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Melanoma cells exhibit remarkable metabolic adaptability, sustained by lipid 
enrichment and mitochondrial resilience that enable survival under stress. 
Disrupting these bioenergetic and structural supports may represent an 
effective therapeutic avenue. This study investigated the antiproliferative, pro- 
apoptotic, and mitochondrial effects of 2-aminoethyl dihydrogen phosphate (2- 
AEH2P), alone and in combination with methyl-β-cyclodextrin (MβCD) in human 
(SK-MEL-28) and murine (B16-F10) melanoma cells, compared with normal 
human (FN1) and murine (L929) fibroblasts. Cell viability, proliferation index, 
mitochondrial membrane potential (ΔΨm), cell-cycle distribution, and 
apoptotic marker expression were evaluated following single and combined 
treatments. Morphological alterations were examined microscopically, and 
pharmacodynamic interaction was analyzed through drug-synergy 
assessment. 2-AEH2P displayed selective cytotoxicity toward melanoma cells, 
with markedly lower IC50 values than fibroblasts. Its combination with MβCD 
potentiated these effects, producing strong additive cytotoxicity. Treated 
melanoma cells showed distinct morphological alterations, including 
cytoplasmic projections and abnormal division, while fibroblasts preserved 
normal morphology. Combined treatments disrupted the cell-cycle profile, 
reducing G0/G1 and increasing S and G2/M phases, and induced mitochondrial 
dysfunction, evidenced by a significant decrease in ΔΨm. Expression of apoptotic 
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markers (caspases-3 and -8, cytochrome c, p53, and Bad) increased, whereas anti- 
apoptotic Bcl-2 was downregulated. The combined use of 2-AEH2P and MβCD 
induced selective cytotoxicity in melanoma cells by disturbing lipid–mitochondrial 
homeostasis and activating intrinsic apoptotic signaling. These findings support a 
dual-target metabolic–membrane approach that exploits metabolic and 
mitochondrial vulnerabilities of melanoma and warrant further studies to 
elucidate its mechanisms and translational potential.
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1 Introduction

Cutaneous melanoma remains one of the most aggressive forms 
of skin cancer, marked by rapid progression, pronounced 
heterogeneity, and poor responsiveness to conventional therapies 
(Leonardi et al., 2018; Waseh and Lee, 2023). In recent years, the 
incidence of melanoma has continued to rise globally, with 
increasing prevalence in younger adults and in regions with high 
ultraviolet exposure (Feng et al., 2025). Globally, more than 
325,000 new cases and over 57,000 deaths were reported in 2024, 
and projections estimate that its burden will surpass 500,000 cases 
per year by 2040 if current trends persist (Arnold et al., 2022; Liu 
et al., 2024). Alarmingly, the disease increasingly affects younger 
adults, particularly in areas with high ultraviolet radiation exposure 
and fair-skinned populations, contributing to substantial public- 
health and economic impact (Arnold et al., 2022; Liu et al., 2024). 
Despite substantial advances in targeted therapy and 
immunomodulatory agents, long-term survival remains limited 
for many patients, particularly those who develop acquired 
resistance or progress under treatment. This therapeutic plateau 
is largely driven by melanoma’s capacity for metabolic rewiring, 
immune evasion, and microenvironmental remodeling, which allow 
tumor cells to bypass pathway inhibition and sustain proliferation 
despite pharmacological pressure (Ruocco et al., 2019). Resistance to 
BRAF/MEK inhibitors frequently arises through MAPK pathway 
reactivation, alternative RTK signaling, or mitochondrial metabolic 
compensation, whereas immune checkpoint resistance involves loss 
of antigen presentation, T-cell exclusion, or establishment of 
immunosuppressive niches. These adaptive mechanisms 
underscore the need for therapeutic approaches that extend 
beyond classical oncogene addiction and instead exploit 
conserved vulnerabilities, such as membrane organization, lipid 
homeostasis, and mitochondrial dependency (Kakadia et al., 
2018; Kun et al., 2021). Beyond its genetic complexity, melanoma 
displays remarkable metabolic plasticity, enabling tumor cells to 
adapt and thrive under stress conditions that would normally impair 
survival. This adaptability is largely sustained by metabolic 
reprogramming and the capacity to remodel bioenergetic 
pathways and the tumor microenvironment (TME) to their 
advantage (Hsu et al., 2025; Shen et al., 2025). This metabolic 
adaptability represents an exploitable vulnerability that remains 
insufficiently targeted by current pharmacological approaches.

Melanoma depends on profound metabolic rewiring to sustain 
proliferation, resist oxidative stress, and evade apoptosis (Pizzimenti 
et al., 2021). Among its distinctive metabolic traits, melanoma 
exhibits abnormal reliance on lipid and cholesterol turnover. 
Tumor cells accumulate lipids to sustain membrane fluidity, 

enable lipid raft formation, and activate pro-survival cascades 
such as PI3K/Akt signaling (Pellerin et al., 2020; Chu et al., 
2025). These cholesterol-rich nanodomains function as signaling 
platforms that orchestrate receptor clustering, oxidative balance, 
and apoptotic resistance (Singh et al., 2024; Zhang et al., 2024). 
Disrupting raft organization weakens oncogenic signaling, reduces 
metastatic competence, and sensitizes cells to apoptosis, suggesting 
that the lipid compartment of the plasma membrane represents a 
promising therapeutic axis.

In this context, methyl-β-cyclodextrin (MβCD) stands out as a 
pharmacological tool capable of depleting membrane cholesterol and 
altering the organization of lipid rafts, which can compromise 
membrane-associated signaling and induce apoptosis in highly 
proliferative cells (Păduraru et al., 2022; Ohno et al., 2023). 
Cholesterol extraction by MβCD disrupts the spatial organization of 
receptors and kinases housed within these microdomains, which may 
suppress pro-survival pathways, hinder cell migration, and promote 
apoptosis in highly proliferative cells. Additionally, cholesterol depletion 
can affect mitochondrial lipid composition, thereby further amplifying 
mitochondrial susceptibility to stress (Goicoechea et al., 2023). These 
mechanisms suggest that membrane remodeling is not merely a 
structural event but a metabolic perturbation capable of influencing 
intrinsic apoptotic signaling.

Complementing this membrane-targeted disruption, 2- 
aminoethyl dihydrogen phosphate (2-AEH2P), a monophosphate 
ester derived from ethanolamine, has been described as a 
modulator of phospholipid metabolism and mitochondrial integrity 
(Conceição et al., 2021; Alves et al., 2024). As a key intermediate of 
glycerophospholipid biosynthesis, 2-AEH2P interferes with pathways 
essential for maintaining membrane composition, organelle 
homeostasis, and bioenergetic balance. Previous studies have shown 
that 2-AEH2P promotes mitochondrial dysfunction, loss of membrane 
potential (ΔΨm), increased oxidative stress, and activation of intrinsic 
apoptosis (de Sousa Cabral et al., 2022). These effects are accompanied 
by altered expression of proteins involved in apoptotic commitment, 
such as cytochrome c, caspases, and the Bcl-2 family. Notably, 2- 
AEH2P demonstrates selectivity for tumor cells, which tend to rely 
more intensely on phospholipid turnover and mitochondrial flexibility 
to sustain rapid proliferation (de Sousa Cabral et al., 2022).

