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Abstract

Melanoma is one of the most aggressive and deadly forms of skin cancer, and despite recent therapeutic advances, treatment
efficacy is often limited by drug resistance and unsatisfactory safety profiles. Therefore, increasing attention has been directed
toward alternative approaches to overcome these limitations, such as the use of natural compounds, either alone or in combi-
nation with conventional chemotherapeutic agents. In the present study, curcumin (CUR), a polyphenolic compound with
promising anticancer properties, was combined with cisplatin (CIS), a widely used chemotherapeutic agent, to evaluate their
in vitro effects on the A375 melanoma cell line. The cytotoxicity assessment was based on the MTT method, followed by
investigations of the impact on mitochondrial function using the JC-1 assay and MitoTracker staining. Additionally, the impact
on nuclei, actin filaments, and tubulin was analyzed using immunofluorescence techniques, as well as the proapoptotic and
necrotic potential of the tested compounds. The results showed a predominantly additive effect, with synergy emerging at the
highest tested concentration relative to the individual treatments.

Rezumat

Melanomul este una dintre cele mai agresive si letale forme de cancer cutanat, iar in pofida progreselor terapeutice recente,
eficacitatea tratamentului este adesea limitata de rezistenta la medicamente si de profilurile de siguranta nesatisfacatoare. Prin
urmare, o atentie tot mai mare a fost indreptata catre abordari alternative capabile sa depaseasca aceste limitari, precum utili-
zarea compusilor naturali, fie singuri, fie in combinatie cu agenti chimioterapeutici conventionali. in studiul de fati, curcumina
(CUR), un compus polifenolic cu proprietati anticanceroase promititoare, a fost combinata cu cisplatina (CIS), un agent chi-
mioterapeutic utilizat pe scara larga, pentru a evalua efectele lor in vitro asupra liniei celulare de melanom A375. Evaluarea
citotoxicitatii s-a bazat pe aplicarea metodei MTT, urmata de investigatii privind impactul asupra functiei mitocondriale, prin
intermediul testului JC-1 si al colorarii cu MitoTracker. Aditional, a fost analizat impactul asupra nucleilor, filamentelor de
actind si tubulind prin aplicarea tehnicilor de imunofluorescenta, precum si potentialul proapoptotic si necrotic al compusilor
testati. Rezultatele au indicat un efect predominant aditiv, observandu-se o sinergie la cea mai mare concentratie testata, in
comparatie cu tratamentele individuale.
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Introduction can also play a critical role. Moreover, lifestyle fac-
tors, such as poor dietary habits, combined with ge-
netic predisposition and immunosuppression, may
further increase the risk of developing skin cancer
(2). From a clinical perspective, skin cancers are
classified into two major categories. First, there is
non-melanoma skin cancer (NMSC), the most often
diagnosed type, which consists of basal cell

Globally, skin cancer is one of the most frequently
occurring types of cancer, with approximately 3.3
million new cases diagnosed every year and a con-
stantly increasing incidence, due to numerous factors
(1). Overexposure to ultraviolet (UV) radiation is
still the most important risk factor, but environmen-
tal conditions, such as higher levels of air pollution,
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carcinoma (BCC) and squamous cell carcinoma
(SCC) (3). These forms typically have a slower pro-
gression and a lower risk of metastasis. Second is
melanoma, a less prevalent but more aggressive
form of cancer recognized for its rapid progression,
higher metastatic potential, and major contribution
to skin cancer-related deaths (4)._Nonetheless, some
of the distinctive properties of melanoma, such as its
high capacity for migration and increased invasive
potential, can be viewed in light of the origin of mel-
anocytes (specialized cells that produce the pigment
melanin).

Malignant melanoma is a disease arising from the
neural crest, an embryonic formation whose cells
have an intrinsic capacity to migrate and colonize
multiple target tissues during development. As mel-
anocyte precursors, neural crest-derived cells influ-
ence melanocyte behavior throughout their lifetime,
retain their migratory properties, and promote the in-
vasive phenotype associated with melanoma (5).
Currently, although there have been advances in
standard cancer treatments such as radiation therapy
and chemotherapy, together with modern immuno-
therapy and targeted therapies, there are still signifi-
cant challenges related to drug resistance and treat-
ment-associated toxicity, including low bioavailabil-
ity, possibly serious side effects, or an unfavorable
pharmacological response (6, 7).

In this regard, current research is focusing on discov-
ering new therapeutic agents, with plant-based com-
pounds proving to be valuable candidates because of
their demonstrated anti-cancer properties and, in
general, an acceptable safety profile (8). Further-
more, natural compounds with pro-apoptotic, anti-
proliferative, and antioxidant properties have shown
promising potential as complementary or stand-
alone treatments for various skin malignancies, as
they target molecules and signaling pathways that
play key roles in cancer initiation, such as by inter-
fering with angiogenesis and enhancing caspase ac-
tivity (9). At the same time, the combination of phy-
tocompounds with classical chemotherapeutic
agents that are therapeutically ineffective or have an
unfavorable safety profile has increasingly attracted
researchers' attention in the field (10).

One of these plant-derived compounds is curcumin
(CUR), a phytochemical from Curcuma longa, a
member of the polyphenol class. It is widely used in
Asian countries in traditional medicine, mainly for
its therapeutic properties, including antioxidant and
anti-inflammatory effects and pain-relieving bene-
fits (11). Nevertheless, it continues to attract atten-
tion in modern medicine due to its proven benefits in
the management of certain chronic diseases, such as
Alzheimer’s and cardiovascular disease, while also
standing out for its potential in treating certain types
of cancer. This effect appears to be attributed to
CUR's ability to regulate certain key molecules
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involved in cancer progression, such as CDK2,
CK2a, EGFR, NF-kB, and the AXL tyrosine kinase
receptor (12).

