-2 are
essential for the regulation of apoptosis and cell growth
(Thomas et al. 2013). The NP has been reported to affect
the Bcl-2 protein family, which are key regulators of
apoptotic pathways. Low et al. (2011) reported that NP
exposure led to the downregulation of the anti-apoptotic
gene Bcl-2 and the overexpression of the pro-apoptotic
gene Bax.

Understanding the molecular basis of apoptosis is an
important goal in cancer research. Numerous in vitro
studies have examined this issue (Ogur 2014; Lee et al.
2017; Zhang et al. 2022). The present study examined
whether NP stimulates the intrinsic (mitochondrial)
apoptotic pathway in G-361 melanoma cells. The mRNA
expression levels of p53, Bax, and Bcl-2 (critical
regulators of the intrinsic apoptotic pathway) were
measured 48 h after exposure to different doses of NP.
Figure 3 shows fold change expression data indicating
NP-induced apoptotic signaling in melanoma cells. The
current study demonstrated that exposure to NP at doses
of 10 pg/mL and 100 pg/mL resulted in fourfold increase
in P53 gene expression relative to the control group. The
upregulation was statistically significant in comparison to
the solvent control and the 0.1 pg/mL and 1 pg/mL NP-
treated groups (p<0.001). The observed increase in P53
expression is probably due to NP-induced DNA damage in
melanoma cells. Moreover, this increase in P53 is
associated with a significant change in the Bcl-2/Bax
ratio, promoting pro-apoptotic signaling. These results
correspond with previous study (Fridman and Lowe
2003), indicating that NP induces apoptosis in G-361 cells
via P53-mediated mechanisms.

Bax is a pro-apoptotic member of the Bcl-2 family, which
is essential in modulating apoptosis and inhibiting
tumorigenesis and progression. The present study
revealed a dose-dependent increase in Bax gene
expression with increasing NP concentrations, indicating
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enhanced pro-apoptotic signaling. The group exposed to
100 pg/mL NP had the greatest levels of Bax expression.
Caspase-3 is a crucial executor in the apoptotic pathway,
and it showed a significant overexpression under
increased NP dose in the current study. The data indicate
that increased NP exposure enhances apoptotic
activation, as seen by increased expression of both Bax
and Caspase-3.

The results demonstrated that NP induces apoptosis
through the upregulation of Caspase-3 expression. Lopez
and Tait (2015) indicated that tumor cells often exhibit
greater susceptibility to the extrinsic apoptotic pathway.
P21 is a cell cycle inhibitor regulated by P53-dependent
and independent pathways, and it showed increased
expression at all tested NP doses (0.1-100 pg/mL) after
48 hours. These results align with El-Deiry (2016), who
highlighted the growing significance of P21 in cancer
biology. This study used an in vitro melanoma model to
evaluate the pro-apoptotic effects of NP, revealing that NP
alters the expression of key apoptotic and anti-apoptotic
genes. In contrast to most studies using in vivo models,
this study offers conclusive evidence of NP’s molecular
impact on melanoma cells.

It is concluded that NP induces damage to melanoma
cells, and the gene expressions observed in this study
confirm earlier results. The analysis of Caspase-3 gene
expression revealed that expression levels increased in
direct correlation with the NP dose, indicating a dose-
dependent  activation of apoptotic  pathways.
Correspondingly, evaluation of the anti-apoptotic gene
Bcl-2 indicated that NP decreased its expression, with a
higher reduction under increased concentration. The
evaluation of P53 gene expression revealed increased
expression levels in all NP-treated groups. These results
indicate that future research is necessary to investigate
the impact of NP on other molecular pathways to get a
deeper understanding of its apoptotic mechanisms in
melanoma cells.
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