When associated with MβCD, 2-AEH2P may enhance the 
disruption of lipid–mitochondrial crosstalk, deepening 
bioenergetic stress and driving selective death in melanoma cells 
while preserving normal fibroblast viability (Giannitti et al., 2025). 
This dual-target approach, simultaneously destabilizing membrane 
architecture and compromising mitochondrial function, aligns with 
current trends in cancer pharmacology aimed at exploiting 
fundamental metabolic dependencies rather than individual 
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oncogenic mutations. Such strategies may offer advantages in 
heterogeneous tumors like melanoma, where metabolic 
vulnerabilities are shared across genetically diverse 
subpopulations (Giannitti et al., 2025).

Based on that, this study aimed to evaluate the cytotoxic and 
apoptotic effects of the combined treatment with 2-AEH2P and 
MβCD in human (SK-MEL-28) and murine (B16-F10) melanoma 
cells. We hypothesized that this combination could exploit 
metabolic and mitochondrial vulnerabilities of melanoma, 
offering a multi-targeted pharmacological strategy that transcends 
classical cytotoxicity and addresses the energetic and structural 
dependencies that sustain tumor survival.

2 Materials and methods

This study investigated the combined effects of 2-aminoethyl 
dihydrogen phosphate (2-AEH2P) with methyl-β-cyclodextrin 
(MβCD) on human and murine melanoma models. A series of 

biochemical and flow-cytometric assays were employed to assess 
cytotoxic potential, proliferative activity, alterations in cell-cycle 
dynamics, and apoptosis-related responses. Non-tumor fibroblasts 
were included as reference controls to determine selectivity. All 
assays were carried out in triplicate under standardized culture 
conditions. An overview of the experimental workflow is provided 
in Figure 1.

2.1 Preparation of 2-aminoethyl dihydrogen 
phosphate and methyl-β-cyclodextrin and 
cell culture conditions

The 2-aminoethyl dihydrogen phosphate (2-AEH2P) used in 
this study was obtained from PhosphoPure® (São Paulo, Brazil; Cat. 
No. PP-2AEH2P-100), supplied at certified purity (>99%) and 
accompanied by manufacturer’s analytical documentation. The 
compound, synthesized via controlled esterification, was dissolved 
in sterile ultrapure water to prepare a 100 mM stock solution, which 

FIGURE 1 
Workflow summarizing treatments, cell models, and mechanistic analyses. Melanoma cells (SK-MEL-28, B16-F10) and normal fibroblasts (FN-1, 
L929) were exposed for 24 h to increasing concentrations of 2-AEH2P and MBCD. After treatment, cytotoxicity, morphology, proliferation, cell-cycle 
progression, DNA fragmentation, and mitochondrial membrane potential (ΔΨm) were evaluated. Apoptotic markers were quantified by flow cytometry, 
and drug interactions were assessed using the Bliss independence model.
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was aliquoted and stored at 4 °C until use. Methyl-β-cyclodextrin 
(MβCD) was purchased from Sigma-Aldrich (St. Louis, MO, 
United States; Cat. No. C4555) and freshly dissolved in sterile 
phosphate-buffered saline (PBS, pH 7.4) to obtain a 50 mM stock 
solution, vortexed until complete dissolution, and filtered through a 
0.22 µm sterile membrane before use. Human melanoma (SK-MEL- 
28; ATCC® HTB-72™) and murine melanoma (B16-F10; ATCC® 
RL-6475™) cell lines were employed as tumor models, whereas 
human fibroblasts (FN1; FMUSP 921/06) and murine fibroblasts 
(L929; ATCC® CCL-1™) were used as non-tumorigenic controls. 
FN1 and L929 fibroblasts were included as non-tumoral controls 
because they retain proliferative capacity, active membrane 
turnover, and metabolic plasticity, providing a physiologically 
relevant comparison to determine whether treatment effects 
reflect tumor-specific vulnerability rather than non-specific 
cytotoxicity (Peltier et al., 2022; Wieder, 2023; Duarte de Oliveira 
et al., 2025). Cells were maintained in RPMI-1640 medium (Thermo 
Fisher, Cat. No. 11875-093) supplemented with 2 mM L-glutamine 
(Gibco, Cat. No. 25030-081) 10 mM HEPES (Gibco, Cat. No. 15630- 
080), 24 mM sodium bicarbonate (Sigma-Aldrich, Cat. No. S5761), 
1% antibiotic solution (100 U/mL penicillin and 100 μg/mL 
streptomycin), and 10% fetal bovine serum (Gibco, Cat. No. 
16000-044). Cultures were incubated at 37 °C in a humidified 
atmosphere of 5% CO2, and cell viability was routinely verified 
using the Trypan Blue exclusion assay.

2.2 Cell viability assay

Cells were seeded in 6-well plates at a density of 1 × 105 cells per 
well and allowed to adhere for 24 h under standard culture 
conditions. After attachment, cells were exposed to increasing 
concentrations of 2-aminoethyl dihydrogen phosphate (2-AEH2P; 
1–100 mM) and methyl-β-cyclodextrin (MβCD; 0.1–5 mM) either 
individually or in combination. Cell viability was assessed after 
24 h using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide] assay (Sigma-Aldrich, Cat. No. 
M5655). The MTT reagent was freshly prepared in phosphate- 
buffered saline (PBS, pH 7.4) at a final concentration of 5 mg/ 
mL. Following treatment, the culture medium was removed and 
replaced with the MTT solution, followed by incubation for 3 h at 
37 °C in a humidified atmosphere of 5% CO2. After incubation, 
formazan crystals formed by metabolically active cells were 
solubilized in methanol (Sigma-Aldrich, Cat. No. 34860), and 
absorbance was recorded at 570 nm using a microplate 
spectrophotometer. The half-maximal inhibitory concentration 
(IC50) values were obtained by non-linear regression analysis of 
dose–response curves generated in GraphPad Prism 7.0 (GraphPad 
Software, San Diego, CA, United States). The selectivity index (SI) 
was determined as the ratio between the IC50 value in fibroblasts and 
that in melanoma cells (SI = IC50_fibroblast/IC50_melanoma), 
representing the relative cytotoxic preference of the treatment for 
tumor cells over non-tumor controls. For single-agent assays, 2- 
AEH2P was evaluated in concentrations ranging from 1 to 100 mM 
and MβCD from 0.1 to 5 mM, based on preliminary dose–response 
curves and literature data. For combination studies, concentrations 
were adjusted according to the IC50 values individually determined 
for each compound in melanoma cells. The agents were co- 

administered at variable molar ratios to construct a complete 
dose–response matrix for synergy evaluation using the Bliss 
independence model.