Cisplatin (CIS) is a drug used to treat melanoma,
cancers of the genitourinary system, head and neck
cancers, and lung cancer. The anticancer activity of
CIS is primarily due to DNA damage and the activa-
tion of pro-apoptotic pathways. However, its side ef-
fects and resistance limit its use and efficacy (13).
CIS was selected as the reference cytotoxic agent be-
cause it is used in several melanoma treatment pro-
tocols but its efficacy is limited by the intrinsic
chemoresistance of this tumor and by dose-depend-
ent toxicity (14). The association with a chemosen-
sitizing compound such as CUR is the hypothesis of
the present study, which posits that it could potenti-
ate the cytotoxic effect at lower concentrations (15).
In this context, the present study aimed to evaluate
the cytotoxic effects of CIS, CUR, and their combi-
nation on melanoma using the A375 cell line. Spe-
cifically, the study investigated their effects on cell
viability and morphology, as well as their impact on
mitochondrial function. Furthermore, the effects of
the treatments on nuclei, actin filaments, and tubulin
organization were evaluated, together with their po-
tential to induce apoptosis and necrosis.

Materials and Methods

Specific reagents and instruments

CUR, CIS, phosphate-buffered saline (PBS), Acri-
dine Orange, Propidium lodide, and Triton X-100
were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Trypsin-EDTA solution, fetal
bovine serum (FBS), penicillin/streptomycin solu-
tion (100 U/mL~100 pg/mL), and Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) were obtained from
PAN-Biotech GmbH (Aidenbach, Germany). The
MTT assay kit (3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide) was obtained from
Roche (United Kingdom). Hoechst 33342 stain, Mi-
toTracker™ Red CMXRos, Texas Red™-X phal-
loidin dye, alpha-tubulin mono-clonal antibody (B-
5-1-2), and goat anti-mouse IgG (H+L) secondary
antibody (Alexa Fluor™ 488) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). The
JC-1 Mitochondrial Membrane Poten-tial Assay Kit
was purchased from Elabscience (Houston, TX,
USA). The 4% paraformaldehyde in PBS was ob-
tained from Santa Cruz Biotechnology (Dallas, TX,
USA). Bovine serum albumin (BSA) was purchased
from Cell Signaling Technology (Danvers, MA,
USA). The Cytation 5 multimode plate reader, Lion-
heart FX automated microscope, and Gen5™ Micro-
plate Data Collection and Analysis Software (Ver-
sion 3.14) were provided by BioTek Instruments
(Winooski, VT, USA).
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Cell line and culture conditions

A375 (CRL-1619™) cell line, derived from a 54-
year-old female with malignant melanoma, was cul-
tured in a specific growth medium, Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) supplemented with
10% fetal bovine serum and 1% antibiotics. The CIS
stock solution was 5 mM (dissolved in ultrapure wa-
ter), while the CUR stock solution was 5 mM (dis-
solved in DMSO, maximum concentration did not
exceed 0.5%). Dilutions were prepared from the
stock solutions in the culture medium. CIS was
tested at concentrations of 1, 2, 3,4, and 5 uM, while
CUR was evaluated at 1, 5, 10, 20, and 30 uM. In
addition, combinations of the two compounds were
prepared as follows: CIS 1 uM + CUR 1 uM; CIS 2
pM + CUR 5 uM; CIS 3 uM + CUR 10 puM; CIS 4
uM + CUR 20 pM; and CIS 5 uM + CUR 30 pM.
Cell Viability evaluation using MTT assay

The first step in assessing cytotoxicity was to deter-
mine cell viability using the MTT assay. A375 cells
were seeded in 96-well plates at a density of 1 x 10*
cells/well, and after achieving a confluence of ap-
proximately 70%, they were exposed for 24 hours to
CIS at concentrations of 1,2, 3,4, and 5 uM, to CUR
at concentrations of 1, 5, 10, 20, and 30 uM, along
with combinations of the two agents (CIS 1 pM +
CUR 1 uM; CIS 2 uM + CUR 5 uM; CIS 3 uM +
CUR 10 uM; CIS 4 uM + CUR 20 uM; and CIS 5
uM + CUR 30 uM). Upon ending the treatment pe-
riod, the culture medium was replaced with fresh
medium, and 10 pL/well of MTT solution was
added. The plates were then incubated for 3 hours at
37°C in a humidified atmosphere containing 5%
CO:s.. Then, 100 pL/well of MTT solubilization solu-
tion was added, and the plates were incubated at
room temperature in the dark for 30 minutes. Lastly,
absorbance was measured at 570 and 630 nm using
the Cytation 5 microplate reader (BioTek Inc.,
USA).

Drug interaction analysis

To evaluate the pharmacological interaction between
CIS and CUR, a median-effect analysis was per-
formed using the Chou-Talalay method. Quantita-
tive parameters, including the fraction affected (Fa),
the dose-reduction index (DRI), and the combination
index (CI), were calculated utilizing CompuSyn
software (version 1.0; CompuSyn, Inc., Paramus,
NJ, USA). The nature of the drug interaction was
categorized based on CI values, where CI < 1 indi-
cates synergism, CI = 1 denotes an additive effect,
and CI > 1 represents antagonism. Furthermore, a
DRI value greater than 1 (DRI > 1) signifies a favor-
able dose-reduction capacity, indicating that the
therapeutic combination allows for a concentration
decrease of the individual compounds relative to
their respective monotherapies (16).
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Cell morphology evaluation using Bright field mi-
croscopy

To evaluate the effect of the treatment on A375 cells,
bright-field microscopy was performed. The cells
were cultured in 96-well plates and, after reaching
adequate confluence, were treated for 24 hours with
CIS, CUR, and their combinations at the concentra-
tions mentioned above. Representative images were
taken at the end of the treatment period using the Li-
onheart FX automated microscope.

