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Abstract

Background/Objectives: Melanoma cells enhance glycolysis and expand lysosomes to support
energy metabolism, proliferation, and metastasis. However, lysosomal membrane perme-
abilization (LMP) causes cathepsin leakage into cytosol triggering cytotoxicity. This study
investigated the antimelanoma effect of 2-deoxy-D-glucose (2DG), an inhibitor of glycolytic
enzyme hexokinase-2, in combination with cathepsin C-dependent LMP inducer L-leucyl-L-
leucine methyl ester (LLOMe) and cathepsin C-independent LMP-inducers mefloquine and
siramesine. Methods: The viability of A375 and B16 melanoma cells and primary fibroblasts was
measured by crystal violet. Apoptosis, necrosis, and LMP were assessed by flow cytometry; cas-
pase activation, mitochondrial depolarization, superoxide production, and energy metabolism
were analyzed by fluorimetry, and expression of cathepsins and hexokinase-2 was evaluated by
immunoblot. Appropriate inhibitors, antioxidant, and energy boosters were used to confirm cell
death type and mechanism. Results: LLOMe triggered LMP, mitochondrial depolarization, and
mitochondrial superoxide production, while suppressing oxidative phosphorylation. 2DG sup-
pressed glycolysis and, together with LLOMe, synergized in ATP depletion, caspase activation,
and mixed apoptosis and necrosis in A375 cells. Inhibitors of lysosomal acidification, cysteine
cathepsins, and caspases, as well as antioxidant and energy boosters, reduced 2DG+LLOMe-
induced toxicity. Cathepsins B, C, and D were lower, while hexokinase-2 was higher in A375
cells than fibroblasts. Accordingly, 2DG exhibited lower while LLOMe exhibited higher toxicity
against fibroblasts than A375 and B16 cells. However, mefloquine and siramesine induced
stronger LMP in A375 cells than in fibroblasts and showed melanoma-selective toxicity when
combined with 2DG. Conclusions: 2DG-mediated glycolysis inhibition in combination with
lysosomal destabilization induced by mefloquine and siramesine, but not with non-selectively
toxic LLOMe, may be promising antimelanoma strategy.

Keywords: melanoma; lysosome membrane permeabilization; glycolysis; 2-deoxy-D-
glucose; L-leucyl-L-leucine methyl ester; mefloquine; siramesine; cathepsins; mitochondrial
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1. Introduction
Melanoma is a highly aggressive skin cancer whose incidence has increased more

rapidly than that of any other cancer type since the mid-1950s [1]. Global estimates indicate
a current incidence of ~3.3 per 100,000 individuals [2]. While early-stage melanoma can
often be successfully treated with surgical excision, metastatic melanoma remains a major
therapeutic challenge, with a dismal 5-year survival rate of only 23% [3]. Approximately
half of patients with advanced melanoma harbor activating BRAF mutations that drive
MEK/ERK pathway activation and initially respond to BRAF inhibitors, but most relapse
within months due to acquired resistance [4]. Therefore, there is an urgent need for novel
and durable therapeutic strategies.

A hallmark of many cancers, including BRAF mutant melanoma, is their strong reliance
on aerobic glycolysis to meet the energy demands of rapid growth and proliferation [5,6]. In
addition to enabling rapid ATP generation, glycolysis supplies key metabolic intermediates
required for biomass synthesis, further fueling tumor expansion. This metabolic dependency
renders melanoma cells particularly vulnerable to glycolysis inhibition. For instance, 2-
deoxy-D-glucose (2DG), a glucose analog that competitively inhibits the glycolytic enzymes
hexokinase (HK) and phosphoglucoisomerase (GPI) [7], has been shown to reduce ATP
production. It also inhibits protein N-glycosylation, induces endoplasmic reticulum (ER)
stress and oxidative stress, arrests the cell cycle, and ultimately triggers apoptosis of tumor
cells [7]. 2DG has been shown to enhance the cytotoxic effects of several conventional [8,9]
and experimental antimelanoma agents [10–13]. Moreover, 2DG synergizes with various
anticancer agents in in vivo models of melanoma [13] and non-melanoma tumors [14,15],
where it reduces tumor vascularization [14] and enhances antitumor immune responses [15],
besides its direct antitumor activity. Importantly, 2DG is well tolerated in combination with
chemotherapy and radiotherapy in patients with solid tumors [16–18].

In addition to metabolic rewiring, melanoma cells exhibit an increased number, size,
and enzymatic content of lysosomes, accompanied by structural instability of the lyso-
somal membrane [19–21]. These altered lysosomes promote invasion and metastasis by
secreting hydrolytic enzymes, cathepsins, that degrade the extracellular matrix [19,22].
Lysosomes also contribute to drug resistance by sequestering and exporting weakly ba-
sic chemotherapeutics [19,22]. Moreover, as final effectors of the autophagy pathway,
lysosomes support tumor growth by degrading damaged organelles and recycling their
components into biosynthetic precursors and energy-yielding metabolites [22]. In contrast,
elevated lysosomal content and cathepsin levels, together with membrane instability, may
render melanoma cells particularly susceptible to lysosomal membrane permeabilization
(LMP). LMP causes cathepsin release into the cytosol, where they non-specifically cleave
intracellular proteins and initiate cell death [20,22]. Consequently, several LMP-inducing
agents have been investigated for melanoma therapy [19,23–29].