2.3 Cell morphology analysis and selectivity 
index evaluation

Melanoma cells (SK-MEL-28 and B16-F10) and fibroblasts 
normal cells (FN1 and L929) were seeded in 24-well plates and 
incubated for 24 h to allow cell attachment. Following this period, 
cultures were exposed for an additional 24 h to increasing 
concentrations of 2-aminoethyl dihydrogen phosphate (2-AEH2P; 
1–100 mM) and methyl-β-cyclodextrin (MβCD; 0.1–5 mM), either 
alone or in combination. After treatment, morphological alterations 
were examined using an inverted light microscope (Nikon Eclipse 
TS100, Tokyo, Japan) and documented photographically. Changes 
in cell shape, detachment, cytoplasmic granularity, membrane 
integrity, and apoptotic features were compared with untreated 
control cultures to qualitatively assess cytotoxic effects. The 
Selectivity Index (SI) was determined to evaluate the differential 
cytotoxicity of the compounds toward tumor and non-tumor cells, 
according to the equation: 

Selectivity Index � IC50fibroblasts 􏼮 IC50melanoma

Where IC50 represents the concentration required to reduce cell 
viability by 50% relative to untreated controls. Higher SI values 
indicate increased selectivity toward tumor cells. For single- 
compound assays, 2-AEH2P and MβCD were tested individually 
at the concentrations described above. For combination assays, 
MβCD was applied at their half-maximal inhibitory 
concentrations (IC50), as well as at −25% and +50% of these 
values, in combination with graded concentrations of 2-AEH2P, 
allowing the evaluation of additive or synergistic interactions across 
a biologically relevant range. An SI value greater than 2 was 
interpreted as indicative of preferential cytotoxicity toward 
melanoma cells, in accordance with previously established criteria 
(Rashidi et al., 2017).

2.4 Cell cycle and DNA 
fragmentation analysis

Melanoma cells (SK-MEL-28 and B16-F10) and fibroblasts 
(FN1 and L929) were seeded in 24-well plates at a density of 1 × 
105 cells per well and incubated for 24 h to allow complete adhesion. 
After this period, cultures were exposed for an additional 24 h to 
different concentrations of 2-aminoethyl dihydrogen phosphate (2- 
AEH2P; 1–100 mM; Sigma-Aldrich, Cat. No. A5753) and methyl-β- 
cyclodextrin (MβCD; 0.1–5 mM; Sigma-Aldrich, Cat. No. C4555), 
either individually or in combination. Following treatment, cells 
were detached by trypsinization using 0.25% trypsin-EDTA (Gibco, 
Cat. No. 25200-056), washed twice with phosphate-buffered saline 
(PBS, pH 7.4; Gibco, Cat. No. 70013-016), and fixed in 70% cold 
ethanol containing RNase A (100 μg/mL; Sigma-Aldrich, Cat. No. 
R6513, DNase-free grade). Samples were stored at −20 °C until 
analysis. Before acquisition, cells were washed and resuspended in 
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staining buffer containing 0.1% Triton X-100 (Sigma-Aldrich, Cat. 
No. T8787) and propidium iodide (PI, 50 μg/mL; Sigma-Aldrich, 
Cat. No. P4864) and incubated for 30 min in the dark at room 
temperature. DNA content was quantified on a FACSCanto II flow 
cytometer (BD Biosciences, San Jose, CA, United States), and cell- 
cycle phase distribution (G0/G1, S and G2/M) was determined using 
ModFit LT 6.0 software (Verity Software House, Topsham, ME, 
United States). For comparative assessment of treatment 
modulation, each cell line (human SK-MEL-28 and murine L929) 
was also treated with 50% of its respective IC50 concentration of 2- 
AEH2P, alone or in combination with MβCD, under identical 
conditions. A minimum of 10,000 gated events per sample were 
acquired and analyzed using CellQuest software (BD Biosciences), 
ensuring statistical robustness and reproducible phase resolution.

2.5 Assessment of cell proliferation using 
fluorescent dye labeling

The proliferative activity of melanoma cells (SK-MEL-28 and B16- 
F10) and fibroblasts (FN1 and L929) was evaluated using the 
fluorescent cell proliferation tracer carboxyfluorescein diacetate 
succinimidyl ester (CFSE-DA; Thermo Fisher Scientific, Cat. No. 
C34554). After 24 h of incubation to allow cell adherence and 
recovery, cultures were treated with increasing concentrations of 2- 
aminoethyl dihydrogen phosphate (2-AEH2P; 1–100 mM) and 
methyl-β-cyclodextrin (MβCD; 0.1–5 mM), either individually or in 
combination, at a seeding density of 2 × 105 cells per well in 24-well 
plates. After 24 h of exposure, cells were detached using trypsin–EDTA 
solution (0.2% and 0.002%), centrifuged at 300 g for 5 min, and 
resuspended in fixation buffer (PBS containing 1% paraformaldehyde). 
Fluorescence intensity, inversely proportional to cell division rate, was 
measured by flow cytometry using a FACSCanto II system (BD 
Biosciences, San Jose, CA, United States). Data acquisition and 
proliferation profile quantification were performed using ModFit 
LT 6.0 software (Verity Software House, Topsham, ME, 
United States), enabling determination of the proliferation index 
and division rate for each treatment condition.

2.6 Evaluation of mitochondrial membrane 
potential (ΔΨm)

Melanoma cells (SK-MEL-28 and B16-F10) and fibroblasts 
(FN1 and L929) were seeded in 6-well plates at a density of 1 × 
105 cells per well and treated for 24 h with increasing concentrations 
of the experimental agents, either individually or in combination. 
After treatment, cells were collected by centrifugation at 300 g for 
5 min and washed twice with phosphate-buffered saline (PBS, 
pH 7.4). Pellets were resuspended in FACS buffer (PBS 
supplemented with 1% bovine serum albumin). To evaluate 
mitochondrial membrane potential (ΔΨm), cells were incubated 
with rhodamine 123 (5 μg/mL; Molecular Probes/Thermo Fisher 
Scientific, Cat. R8004) for 30 min at 37 °C in the dark. After staining, 
excess dye was removed by washing twice with cold PBS, and 
samples were immediately analyzed on a FACSCalibur flow 
cytometer (BD Biosciences, San Jose, CA, United States) using 
488 nm excitation and 530 ± 15 nm emission (FL1 channel). A 

minimum of 10,000 gated events per sample were acquired and 
analyzed using FlowJo software (version 10.7; BD Biosciences). 
Results were expressed as rhodamine 123 mean fluorescence 
intensity (MFI) relative to untreated control cells, where 
decreased MFI was interpreted as mitochondrial depolarization 
consistent with early mitochondrial dysfunction.