Mitochondrial membrane potential (4¥m) assay —
JC-1 staining

To examine the effects of CIS, CUR, and their com-
bination on the mitochondrial membrane potential
(AWm) of A375 cells, a JC-1-based mitochondrial
membrane potential assay was used, following the
method described by Talpos et al. (17). Briefly,
A375 cells were seeded at a density of 1 x 10*
cells/well in black-walled, clear-bottom 96-well
plates. When confluence was approximately 70%,
the cells were treated for 24 hours with CIS (5 pM),
CUR (30 uM), and a combination of the two com-
pounds (CIS 5 uM + CUR 30 uM). The culture me-
dium was discarded at the end of the treatment pe-
riod, followed by gentle washing of the cells with
PBS. Afterward, the cells were incubated with JC-1
dye (5 uM, 100 pL/well) for 45 minutes at 37°C,
then washed twice with PBS to remove residual dye,
and fluorescence images were obtained using a Li-
onheart FX automated microscope. The red and
green fluorescence intensities were quantified at 590
nm and 529 nm, respectively, using a Cytation 5
multimodal reader.

Mitochondrial assessment using MitoTracker™ red
CMXRos

For the purpose of assessing the effect of the treat-
ment on mitochondria, A375 cells were seeded into
12-well plates at a density of 1 x 10° cells per well.
Upon reaching proper confluence, cells were treated
for 24 hours with CIS at a concentration of 5 puM,
CUR at a concentration of 30 pM, and a combination
of the two compounds (CIS 5 uM + CUR 30 uM).
After the treatment period, the cells were incubated
for 30 minutes in a MitoTracker Red CMXRos solu-
tion diluted in the culture medium to a final concen-
tration of 300 nM from a 1 mM stock prepared in
DMSO. Following the incubation period, the cells
were washed twice with PBS to remove excess rea-
gents. Representative fluorescent images were sub-
sequently acquired using the Lionheart FX Auto-
mated Microscope. A similar protocol was previ-
ously described by Dan et al. (18).
Immunofluorescence staining of nuclei, tubulin, and
F-actin filaments

The impact of the 24 hours of treatment with CIS at
a concentration of 5 uM, CUR at a concentration of
30 uM, and the combination of the two compounds
(CIS 5 uM + CUR 30 uM) on nuclear morphology
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and the distribution of cytoskeletal F-actin and tubu-
lin filaments was investigated by immunofluores-
cence staining. Initially, A375 cells were seeded at a
density of 1 x 10* cells/well in clear-bottom, black
96-well plates and allowed to attach. After reaching
the appropriate confluence, the cells were exposed to
CIS, CUR, and their combination at the previously
mentioned concentrations. Post-treatment, cells
were fixed with 4% paraformaldehyde for 15
minutes, then washed twice with PBS. Next, cells
were permeabilized with 50 pL/well of 0.1% Triton
X-100 and incubated at room temperature for 15
minutes, and then washed twice with PBS. Then, the
cells were blocked with 100 pL/well of 1% bovine
serum albumin (BSA) and kept at room temperature
for 30 minutes. Tubulin was stained by incubating
the cells with 50 pL/well of anti-a-tubulin monoclo-
nal antibody (B-5-1-2) diluted 1:500 in 1% BSA for
3 hours, with subsequent 45-minute incubation with
a secondary goat anti-mouse IgG (H+L) antibody
conjugated to Alexa Fluor™ 488, diluted 1:500. Af-
ter washing the cells two times with PBS, a staining
mix containing phalloidin Texas Red™-X diluted
1:200 for F-actin visualization and Hoechst 33342
diluted 1:2000 for nuclear staining (50 puL/well) was
applied. The cells were incubated for 30 min at room
temperature in the dark. Finally, the cells were
washed twice with PBS, and fluorescent images
were acquired using the Lionheart FX Automated
Microscope and analyzed using the Gen5™ Micro-
plate Data Collection and Analysis Software Version
3.14 (BioTek Inc., USA). A similar protocol was
previously described by Marcovici et al. (19).
Acridine Orange/Propidium lodide (AO/PI) Assay
The effects of CIS, CUR, and their combination on
the viability of A375 cells and membrane integrity
were assessed using a dual-staining assay with acri-
dine orange/propidium iodide (AO/PI). A375 cells
were seeded in 96-well plates at a density of 1 x 10*
cells/well and exposed for 24 hours to CIS (5 pM),
CUR (30 uM), or the combination treatment (CIS 5
uM + CUR 30 puM). After exposure, 100 pL of
AO/PI staining solution prepared in complete culture
medium (Acridine Orange, 10 pg/mL; propidium io-
dide, 10 pg/mL) was added to each well. The plates
were then incubated for 10 minutes at room temper-
ature, protected from light, after which fluorescence
images were acquired using a Lionheart FX auto-
mated microscope (20).

Statistical analysis

The data obtained from the statistical analysis were
presented as mean =+ standard deviation (SD). The
normality of the data distribution was tested using
the Shapiro—Wilk test. Given that the data set had a
normal distribution, a one-way ANOVA was per-
formed for statistical analysis, which was followed
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by the Dunnett test for multiple comparisons as a
post hoc analysis. Statistical analyses were per-
formed using GraphPad Prism software, version
10.2.3 (GraphPad Software, San Diego, California,
USA). The threshold for statistical significance was
set at *p < 0.05, and higher levels of significance
were denoted as follows: **p < 0.01, ***p < 0.001,
and ****p < 0.0001. The experiments were con-
ducted in three independent biological replicates,
each containing three technical replicates.