2.7 Flow cytometric analysis of cellular 
marker expression

Melanoma cells (SK-MEL-28 and B16-F10) and fibroblasts 
(FN1 and L929) were treated for 24 h with the experimental 
agents. After treatment, cells were harvested, washed twice with 
cold PBS (pH 7.4), fixed in 1% paraformaldehyde for 15 min at 
4 °C, and permeabilized with 0.1% Triton X-100 in PBS for 10 min to 
enable intracellular antigen detection. Primary monoclonal antibodies 
targeting cytochrome c (clone 6H2.B4, BD Biosciences, Cat. 556432), 
Bad (Abcam, Cat. ab32445), Bcl-2 (clone 100/D5, BD Biosciences, Cat. 
610538), p53 (clone DO-1, Santa Cruz Biotechnology, Cat. sc-126), 
caspase-3 (active form, BD Biosciences, Cat. 559565) and caspase-8 
(clone 1C12, Cell Signaling Technology, Cat. 9,746) were applied at 1: 
50 for 1 h at 4 °C with gentle agitation. After washing in PBS with 0.2% 
BSA, detection was performed using species-appropriate 
fluorochrome-conjugated secondary antibodies (anti-rabbit IgG- 
FITC; anti-mouse IgG-PE; anti-goat IgG-APC), incubated for 
30 min at 4 °C in the dark. All secondary antibodies used were 
polyclonal and validated for flow-cytometric applications, ensuring 
appropriate sensitivity and reproducibility for intracellular detection. A 
minimum of 10,000 gated events per sample were acquired on a 
FACSCanto II cytometer (BD Biosciences), and fluorescence 
intensities were analyzed using FCS Express 7.0 (De Novo 
Software). For combination assays, fixed sub-cytotoxic fractions of 
each agent’s IC50 were applied (≈12–12.5 mM 2-AEH2P plus 
2–3 mM MβCD), enabling interrogation of their cooperative effects 
on membrane and mitochondrial disruption pathways. For 
mechanistic assays, each combination was administered at 50% of 
the respective IC50 values previously determined for each cell line. 
Accordingly, the concentrations used were 12.5 mM 2-AEH2P and 
2.15 mM MβCD for SK-MEL-28, 12.2 mM 2-AEH2P and 
2.95 mM MβCD for B16-F10, and 31.8 mM 2-AEH2P combined 
with 3.35 mM MβCD for FN1 and L929 fibroblasts. Quantification of 
protein modulation was derived from changes in mean fluorescence 
intensity (MFI) within viable, singlet populations, normalized to 
untreated controls, rather than absolute positivity thresholds, 
providing improved sensitivity for expression shift detection. Flow 
cytometry gating followed a standard approach including debris 
exclusion (FSC/SSC), singlet discrimination (FSC-H vs. FSC-A) and 
viable-cell gating before fluorescence quantification.

2.8 Synergy and drug interaction analysis

To investigate the interaction between 2-aminoethyl dihydrogen 
phosphate (2-AEH2P) and the compound methyl-β-cyclodextrin 
(MβCD), cells were exposed for 24 h to a series of independently 
varied concentrations. MβCD was applied at three levels: 25% below 
their respective IC50 values, at the IC50, and 50% above the IC50, 
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combined with a concentration gradient of 2-AEH2P ranging from 
1 to 100 mM. This experimental layout generated a 
multidimensional dose–response matrix that enabled a systematic 
examination of combined effects on cell viability. Quantitative 
interaction analyses were performed using the SynergyFinder 
3.0 platform, which contrasts the experimentally observed 
inhibition rates with theoretical additive responses predicted by 
computational models. The Bliss independence model was selected 
to estimate the deviation between observed and expected outcomes, 
based on the premise that both agents act through mechanistically 
independent pathways. Synergy scores were interpreted according to 
established thresholds: values above +10 were considered indicative 
of synergism, between −10 and +10 as additive, and below −10 as 
antagonistic interactions. This method allowed a precise evaluation 
of whether co-administration of 2-AEH2P with MβCD potentiated, 
maintained, or attenuated cytotoxic activity relative to the single- 
compound treatments.

2.9 Statistical analyses

All data were expressed as mean ± standard deviation (SD) from 
three independent experiments performed in triplicate. Statistical 
analyses were conducted using GraphPad Prism version 7.0 
(GraphPad Software, San Diego, CA, United States). Differences 
among experimental groups were analyzed using one-way ANOVA, 
followed by Tukey’s multiple comparison post-hoc test, which 
corrects for pairwise testing. Normality and variance assumptions 
were verified prior to applying ANOVA. A p-value ≤0.05 was 
considered statistically significant.

3 Results

3.1 Evaluation of the cytotoxic effects of 2- 
AEH2P and methyl-β-cyclodextrin (MβCD) in 
SK-MEL-28 and B16-F10 melanoma cells 
and FN1 and L929 fibroblasts

The monophosphate ester 2-AEH2P exhibited higher 
cytotoxicity toward melanoma cells than toward fibroblasts. In 
SK-MEL-28 cells, the IC50 was 25.3 ± 1.7 mM, compared with 
63.7 ± 1.9 mM in FN1 fibroblasts. A similar pattern was observed in 
the murine model, with IC50 values of 24.5 ± 1.5 mM for B16-F10 
melanoma cells and 58.4 ± 2.1 mM for L929 fibroblasts, confirming a 
consistent selectivity index for tumor cells (Figure 2). Treatment 
with isolated methyl-β-cyclodextrin (MβCD) also demonstrated 
greater cytotoxicity in melanoma cells. SK-MEL-28 cells showed 
an IC50 of 4.3 ± 0.9 mM, whereas FN1 fibroblasts exhibited a higher 
IC50 of 6.7 ± 2.3 mM. For B16-F10 cells, the IC50 was 5.9 ± 0.3 mM, 
while L929 fibroblasts showed 5.5 ± 0.5 mM, indicating sensitivity 
across both tumor and normal murine models.

The combined treatment with MβCD and 2-AEH2P enhanced 
cytotoxic activity in all melanoma models. In SK-MEL-28 cells, the 
combinations yielded IC50 values of 3.5 ± 0.2 mM, 8.7 ± 1.3 mM, and 
12.8 ± 2.9 mM for the MβCD IC50 dose, −25%, and +50% 
concentration levels, respectively, when associated with 2-AEH2P. 
In FN1 fibroblasts, the corresponding IC50 values were 7.0 ± 1.2 mM, 

24.4 ± 2.3 mM, and 33.4 ± 0.5 mM, demonstrating a markedly 
broader safety margin. For the B16-F10 model, combination IC50 

values were 6.9 ± 0.7 mM, 12.2 ± 0.9 mM, and 18.7 ± 1.1 mM, while 
L929 fibroblasts displayed values of 8.3 ± 0.9 mM, 26.3 ± 2.4 mM, 
and 43.5 ± 2.7 mM under the same conditions. Although MβCD 
showed slightly lower IC50 values in melanoma compared to 
fibroblasts, this difference did not reach statistical significance, 
indicating that selective vulnerability becomes more evident in 
the combination context than under monotherapy.

To explicitly quantify potency and selectivity, we generated 
Table 1, which reports IC50 values with 95% confidence intervals 
and Selectivity Indexes for each treatment. These data confirm that 
2-AEH2P and MβCD exhibit preferential cytotoxicity toward 
melanoma cells, particularly under combined regimens, 
consistent with the qualitative trends visualized in Figure 2.

3.2 Morphological alterations in SK-MEL- 
28 and B16-F10 melanoma cells induced by 
2-AEH2P and MβCD

After treatment with 2-AEH2P, SK-MEL-28 melanoma cells 
exhibited marked cytoplasmic projections, irregular cell borders, 
and abnormal division patterns, whereas FN1 fibroblasts preserved 
their typical elongated morphology. In B16-F10 melanoma cells, 
treatment resulted in irregular cytoplasmic extensions, loss of cell- 
to-cell contact, and a noticeable reduction in population density. In 
contrast, L929 fibroblasts showed no significant alterations in shape 
or density, indicating preserved structural integrity.

Treatment with MβCD produced mild morphological changes 
in SK-MEL-28 cells when applied alone; however, more pronounced 
alterations were observed when MβCD was used at its IC50 

concentration or in combination with 2-AEH2P. These 
conditions induced spherical and atypical cell contours, 
cytoplasmic retraction, and decreased adherence. FN1 fibroblasts 
exhibited reduced cell density after MβCD exposure but maintained 
normal morphological characteristics (Figure 3A).

In B16-F10 melanoma cells, MβCD also affected cytoskeletal 
organization, with more pronounced structural disruption at the 
IC50 concentration and in association with 2-AEH2P. The combined 
treatment intensified these effects in melanoma cells, characterized 
by rounded morphology, loss of polarity, and membrane 
irregularities, while fibroblasts continued to display preserved 
morphology despite modest reductions in confluence.

3.3 Cell-cycle phase modulation in 
melanoma and fibroblasts exposed to 2- 
AEH2P and MβCD

After isolated treatment with 2-AEH2P, both melanoma and 
fibroblast cells exhibited changes in cell-cycle phase distribution, 
although the magnitude of the effects differed markedly between the 
models. In SK-MEL-28 melanoma cells, 2-AEH2P reduced the 
proportion of cells in G0/G1 (−19.1%), accompanied by an 
increase in the S phase (+11.4%) and a substantial accumulation 
in G2/M (+22.2%). These shifts indicate disruption of normal cell- 
cycle progression and suggest arrest at the G2/M checkpoint. In 
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contrast, FN1 fibroblasts showed only minimal modulation, with 
slight increases in G0/G1 (+0.9%) and G2/M (+1.5%) and a modest 
reduction in S phase (−0.6%). DNA fragmentation significantly 

increased in SK-MEL-28 cells (20.5%), whereas FN1 fibroblasts 
showed no meaningful change (1.1% ± 0.2%), reinforcing the 
selective pro-apoptotic effect of 2-AEH2P.

FIGURE 2 
Cytotoxic effects and selectivity of 2-AEH2P and MβCD. Heatmap showing the viability of SK-MEL-28, B16-F10, FN-1, and L929 cells after 24 h of 
exposure to increasing concentrations of 2-AEH2P, MβCD, or their combined treatments (A). The orange–white–gray scale represents relative viability 
values. Data represent mean values from three independent biological experiments, each performed in technical triplicate (n = 3). IC50 values (mM) and 
Selectivity Index (SI) for each treatment condition, comparing melanoma cells with non-tumor fibroblasts (B). Values are expressed as mean ± 
standard deviation. Statistical comparisons were performed using one-way ANOVA followed by Tukey’s multiple-comparison post-hoc test, with p ≤ 
0.05 considered statistically significant.

Frontiers in Pharmacology frontiersin.org07

Duarte de Oliveira et al. 10.3389/fphar.2025.1753894

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1753894


Isolated MβCD treatment also altered cell-cycle distribution in 
melanoma. In SK-MEL-28 cells, MβCD reduced the G0/G1 

population (−10.9%) and increased the S phase (+11.4%), 
indicating interference with DNA synthesis and checkpoint 
control. In B16-F10 melanoma cells, G0/G1 decreased even more 
markedly (−18.0%) with a corresponding rise in S phase (+9.5%). 
FN1 fibroblasts, however, showed moderate increases in G0/G1 

(+7.8%) and S phase (+7.2%), with only a slight change in G2/M 
(+0.6%), suggesting a cytostatic rather than cytotoxic response. 
DNA fragmentation increased in both melanoma lines (3.9% in 
SK-MEL-28% and 21.4% in B16-F10), whereas fibroblasts again 
showed no significant alterations (Figure 3B). These sub-G1 values 
correspond to hypodiploid apoptotic nuclei quantified after debris 
exclusion, rather than extracellular debris.

3.4 Effects of 2-AEH2P and MβCD on 
proliferation dynamics in melanoma and 
fibroblast models

Cell proliferation analysis (Figure 4A) showed that isolated 
treatment with 2-AEH2P markedly reduced the proliferation 
index (PI) of melanoma cells. SK-MEL-28 cells presented a PI of 
4.9 ± 0.9 and B16-F10 cells a PI of 5.1 ± 1.5. In contrast, fibroblast 

viability was less affected, with FN1 and L929 cells showing higher PI 
values (9.5 ± 0.9 and 7.2 ± 1.5, respectively), indicating a selective 
antiproliferative effect. Isolated treatment with methyl-β- 
cyclodextrin (MβCD) also reduced proliferation, although to 
different extents across the models. SK-MEL-28 cells exhibited a 
PI of 5.2 ± 1.4, while B16-F10 melanoma cells showed a stronger 
response (PI = 5.6 ± 0.9). In fibroblasts, the effects remained modest, 
with PI values of 7.0 ± 0.8 for FN1 and 6.2 ± 1.3 for L929. The 
combined treatment with 2-AEH2P and MβCD further modulated 
cell proliferation. SK-MEL-28 cells showed a PI of 6.5 ± 1.1, whereas 
FN1 fibroblasts exhibited a PI of 4.9 ± 0.5. For the B16-F10 model, 
the combination resulted in a PI of 8.5 ± 1.0, while L929 fibroblasts 
showed a PI of 5.3 ± 1.2.

3.5 Mitochondrial membrane potential 
modulation in melanoma and fibroblasts 
exposed to 2-AEH2P and MβCD

Analysis of mitochondrial membrane potential (ΔΨm) (Figure 4B) 
showed that isolated treatment with 2-AEH2P induced a marked 
reduction in ΔΨm in both melanoma cell lines. SK-MEL-28 cells 
exhibited a decrease of 15.1% ± 0.5%, and B16-F10 cells showed a 
similar reduction of 14.6% ± 1.5%. In contrast, FN1 and 

TABLE 1 Half-maximal inhibitory concentration (IC50 ± SD), 95% confidence intervals, and Selectivity Index (SI) comparing melanoma (SK-MEL-28, B16-F10) 
and fibroblast (FN1, L929) responses to individual and combined treatments. Confidence intervals were obtained from non-linear regression analysis 
(t-distribution, n = 3).