Results and Discussion

The concentrations of CIS and CUR were selected
based on literature data to cover a wider range and
demonstrate their biological effects (21-24). As for
CIS concentrations (1-5 pM), they were chosen to be
near the free, pharmacologically active fraction ob-
served in patients’ plasma, where the maximum con-
centration of free platinum is around 5-6 uM. In this
way, testing at supraclinical levels that could induce
non-specific cytotoxic effects is avoided (25, 26).
For CUR, the wider range tested (1 - 30 uM) is due,
firstly, to its low oral bioavailability and, secondly,
to the modest plasma concentrations reported. The
concentration range for CUR was chosen to fully
cover the dose—response curve, intentionally exceed-
ing the nanomolar plasma concentrations achieved
following oral administration. Therefore, the tested
micromolar concentrations should be regarded pri-
marily as exploratory and mechanistic in vitro con-
ditions, while formulations with improved bioavaila-
bility remain an area of ongoing investigation (27, 28).
Combined cytotoxic activity of CIS and CUR treat-
ment in A375 cells

The first phase in assessing the cytotoxic potential of
CIS, CUR, and their combination was to determine
A375 cell viability using the MTT assay 24 hours
after treatment (Figure 1). Upon treatment with CIS,
a dose-dependent decrease in A375 cell viability was
observed. Cell viability decreased from 96.16% at 1
UM to 84.36%, 78.57%, 72.88%, and 44.79% at con-
centrations of 2, 3, 4, and 5 uM, respectively. Like-
wise, treatment with CUR induced a progressive re-
duction in cell viability, with values of 86.18%,
79.33%, 72.83%, 61.77%, and 53.80% at concentra-
tions of 1, 5, 10, 20, and 30 pM, respectively. A more
pronounced cytotoxic effect was observed with the
combination treatment compared with the individual
treatments. After combined treatment with CIS and
CUR (CIS1uM + CUR 1 uM; CIS 2 uM + CUR 5
uM; CIS 3 uM + CUR 10 uM; CIS 4 uM + CUR 20
uM; CIS 5 uM + CUR 30 uM), the viability of A375
cells was 82.65%, 67.74%, 54.29%, 47.13%, and
26.57%, respectively.
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Figure 1.

Graphical representations of the effect induced by A) CIS, B) CUR, and C) CIS + CUR on A375 cell viability
after 24 hours of treatment. The results are expressed as percentages (%) normalized to the untreated control
group. Data are presented as mean values + standard deviation (SD) from three independent experiments, each
performed in triplicate. Statistical differences between the treated groups and the control were assessed using
one-way ANOVA followed by Dunnett’s multiple comparisons post hoc test (¥*p < 0.05; **p <0.01; *** p
<0.001; **** p <0.0001).

To determine cell viability, the MTT assay was used,
a standard colorimetric method that quantifies meta-
bolically active cells by measuring the activity of mi-
tochondrial reductases that convert tetrazolium salts
to formazan. The selection of this method was based
on its reproducibility, simplicity, and extensive use
in cytotoxicity studies on the A375 cell line, which
facilitates direct comparison of the results with ex-
isting data in the literature (29, 30). Viability assess-
ment was performed at the 24-hour time point to cap-
ture early cytotoxic effects and minimize interfer-
ence from secondary processes, cell repopulation,
nutrient depletion from the medium, and instability
of CUR in the culture medium, that may distort in-
terpretation at longer time points (31). This time
point also allows attribution of the observed effect to
the direct action of the compounds rather than to late
mechanisms, such as prolonged cell-cycle arrest.
Furthermore, previous in vitro studies in A375 cells
used the 24-hour time point, which facilitates com-
parability (30). Similar studies have indicated a var-
iable ICso for CUR, dependent on the testing time.
Thus, in the study by Zhao and collaborators, CUR
exhibited an ICso of 25 uM at the 24-hour testing

interval (29). Other studies have indicated an in-
crease in ICso up to 80 uM at the 48-hour testing in-
terval (32). In the case of CIS, previous studies sup-
port the relative chemoresistance of melanoma to
this classic chemotherapy. The ICso values previ-
ously tested for this chemotherapy showed large var-
iations, depending on cell density and exposure du-
ration (33, 34). The stronger association between
CUR and CIS suggests a potential synergistic inter-
action, consistent with observations that CUR sensi-
tizes tumor cells to CIS (15, 35).
The nature of the interaction between CIS and CUR
was further evaluated using the Chou-Talalay
method. The CI values varied according to the effect
level (Table 1). At low and intermediate concentra-
tions, the CI values were close to unity (0.858-
0.971), indicating a predominantly additive effect. In
contrast, at the highest combination tested (CIS 5
pM + CUR 30 uM), a CI of 0.602 was obtained, in-
dicating a synergistic interaction. The dose-reduc-
tion index (DRI) was greater than 1 for both agents
at all tested levels, indicating that the combined cy-
totoxic effect can be achieved using lower doses of each
compound than would be required in monotherapy.
Table I

Combination index (CI) and dose-reduction index (DRI) values for the CIS + CUR association in A375 cells,

calculated according to the Chou-Talalay method

Combination Fa Cl DRI (CIS) | DRI (CUR) | Interpretation
CIS1puyM+CUR1puM | 0.173 | 0.858 2.39 2.28 Slight synergism
CIS2uM+CURS5uM | 0.323 | 0.951 1.84 2.45 Additive
CIS3puM +CUR 10 pM | 0.457 | 0.855 1.66 3.96 Slight synergism
CIS4pM + CUR20 pM | 0.529 | 0.971 1.45 3.57 Additive
CIS5uM + CUR 30 uM | 0.734 | 0.602 1.86 15.20 Synergism