Cell line Treatment IC50 (mM) 95% CI (mM) SI

SK-MEL-28 2-AEH2P 25.3 ± 1.7 21.1 – 29.5 2.5 ± 0.7

MβCD 4.3 ± 0.9 2.1 – 6.5 1.6 ± 0.2

IC50 of MβCD (with fixed-dose 2-AEH2P) 3.5 ± 0.2 3.0 – 4.0 2.0 ± 0.4

IC50 of MβCD (2-AEH2P at −25% of combination dose) 8.7 ± 1.3 5.5 – 11.9 2.8 ± 0.8

IC50 of MβCD (2-AEH2P at +50% of combination dose) 12.8 ± 2.9 5.6 – 20.0 2.6 ± 0.9

FN1 2-AEH2P 63.7 ± 1.9 59.0 – 68.4 —

MβCD 6.7 ± 2.3 1.0 – 12.4 —

IC50 of MβCD (with fixed-dose 2-AEH2P) 7.0 ± 1.2 4.0 – 10.0 —

IC50 of MβCD (2-AEH2P at −25% of combination dose) 24.4 ± 2.3 18.7 – 30.2 —

IC50 of MβCD (2-AEH2P at +50% of combination dose) 33.4 ± 0.5 32.1 – 34.7 —

B16-F10 2-AEH2P 24.5 ± 1.5 20.8 – 28.2 2.4 ± 0.5

MβCD 5.9 ± 0.3 5.2 – 6.6 0.9 ± 0.3

IC50 of MβCD (with fixed-dose 2-AEH2P) 6.9 ± 0.7 5.2 – 8.6 1.2 ± 0.2

IC50 of MβCD (2-AEH2P at −25% of combination dose) 12.2 ± 0.9 10.0 – 14.4 2.1 ± 0.4

IC50 of MβCD (2-AEH2P at +50% of combination dose) 18.7 ± 1.1 15.9 – 21.5 2.3 ± 0.6

L929 2-AEH2P 58.4 ± 2.1 53.2 – 63.6 —

MβCD 5.5 ± 0.5 4.3 – 6.8 —

IC50 of MβCD (with fixed-dose 2-AEH2P) 8.3 ± 0.9 6.1 – 10.5 —

IC50 of MβCD (2-AEH2P at −25% of combination dose) 26.3 ± 2.4 20.3 – 32.3 —

IC50 of MβCD (2-AEH2P at +50% of combination dose) 43.5 ± 2.7 36.8 – 50.2 —

Frontiers in Pharmacology frontiersin.org08

Duarte de Oliveira et al. 10.3389/fphar.2025.1753894

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1753894


L929 fibroblasts demonstrated minimal sensitivity, with reductions of 
only 0.2% ± 0.1% and 0.3% ± 0.2%, respectively, indicating preserved 
mitochondrial integrity in non-tumor cells. Isolated MβCD also 
promoted mitochondrial depolarization, although to a lesser extent. 
SK-MEL-28 and B16-F10 cells showed decreases of 4.1% ± 1.4% and 
2.8% ± 0.3%, respectively. When MβCD was combined with 2-AEH2P, 

ΔΨm loss was strongly enhanced in both melanoma models, reaching 
16.1% ± 0.4% in SK-MEL-28% and 14.7% ± 1.0% in B16-F10 cells. 
Fibroblasts again displayed minimal alterations, with FN1 showing 
reductions of 1.4% ± 0.2% (isolated) and 1.5% ± 0.1% (association), 
and L929 showing 1.1% ± 0.2% and 1.5% ± 0.2% under the same 
conditions.

FIGURE 3 
Morphological changes and cell-cycle alterations induced by 2-AEH2P and MβCD. Representative phase-contrast micrographs of SK-MEL-28 and 
B16-F10 melanoma cells and FN-1 and L929 fibroblasts after 24 h of treatment with 2-AEH2P, MβCD, or the combined protocol (MβCD 50% IC50 + 2- 
AEH2P). The images highlight alterations in adhesion, cytoplasmic organization, and nuclear morphology. Scale bars = 50 µm (A). Cell-cycle distribution 
(G0/G1, S, G2/M, fragmented DNA) under the same experimental conditions (B). Representative phase-contrast images of melanoma and fibroblast 
cultures (scale bar: 50 µm). Data are expressed as mean ± SD from three independent biological experiments, each performed in technical triplicate (n = 
3). Statistical analysis was performed by one-way ANOVA followed by Tukey’s post-hoc test. Significance versus untreated control: *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.
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3.6 Modulation of intrinsic apoptotic by 2- 
AEH2P and MβCD in melanoma cells

Treatment with 2-AEH2P activated key components of the 
intrinsic apoptotic pathway in both human and murine 
melanoma cells (Figure 4C). In SK-MEL-28 cells, 2-AEH2P 
increased the expression of caspase-3 (9.2% ± 1%) and caspase-8 
(11.8% ± 0.5%), accompanied by elevated cytochrome c release 
(10.4% ± 1.4%). Upstream regulators were also modulated, with 
p53 expression rising by 15.3% ± 0.4% and Bad increasing by 17% ± 
0.6%. Conversely, the anti-apoptotic protein Bcl-2 was markedly 
reduced (−64.9% ± 1.9%). A similar profile was observed in B16-F10 
cells, with increased caspase-3 (10.8% ± 0.3%), caspase-8 (7.4% ± 
0.4%), cytochrome c (7.8% ± 0.9%), p53 (8.5% ± 1.9%), and Bad 
(10.2% ± 1.1%), together with a pronounced reduction in Bcl- 
2 (−78% ± 1.8%).

Isolated MβCD treatment induced moderate activation of 
apoptotic markers in SK-MEL-28 cells, whereas its association 
with 2-AEH2P markedly amplified these responses. Caspase-3 
increased from 5.6% ± 0.8% (isolated) to 21.3% ± 1.1% 
(association), and caspase-8 showed a similar potentiation 
(14.5% ± 0.3% vs. 33.3% ± 1.2%). Cytochrome c release rose 
sharply under the combined treatment (28.3% ± 0.9%), 
compared to a minimal effect with MβCD alone (2% ± 1.2%). 
p53 expression increased by 33% ± 1.4% with isolated MβCD 
and by 52.1% ± 1.6% with the combined treatment. Bad 
expression also rose significantly under the association 
(74.4% ± 1.8%) compared to isolated MβCD (28.6% ± 1.7%). 
Consistent with these pro-apoptotic changes, Bcl-2 expression 
decreased more strongly in the combined treatment (−64.8% ± 
0.9%) than in the isolated condition (−38.6% ± 1.5%). In B16- 
F10 cells, the combined treatment likewise produced greater 
activation of the apoptotic cascade than either agent alone. 
Caspase-3 expression increased from 12.2% ± 0.3% (isolated) 
to 30% ± 0.5% (association), and caspase-8 rose from 19.7% ± 
1.1% to 27.2% ± 0.8%. Cytochrome c release was markedly 
elevated in the combined treatment (36.8% ± 1.2%) compared 
to the isolated condition (5.3% ± 0.9%). p53 expression 
increased from 34% ± 1.4% to 53% ± 1.6% under the 
combined treatment, while Bad expression rose from 45.9% ± 
1% to 68.4% ± 1.3%. In line with these pro-apoptotic shifts, Bcl-2 
expression was reduced by −11.8% ± 1.5% in the isolated 
treatment and by −50.5% ± 1.1% in the association.