Fa - fraction affected; CI - combination index (CI < 1 synergism, CI = 1 additivity, CI > 1 antagonism); DRI - dose-reduction index. Values
were calculated from mean viability data obtained by the MTT assay
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Combined CIS and CUR treatment induces signifi-
cant morphological changes in A375 cells

In the next step of evaluating the cytotoxicity of the
24-hour treatment with CIS, CUR, and their combi-
nation, the impact on cell morphology was assessed
(Figure 2). Thus, in the case of CIS treatment, start-
ing at a concentration of 2 pM, a slight decrease in
confluence was observed, along with changes such
as cell shrinkage or rounding; depending on the ad-
ministered dose, the most significant changes oc-
curred at the highest concentration (5 pM). In the

Control

case of CUR treatment, a dose-dependent decrease
in confluence was observed, along with morpholog-
ical changes starting at 10 uM, including cell round-
ing, and at the highest administered concentration,
cell blebbing was also observed. However, in the
case of the combined treatment, all the morphologi-
cal changes mentioned and the decrease in conflu-
ence were more pronounced, accompanied by
marked cell fragmentation, particularly with CIS 5
uM + CUR 30 uM.

CIS1uM CIS2 uM

CUR1uM

CUR5 uM

CIS 3 uM

CUR 10 uM

CIS4 uM CIS5uM

CUR 20 uM CUR 30 uM

Figure 2.
Morphological and confluence changes in A375 cells (white arrows) following 24 hours of treatment with CIS,
CUR, and combinations of the two compounds. The scale bar indicates 100 pm.

Morphological evaluation of cells is an important
step in assessing compound cytotoxicity, as phase-
contrast optical microscopy allows identification of
the main types of cell death based on characteristic
structural changes. The A375 cell line is character-
ized by an adherent, fusiform/epithelioid morphol-
ogy and growth in a confluent monolayer. Changes
in these characteristics, such as loss of intercellular
contacts, rounding, or detachment from the sub-
strate, are clear indicators of cellular damage. Recent
data from the melanoma literature indicate that tu-
mor cells lose their characteristic morphology in re-
sponse to treatment, whereas normal melanocytes
are unaffected. Thus, a study conducted on G361
melanoma cells indicated cellular morphological
changes such as size reduction, membrane blebbing,
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and decreased cell density, all of which indicate
signs of cell death (36).

Regarding the mechanism of cell death, the morpho-
logical changes associated with apoptosis and necro-
sis are different. Apoptosis is characterized by a se-
quence of events such as: cell shrinkage, membrane
blebbing, chromatin cleavage, nuclear condensation,
and the formation of pyknotic bodies of condensed
chromatin. As the process progresses, cells undergo
a size reduction, lose contact with neighboring cells
and the extracellular matrix, and, upon detachment,
adopt a rounded morphology; subsequently, blebs
separate, forming dense apoptotic bodies packed
with organelles and nuclear fragments (37, 38). On
the other hand, necrosis is characterized by swelling
of the cytoplasm and cytoplasmic organelles, and
rupture of the plasma membrane. An additional
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criterion for differentiation is the kinetics of these
processes: stimuli that initiate apoptosis usually re-
quire 8-20 hours to cause these changes, while ne-
crotic stimuli often produce morphological altera-
tions within 2—3 hours (39). The fact that the changes
were observed at 24 hours of treatment is therefore
compatible with an apoptotic-type process.

The results of the present study describe morpholog-
ical changes characteristic of apoptosis, which man-
ifest in a dose-dependent manner. The cell rounding
and shrinkage observed in the case of treatment with
CIS, starting from the concentration of 2 pM, and
with CUR, starting from 10 uM, correspond to the
early stages of apoptosis, characterized by loss of ad-
hesion and cell retraction. The membrane blebbing
highlighted at the maximum concentration of CUR
(30 uM) represents one of the hallmarks of apopto-
sis, and the marked cell fragmentation, observed es-
pecially in the case of the combined treatment CIS 5
puM + CUR 30 puM, corresponds to the advanced
stage of the process, namely the formation of apop-
totic bodies by the separation of blebs. The dose-de-
pendent nature of these changes, as well as their in-
tensification under the combined treatment, is con-
sistent with the results obtained by the MTT viability
test and with the values of the CI, providing an inde-
pendent morphological corroboration of the quanti-
fied cytotoxic effect.

Literature data support the results obtained. CUR has
been previously studied in the melanoma cell line
SK-Mel-37, which showed morphological changes
such as plasma membrane blebbing, apoptotic body
formation, chromatin condensation, and nuclear seg-
regation in cells treated with 10-20 uM, a range that
overlaps with the observations in the present study
(40). Similarly, a study conducted on melanoma
cells indicated the presence of cellular changes - cell
shrinkage, membrane blebbing, and decreased cell
density after exposure to CUR (36). As for CIS, it is
well documented that it exerts various effects on tu-
mor cell morphology, including cell shrinkage, nu-
clear alterations, cytoplasmic blebbing, apoptotic
body formation, loss of cell adhesion, and membrane
blebbing alterations, which is considered one of the
hallmarks of CIS-induced apoptosis (41). The previ-
ous study on the association of CIS with CUR indi-
cated that both the individual compounds and their
combination induce changes similar to those ob-
served in the present study (42). Thus, the present
data are consistent with data obtained and previously
discussed in the literature.