3.7 Evaluation of pharmacological 
interaction between 2-AEH2P and MβCD in 
melanoma cells

Synergy analyses (Figure 5) revealed that the combined 
treatment with MβCD and 2-AEH2P produced consistent 
additive interactions in both melanoma cell lines. In SK-MEL- 
28 cells, the combination yielded an average synergy score of 
7.83 ± 1.2, indicating predominantly additive effects across the 
concentration range. A comparable pattern was observed in B16- 
F10 melanoma cells, with an average synergy score of 7.58 ± 0.4, 
likewise consistent with an additive interaction profile. In fibroblast 

FIGURE 4 
Effects of 2-AEH2P and MβCD on proliferation, mitochondrial 
function, and apoptotic markers. Proliferation analysis showing how SK- 
MEL-28, B16-F10, FN-1, and L929 cells respond after 24 h of exposure to 
2-AEH2P, MβCD, or the combined regimen (MβCD 50% IC50 + 2- 
AEH2P). The proliferative rate index demonstrates distinct reductions 
depending on the treatment and cell type (A). Evaluation of mitochondrial 
membrane potential (ΔΨm) indicating shifts in the proportion of cells with 
preserved or reduced polarization following treatment, revealing 
differential mitochondrial sensitivity across melanoma and fibroblast lines 
(B). Flow-cytometric quantification of key apoptotic regulators, caspase- 
3, caspase-8, cytochrome c, p53, Bad, and Bcl-2, showing treatment- 
dependent modulation of pro- and anti-apoptotic pathways in SK-MEL- 
28 and B16-F10 cells (C). Values represent relative changes in MFI 
compared to untreated control. Data are expressed as mean ± SD from 
three independent biological experiments, each conducted in technical 
triplicate (n = 3). Statistical analysis was performed using one-way ANOVA 
followed by Tukey’s multiple-comparison test. Significance versus 
control: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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models, the combination also demonstrated an overall additive 
pattern. FN1 fibroblasts showed mild inhibitory responses at 
higher concentrations, resulting in an average synergy score 
of −2.87 ± 1.3, still within the additive range. L929 fibroblasts 
exhibited small regions of interaction classified by the software as 
synergistic, although the overall average score remained −3.31 ± 1.7, 
again corresponding to an additive effect. Thus, despite clear 
potentiation, the interaction pattern remained strongly additive 
rather than synergistic.

4 Discussion

The monophosphate ester 2-AEH2P has demonstrated high 
efficacy in inducing selective cytotoxicity in melanoma cells, as 

confirmed by the present findings. This compound primarily 
interferes with phospholipid metabolism and membrane turnover 
rather than directly targeting DNA, which makes it a promising 
alternative for tumors resistant to conventional genotoxic agents 
(Ferreira et al., 2011; Senft and Ronai, 2016; Alves et al., 2021). 
Previous studies have demonstrated its property to induce apoptosis 
in multiple tumor models as human breast adenocarcinoma MCF-7, 
and chronic myeloid leukemia K562 (Conceição et al., 2021; Alves 
et al., 2021; de Sousa Cabral et al., 2022; Alves et al., 2024; Duarte de 
Oliveira et al., 2025), reinforcing that the compound operates 
through a conserved antitumoral mechanism. Our results 
demonstrated that 2-AEH2P exhibits preferential cytotoxicity 
toward melanoma cells, producing substantially higher effects in 
SK-MEL-28 and B16-F10 cells than in non-tumoral fibroblasts. This 
selective toxicity, supported by a favorable therapeutic index, 

FIGURE 5 
Interaction profile of 2-AEH2P and MβCD in melanoma cells. Bliss independence–based interaction maps for SK-MEL-28 cells illustrating how 
different dose combinations of 2-AEH2P and MβCD modulate cytotoxic responses across the concentration matrix (A). The corresponding visualization 
for B16-F10 cells (B) displays interaction distribution patterns, highlighting zones of additive enhancement and localized response intensification across 
the evaluated dose ranges rather than widespread synergy. These surfaces aid in interpreting how complementary perturbation of membrane 
organization and phospholipid metabolism contributes to measurable increases in melanoma sensitivity under combined exposure.
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indicates that tumor cells are considerably more sensitive to 
alterations in membrane dynamics and phospholipid-dependent 
signaling than normal fibroblasts (Tan et al., 2017). The 
compound also induced G2/M arrest in melanoma cells, a 
finding consistent with prior evidence showing that 2-AEH2P 
promotes cell cycle blockade and increases DNA fragmentation 
in highly proliferative tumor lines (Ferreira et al., 2013). Since 
melanoma cells rely on rapid membrane synthesis and 
remodeling to sustain proliferation, interfering with these 
pathways may be particularly effective to limit tumor expansion.

Mitochondrial involvement was also evident, as treatment with 
2-AEH2P caused a significant reduction in mitochondrial 
membrane potential in melanoma cells, while no significant 
alterations were observed in fibroblasts. This finding implies that 
melanoma cells, especially drug-resistant variants, depend more on 
mitochondrial oxidative metabolism than on glycolysis, making 
mitochondrial destabilization a critical vulnerability (Du et al., 
2025). The dissipation of ΔΨm observed in this study was 
associated with cytochrome c release, upregulation of p53 and 
Bad, and suppression of Bcl-2, reinforcing the activation of the 
intrinsic apoptotic pathway as a central mechanism triggered by 
membrane and metabolic destabilization (Wu and Bratton, 2013; 
Westaby et al., 2021; Mustafa et al., 2024).

While the study demonstrates mitochondrial depolarization 
and apoptotic commitment following combined treatment, the 
molecular link between membrane perturbation and 
mitochondrial collapse remains to be fully defined. Given that 
cholesterol-rich domains regulate signaling platforms and 
mitochondrial contact sites, it is plausible that MβCD-driven 
raft destabilization amplifies mitochondrial stress induced by 2- 
AEH2P, ultimately contributing to ΔΨm loss (Ziolkowski et al., 
2010; Mollinedo and Gajate, 2021). Future work incorporating 
reactive oxygen species (ROS) profiling, redox sensor assays, or 
lipidomics will help determine whether oxidative imbalance or 
alterations in membrane phospholipid composition serve as 
upstream mediators of the mitochondrial dysfunction 
observed here. Such analyses may refine the mechanistic 
model and reveal additional vulnerabilities exploitable for 
melanoma targeting.