Combined CIS and CUR treatment induced loss of
mitochondrial membrane potential in A375 cells
Based on the results of the MTT assay, the cytotoxi-
city assessment was continued by determining the
treatment’s impact on mitochondrial function, spe-
cifically on mitochondrial membrane potential, us-
ing the JC-1 assay. Microscopic images (Figure 3A)
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showed a reduction in mitochondrial membrane po-
tential relative to the control, marked by a predomi-
nance of green fluorescence (JC-1 monomers) over
red fluorescence (JC-1 aggregates) in all treatment
groups. However, the most pronounced effect was
observed with the combined treatment, indicating
the greatest depolarization of the mitochondrial
membrane potential. These results were also con-
firmed by quantitative analysis (Figure 3B), where
the results were expressed as the JC-1 aggre-
gate/monomer ratio. In this case, the results were as
follows: for CIS at 5 uM: 46%, for CUR at a concen-
tration of 30 uM: 57.19%, and for the combined
treatment with CIS 5 pM + CUR 30 pM, the value
was 16.83%.

Mitochondrial membrane potential (Aym) analysis
is a crucial step for assessing mitochondrial function
in cytotoxicity studies. This parameter reflects mito-
chondria's ability to produce energy via oxidative
phosphorylation and is a key marker of cellular met-
abolic status. Changes in AYm can indicate en-
hanced cellular stress and are frequently associated
with incipient pro-apoptotic alterations. Depolariza-
tion of the mitochondrial membrane is linked to
apoptotic cell death, as it increases mitochondrial
membrane permeability, leading to the cytosolic re-
lease of cytochrome c. This triggers the mitochon-
drial apoptotic pathway, with caspases and other
pro-apoptotic proteins, especially caspases 3/7, 8,
and 9, getting activated (43). The JC-1 test is based
on the ability of this cationic dye to accumulate in
mitochondria, a process that depends on the mito-
chondrial membrane potential. Normally, in healthy
cells with polarized mitochondria, the dye forms JC-
1 aggregates that emit red fluorescence. Alterna-
tively, under cellular stress, if the mitochondrial
membrane potential is depolarized, the dye remains
monomeric, producing green fluorescence. There-
fore, the ratio between red (aggregates) and green
(monomers) fluorescence serves as a sensitive indi-
cator of mitochondrial functional status (44). This
study reports that the decrease in the JC-1/monomer
ratio observed in all treated groups, particularly after
combination therapy, relative to the control group,
along with the dominance of green fluorescence fol-
lowing treatment, suggests that the treatment may in-
duce mitochondrial membrane depolarization,
thereby potentially triggering the mitochondrial
apoptotic pathway. Similar findings have been de-
scribed in pancreatic cancer cell lines, such as MIA
PaCa-2 and PANC-1, where CIS and CUR, admin-
istered individually and in combination at concentra-
tions of 5, 15, and 25 puM, caused mitochondrial
membrane depolarization, based on the reduction in
JC-1 aggregate/monomer ratio, suggesting signifi-
cant mitochondrial dysfunction and early apoptosis
(45). In other pancreatic cancer cell lines, such as
BxPC-3 and YAPC, treatment with CIS alone has
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been found to induce a time-dependent loss of mito-
chondrial membrane potential, indicating the onset
of early apoptotic changes (22). In addition, Kocyigit
et al. found that CUR, at concentrations ranging
from 5 to 50 pM, decreased mitochondrial mem-
brane potential after 24 hours of treatment in the

(A)
JC-1 Aggregate
- -
o -
o -
s -

(8)

JC-1 Aggregate/Monomer ratio
(% of control)

150

100+

50

murine melanoma cell line B16F10 (46). Also, Qiu
and colleagues examined the effect of CUR at con-
centrations up to 50 pg/mL on the WM-115 mela-
noma cell line after 6 hours of treatment, and the re-
sults showed a reduction in mitochondrial membrane
potential (47).

Merged

A375 cells at 24h

JC-1 Monomer

Figure 3.

The effect of treatment on mitochondrial membrane potential of A375 cells following 24 hours of treatment with
CIS, CUR, and a combination of the two compounds. A) Representative images of the JC-1 assay, where red in-
dicates JC-1 aggregates and green indicates JC-1 monomers. B) A graphical representation showing the JC-1
aggregate/monomer ratio. Data are presented as mean values + SD from three independent experiments, each
performed in triplicate. Statistical differences between the treated groups and the control were assessed using
one-way ANOVA followed by Dunnett’s post hoc test for multiple comparisons (**** p < 0.0001)

Combined CIS and CUR treatment induces mito-
chondprial alterations in A375 cells

Following the observed loss of mitochondrial mem-
brane potential induced by CIS, CUR, and especially
their combined treatment, mitochondrial morphol-
ogy staining was further performed to evaluate the
associated mitochondrial damage. Microscopic anal-
ysis of mitochondrial morphology in A375 cells
(Figure 4) treated with CIS (5 uM), CUR (30 uM),
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and the combination of CIS 5 uM + CUR 30 pM re-
vealed marked structural alterations, characterized
by mitochondrial fragmentation with the appearance
of condensed, punctate mitochondria, reduced in
number compared to the control, along with focal ar-
eas of increased fluorescence intensity reflecting mi-
tochondrial clustering. These changes were most
pronounced with the combined treatment.
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Figure 4.
Representative images of the impact of CIS, CUR, and combinations of the two compound treatments (24 hours)
on mitochondria morphology in A375 cells. The white arrows show mitochondrial changes. The scale bar was

MitoTracker dyes are commonly used to assess mi-
tochondrial morphology because they selectively ac-
cumulate in active mitochondria, enabling clear vis-
ualization of mitochondrial structure and integrity
(48).