Methyl-β-cyclodextrin (MβCD), which promotes cholesterol 
depletion and disrupts lipid raft integrity, also demonstrated 
cytotoxicity in melanoma cells, with more intense effects in SK- 
MEL-28 (Mohammad et al., 2014). These observations are in line 
with evidence that cholesterol removal increases membrane fluidity 
and compromises survival signaling, particularly in tumors that 
depend on raft-associated pathways such as PI3K/Akt (Manuela 
et al., 2019; Bai et al., 2021). When combined with 2-AEH2P, MβCD 
intensified cytotoxic effects, reduced the proliferation index, 
increased G2/M accumulation, and markedly amplified 
mitochondrial depolarization in melanoma cells (Duarte de 
Oliveira et al., 2025). However, Bliss interaction analysis 
indicated that this enhancement reflected a predominantly 
additive rather than synergistic profile. This pattern likely arises 
from parallel but not fully cooperative mechanisms, whereby 
phospholipid metabolism disruption by 2-AEH2P and raft 
destabilization by MβCD converge on mitochondrial stress 
without amplifying each other sufficiently to generate supra- 
additive synergy (Mitchell et al., 2022). The combined response is 

best interpreted as strong additive potentiation driven by 
complementary disruption of lipid–mitochondrial homeostasis.

The combination treatment also increased caspase-3, caspase-8, 
cytochrome c, p53, and Bad expression, while significantly reducing 
Bcl-2, indicating that dual targeting of membrane structure and 
mitochondrial integrity triggers a stronger apoptotic response than 
either treatment alone (Vogler et al., 2025). Importantly, fibroblasts 
remained largely unaffected by the combined treatment, which is 
consistent with their lower dependence on cholesterol-rich domains 
and slower membrane remodeling kinetics (Barillé-Nion et al., 2020; 
Makimoto et al., 2021; Zlotnikov et al., 2023). The data support a 
mechanistic model in which 2-AEH2P destabilizes phospholipid 
synthesis and membrane turnover, MβCD disrupts cholesterol- 
dependent membrane microdomains, and the combined 
perturbation propagates inwardly to the mitochondria, 
culminating in the activation of intrinsic apoptosis (Ulloth et al., 
2007; Szydlarska et al., 2018). This dual membrane–mitochondria 
targeting strategy appears to selectively compromise melanoma cells 
while sparing normal fibroblasts, suggesting translational potential 
for combinatorial therapeutic approaches (Awad and Abdul Karim, 
2025). This mechanistic interpretation aligns with emerging 
evidence that melanoma relies disproportionately on oxidative 
metabolism, lipid biogenesis, and mitochondrial adaptability to 
sustain survival and therapeutic resistance (Tan et al., 2024). 
Unlike many malignancies that maintain a glycolytic bias, 
melanoma frequently shifts toward oxidative phosphorylation 
under stress, implying that mitochondrial destabilization 
represents a clinically relevant vulnerability (Kim et al., 2025). In 
this context, 2-AEH2P is particularly attractive because it perturbs 
phospholipid biosynthesis and mitochondrial membrane stability, 
whereas MβCD disrupts cholesterol-rich raft platforms that serve as 
signaling hubs and regulate mitochondrial–endoplasmic reticulum 
contact sites (Conceição et al., 2021; Alves et al., 2021; de Sousa 
Cabral et al., 2022; Duarte de Oliveira et al., 2025). This combination 
amplifies apoptotic stress and undermines melanoma viability in a 
biologically meaningful manner. While our findings indicate that 
membrane cholesterol depletion and phospholipid metabolism 
interference converge functionally at mitochondrial 
destabilization, this mechanistic intersection remains inferential; 
resolving the precise biochemical linkage will require lipidomic 
profiling and signaling interrogation beyond the scope of the 
present proof-of-concept study.

Although the findings provide clear mechanistic insights, certain 
limitations must be acknowledged. One limitation is that the study 
evaluated only a single human melanoma cell line (SK-MEL-28) and 
one murine line (B16-F10) (Vincent and Postovit, 2017; Lopes et al., 
2022). While both are widely used and biologically relevant, 
melanoma exhibits substantial genetic and metabolic 
heterogeneity, and the inclusion of additional human cell lines 
could further validate the generalizability of the observed effects 
(Vincent and Postovit, 2017). Nevertheless, using two evolutionarily 
distinct models strengthens the internal consistency of the findings 
without compromising their biological plausibility. Another 
limitation concerns the supraphysiological concentrations of 2- 
AEH2P required in vitro to elicit cytotoxic effects, which are 
unlikely to be achieved through systemic administration (de 
Sousa Cabral et al., 2022). It should also be acknowledged that 
the IC50 values observed are in the millimolar range, which 
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represents a clear translational limitation and reflects the in-vitro 
conditions and physicochemical profile of membrane-active 
compounds. Likewise, our work focused on mechanistic 
outcomes in vitro and did not address downstream metabolic 
flux alterations or in vivo relevance. It should also be noted that 
the current findings were obtained in SK-MEL-28 and B16-F10 
models, and therefore cannot be extrapolated to all melanoma 
backgrounds; validation in genetically diverse human melanoma 
lines, particularly BRAF-mutant models, will be required before 
broader claims of shared metabolic vulnerability can be made 
(Aktary et al., 2023; Michielon et al., 2023). Additionally, 
systemic administration of MβCD carries dose-limiting toxicity 
and uncertain membrane-targeting selectivity in vivo, indicating 
that pharmacological translation of our findings will require 
controlled delivery formats or locoregional approaches to 
mitigate off-target effects and enhance therapeutic index 
(Khatoon et al., 2025). These considerations indicate that the 
present findings should be interpreted primarily as mechanistic 
proof-of-concept, rather than as immediately translatable dosing 
regimens. Nevertheless, the study was designed to elucidate 
interactions between phospholipid metabolism and membrane 
integrity, and the robust additive effects observed across 
independent melanoma models provide a strong biological 
foundation for translational progress (Kook and Kim, 2024). 
Future investigations will explore strategies capable of 
overcoming pharmacokinetic barriers, including locoregional 
delivery, formulation-based enhancement, and preliminary 
melanoma xenograft models, to determine whether the selective 
cytotoxicity observed here can be reproduced under physiological 
exposure constraints (Liu et al., 2018). Importantly, none of these 
limitations undermine the central conclusion that dual targeting of 
membrane architecture and mitochondrial integrity selectively 
compromises melanoma viability. These results position dual 
lipid–metabolic interference as a rational direction for melanoma 
therapy development.

5 Conclusion

This study demonstrated that the combined use of 2-aminoethyl 
dihydrogen phosphate (2-AEH2P) and methyl-β-cyclodextrin 
(MβCD) produced strong additive cytotoxic effects against 
melanoma cells. MβCD potentiated the action of 2-AEH2P by 
perturbing cholesterol-rich membrane domains, affecting lipid 
raft stability and facilitating apoptotic signaling, particularly in 
SK-MEL-28 and B16-F10 cells. The combination also induced a 
marked reduction in mitochondrial membrane potential (ΔΨm), 
supporting mitochondrial dysfunction as a key downstream event in 
this response. While melanoma cells displayed pronounced 
morphological and biochemical changes, normal fibroblasts 
largely retained viability and structural integrity, reinforcing the 
selective nature of the interaction. These results suggest that dual 
perturbation of phospholipid metabolism and membrane 
organization constitutes a promising metabolic–membrane 
targeting approach for melanoma. Nonetheless, additional 
validation in genetically diverse human melanoma models will be 
important to further substantiate the translational applicability of 
these findings.
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