The evaluation of mitochondrial morphology is an
important step in elucidating potential biological
mechanisms underlying cell death, as mitochondria
are central to the regulation of apoptosis (49). Mito-
chondrial fragmentation, manifested by the appear-
ance of condensed, punctate mitochondria and a re-
duction in their number compared to the control, rep-
resents a morphological change characteristic of
apoptosis. Mitochondria are dynamic organelles
whose morphology is regulated by the balance be-
tween fusion and fission; during apoptosis, this bal-
ance is disrupted in favor of fission (50, 51). Thus,
during apoptosis, mitochondria undergo extensive
fragmentation that precedes caspase activation, re-
sulting in a smaller, more numerous mitochondrial
network (52). Studies in the field have indicated that
elongated mitochondria confer resistance to apopto-
sis in cells, while fragmented mitochondria increase
cellular sensitivity to apoptotic stimuli (53). There-
fore, the mitochondrial fragmentation observed in
the present study, which was most pronounced with
the combined treatment, is consistent with the apop-
totic profile indicated by the other results.

An important aspect to note is the concordance be-
tween the decrease in membrane potential as indi-
cated by JC-1 and the morphological fragmentation
visualized by MitoTracker Red CMXRos staining.
The results obtained lead to the same conclusion: a
pronounced mitochondrial dysfunction is involved,
amplified by the association of the two compounds.
MitoTracker Red CMXRos is a fluorescent dye that
accumulates in mitochondria; its accumulation de-
pends on the membrane potential, which is why it is
frequently used to visualize mitochondrial structure
and integrity (54). The focal increase in fluorescence
intensity observed in areas with condensed mito-
chondria most likely reflects the aggregation and
clustering of fragmented organelles, rather than in-
creased mitochondrial activity. This interpretation is
consistent with the loss of membrane potential
demonstrated by JC-1 and is supported by the obser-
vation that, in the case of CMXRos, the fluorescence

100 pm
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intensity does not exclusively reflect the mitochon-
drial potential, as the dye covalently binds to thiol
groups in mitochondrial lipids and proteins.

These results indicate the possible involvement of
the intrinsic apoptotic pathway in the death of A375
melanoma cells induced by CIS and CUR, with the
association of the two compounds producing the
most pronounced mitochondrial dysfunction.
Combined CIS and CUR treatment induces signifi-
cant alterations in nuclei, actin filaments, and tubu-
lin organization in A375 cells

The investigation continued by assessing the impact
on specific cellular components, including nuclei,
actin filaments, and tubulin (Figure 5). Following
treatment with 5 uM CIS, 30 uM CUR, and 5 pM
CIS + 30 uM CUR, chromatin condensation and nu-
clear rounding were observed; the effects were more
pronounced with the combined treatment. Moreover,
a significant increase in the apoptotic index com-
pared to the control was obtained: 15.29% for CIS,
12.02% for CUR, and 28.33% for the combined
treatment.

In the case of actin filaments, disorganization of the
filament network and cell shrinkage were observed,
with the most pronounced effect seen in the combi-
nation treatment. Similarly, the tubulin network dis-
played disorganization, accompanied by cell round-
ing. For both actin and tubulin, the most pronounced
morphological alterations were observed in the com-
bination treatment (Figure 5).

Because changes in the nucleus, actin filaments, and
tubulin can provide additional information about the
mechanism of cell death, the next step was to inves-
tigate the effects of CIS, CUR, and the combination
at this level (55). Chromatin condensation and nu-
clear rounding are specific changes of cell apoptosis.
In addition, nuclear fragmentation is a defining char-
acteristic of apoptotic death and is one of the classi-
cal morphological criteria used to identify apoptotic
cells (56). Unlike the general morphological assess-
ment, quantification of the apoptotic index provides
an objective, semiquantitative measure of apoptosis
induction, which strengthens the interpretative value
of the results.

Importantly, the apoptotic index of the combination
(28.33%) is approximately equal to the sum of the
individual effects of the two agents (15.29% +
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12.02% = 27.31%), suggesting a predominantly ad-
ditive effect on apoptosis induction. This observa-
tion is consistent with the results of the Chou-Tala-
lay analysis, in which most combinations showed an

(A)

Control

CIS 5 uM

CUR 30 uM

CIS 5 uM + CUR 30 uM

(8)

Index apoptotic (% of Control)

F-actin

additive character, as well as with the results of the
viability test, thus providing internal coherence to
the set of experimental data.

Tubulin

Figure 5.

The effect of treatment with CIS, CUR, and their combination on A375 cells, as shown by nuclear, F-actin, and
tubulin staining after 24 hours of treatment. A) Representative microscopic images of cellular components. B)
Graphical representation of the apoptotic index. Data are presented as mean values + SD from three independent
experiments, each performed in triplicate. Statistical differences between the treated groups and the control were
assessed using one-way ANOVA followed by Dunnett’s multiple comparisons post hoc test (*p < 0.05; **p <
0.01; *** p <0.001)

In addition to the nuclear-level changes, the tested
compounds induced cytoskeletal disorganization,
visible both in actin filaments and in the tubulin net-
work. Actin filament reorganization is closely linked
to apoptotic morphological changes, since cell
rounding, blebbing, and the formation of apoptotic
bodies are consequences of actin reorganization, and
actin dynamics can activate and mediate apoptosis
(57). Previous studies have evaluated the impact of
CUR on actin filament and tubulin levels. In the
study by Zhou and collaborators, it was reported that
CUR induces apoptosis in A549 cells and causes dis-
organization of the actin cytoskeleton, which sup-
ports the alterations in actin filaments observed in
our study (58). It has also been documented that
CUR directly interacts with tubulin. Thus, CUR dis-
rupts microtubule assembly, leading to cell cycle
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arrest in the mitotic phase in breast and cervical car-
cinoma cells; in MCF-7 cells, it disrupts the structure
of the mitotic spindle, prevents normal anaphase
movements, and leads to micronuclei (59, 60). An
important aspect of the results obtained is that, for
both actin and tubulin, the most pronounced mor-
phological changes were observed with combined
treatment. This finding is consistent with the rest of
the experimental data — cell viability, general mor-
phology, and apoptotic index - and suggests that the
association between CIS and CUR amplifies cyto-
skeletal disruption.

Combined CIS and CUR treatment predominantly
induces apoptosis in A375 cells

Given the results of the apoptotic index, the apop-
totic/necrotic potential of treatment with CIS, CUR,
and their combination was further investigated using
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a double-staining assay with acridine orange and viable cells (AO-positive) — was observed, accom-
propidium iodide (AO/PI). The results (Figure 6) panied by morphological features of apoptosis such
showed the presence of both apoptotic and necrotic as cell rounding and chromatin condensation. Con-
cells following treatment with CIS and CUR, with currently, an increase in the number of cells exhibit-
effects more pronounced with the combination treat- ing red/orange fluorescence (PI-positive) was noted,
ment. In the case of the combined treatment, a de- indicating loss of membrane integrity consistent
crease in green fluorescence — corresponding to with late apoptotic and necrotic cell death.
AO Merged

Control

CIS 5 uM

CUR 30 uM

CIS5 uM + CUR 30 uM

Figure 6.
Representative images of the impact of CIS, CUR, and a combination of the two compounds after 24 h in A375
cells stained with AO/PI. The scale bar indicates 100 pm. CC: chromatin condensation, BL: blebbing, N: ne-
crotic/late apoptotic cells

Dual AO/PI staining is a fluorescence-based tech- whose membrane integrity is ultimately compro-
nique used extensively to assess cell viability and mised; therefore, the increase in red/orange fluores-
differentiate among various types of cell death, in- cence observed in the case of the combined treat-
cluding apoptosis and necrosis. Acridine orange ment most likely reflects a combination of late apop-
(AO) can penetrate intact cell membranes and bind totic and necrotic events, rather than necrosis per se
to nucleic acids, generating green fluorescence in vi- (39). This interpretation is in agreement with the pre-
able cells. Conversely, propidium iodide (PI) is re- dominantly apoptotic profile indicated by the apop-
pelled by intact membranes and can only permeate totic index and the characteristic morphological
cells with impaired membrane integrity, where it signs observed in the present study.

emits red fluorescence after interacting with nucleic The coexistence of apoptotic and necrotic cells is a
acids. This double-staining technique enables dis- frequently reported phenomenon in in vitro cytotox-
tinction among viable, apoptotic, and necrotic cells icity studies, especially under intense cytotoxic con-
(20). ditions. Thus, a portion of apoptotic cells that are not
The results obtained in this study are consistent with removed by phagocytosis may progress to secondary
the mechanism of cell death suggested by the apop- necrosis. This may explain the presence of the ne-
totic index and the previously analyzed changes at crotic component alongside the apoptotic one, espe-
the nuclear and cytoskeletal levels. The decrease in cially in the case of combined treatment, where cell
the proportion of viable, AO-positive cells following viability was most reduced (61). Overall, these re-
treatment, together with the appearance of cell sults indicate that the association between CIS and
rounding and chromatin condensation, indicates that CUR induces the death of A375 melanoma cells
both CIS and CUR induced A375 cell death, an ef- through a predominantly apoptotic mechanism, ac-
fect that was clearly amplified when the two com- companied by a secondary necrotic component, the
pounds were combined. It should be noted that pro- overall effect exceeding that of the agents adminis-
pidium iodide is incorporated not only by necrotic tered individually (62). These results are consistent
cells, but also by those undergoing late apoptosis, with previous reports showing that CUR can
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enhance the cytotoxic and pro-apoptotic activity of
CIS across various tumor models, supporting the po-
tential of this association as a chemosensitization
strategy in melanoma.

Although these results are promising, particularly
about combination therapy, the present study never-
theless has several limitations, including the assess-
ment of treatment effects only after 24 hours, the
need to investigate longer exposure periods (48 and
72 hours) and additional concentration ranges, as
well as testing on other 2D and 3D melanoma mod-
els and animal models. Furthermore, the safety pro-
file of the combination therapy should also be eval-
uated in healthy cell models. Therefore, future re-
search directions should focus on addressing these
limitations and further investigating how natural
compounds, such as CUR, could be integrated into
melanoma treatment protocols alongside other anti-
cancer agents to improve the pharmacological pro-
file of these treatments.

Conclusions

Skin cancers, including melanoma, remain among the
most serious challenges in the medical field world-
wide. Although conventional therapies provide pro-
mising results in the management of this disease,
they are often associated with safety-related limita-
tions. In this context, natural compounds have
emerged as potential adjuvants to conventional anti-
cancer therapies. In the present study, the combina-
tion of CIS and CUR demonstrated synergistic ef-
fects at the highest concentration tested in vitro on
the A375 cell line, compared with the individual
treatments. The results indicated a more pronounced
decrease in cell viability and mitochondrial mem-
brane potential, along with changes in several cellu-
lar components, such as nuclei, mitochondria, F-ac-
tin, and tubulin. The combination treatment also led
to higher levels of apoptotic and necrotic cells than
the individual treatments. That's why more extensive
studies are needed to better understand the mecha-
nism of action behind this combination and to ex-
plore its potential use in clinical practice.
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