L-leucyl-L-leucine methyl ester (LLOMe) is a lysosomotropic dipeptide that accu-
mulates in lysosomes, where it is processed by cathepsin C into membrane-disrupting
polymers [30], and the sensitivity of different cells to LLOMe correlates with cathepsin
C levels [31]. Thereafter, LLOMe triggers rapid lysosomal swelling, membrane rupture,
and efflux of cysteine proteases cathepsins B and L [31,32] or aspartic protease cathepsin
D [33], which in turn activate caspase-dependent apoptosis [31,34], necrosis [9,35–38], or
ferroptosis [39]. Importantly, LLOMe exhibits higher toxicity toward melanoma cells than
toward primary melanocytes [40]. LLOMe is shown to potentiate the antitumor effect of
inhibitors of cyclin-dependent kinases in an in vivo model of breast cancer [41].

The antimalarial drug mefloquine is a cationic amphiphilic compound that accumu-
lates in lysosomes and integrates into the membrane lipid bilayer [42], leading to LMP
with subsequent release of cathepsins B and L [43]. Mefloquine has been shown to in-
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hibit mitochondrial respiration, reduce mitochondrial membrane potential (MMP), and
deplete ATP levels, while enhancing reactive oxygen species (ROS) generation, ER stress,
and apoptosis in cancer cells [44,45]. In in vivo tumor models, mefloquine suppresses
angiogenesis [46], inhibits mitophagy, and exacerbates mitochondrial dysfunction, thereby
promoting mitochondria-mediated apoptosis [47]. The experimental antidepressant and
lysosomal detergent siramesine induces accumulation of membranolytic sphingomyelin
and lysoglycerophospholipids in lysosomes [48–50]. This triggers LMP, release of cysteine
cathepsins including cathepsin B into cytosol, oxidative stress, loss of MMP, and apopto-
sis [48,51,52]. In vivo, siramesine exhibits anticancer activity both alone and in combination
with conventional cytostatics [52–54].

Combination therapy is routinely employed in oncology to simultaneously target multi-
ple pathways, thereby increasing therapeutic impact and limiting resistance evolution [55].
Accordingly, our therapeutic strategy focuses on the simultaneous targeting of two specific
vulnerabilities of melanoma cells: their reliance on glycolytic metabolism and the structural
instability of their lysosomes. We demonstrated that 2DG and LLOMe synergistically induce
severe energy depletion and mixed apoptotic–necrotic death of A375 melanoma cells by
inhibiting both glycolysis and oxidative phosphorylation (OXPHOS), with 2DG primarily
targeting glycolysis, while LLOMe predominantly impairs OXPHOS through LMP-induced
cathepsin release and subsequent mitochondrial dysfunction. However, the therapeutic po-
tential of the combined treatment was compromised by the high toxicity of LLOMe toward
primary skin fibroblasts, which express higher levels of cathepsin C than A375 cells. We
further identified mefloquine and siramesine, which may represent more suitable candidates
for synergistic combination with 2DG in future antimelanoma strategies.

2. Materials and Methods
2.1. Cell Culture

A375 human melanoma cells with a BRAFV600E mutation (a kind gift from Dr. Jelena
Grahovac, Institute for Oncology and Radiology of Serbia), BRAFwt B16 mouse melanoma
cells (European Collection of Animal Cell Cultures, Salisbury, UK), and Normal Human
Dermal Fibroblasts (NHDF; Merck, Darmstadt, Germany) were cultured at 37 ◦C in a
humidified atmosphere with 5% CO2 in high-glucose (4.5 g/L) DMEM with L-glutamine
(Capricorn Scientific, Ebsdorfergrund, Germany), supplemented with 10% fetal bovine
serum (FBS; Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 1 mM sodium pyruvate,
and 1% antibiotic/antimycotic solution (both from Capricorn Scientific). After a 24 h resting
period, cells were treated with 2DG (Merck) and/or LLOMe (MedChemExpress, Monmouth
Junction, NJ, USA) in the presence or absence of the following compounds: necrostatin-1,
ferrostatin-1, wortmannin, Q-VD-OPh, bafilomycin A1, MG132, N-acetylcysteine (NAC),
BAPTA-AM, sodium succinate dibasic hexahydrate or L-carnitine (all from Merck), and
pepstatin A or superoxide dismutase 1 (SOD1) (both from Santa Cruz Biotechnology,
Dallas, TX, USA). Alternatively, cells were treated with 2DG in the presence or absence of
mefloquine or siramesine (both from Merck), or with LLOMe in the presence of sodium
dichloroacetate (DCA; Merck) or shikonin (MedChemExpress). A375 cells were seeded
at 1 × 104 cells/well in 96-well plates for the crystal violet test, 2.5 × 104 cells/well in
96-well plates for oxygen consumption rate (OCR) and extracellular acidification rate
(ECAR) measurement, 1 × 105 cells/well in 24-well plates for flow cytometric analysis and
fluorimetry, and 2 × 106 cells/well in 100 mm Petri dishes for fluorescent microscopy, cell
transfection, and immunoblotting. NHDF cells were seeded at 9 × 103 cells/well in 96-well
plates for the crystal violet test, 9 × 104 in 24-well plates for flow cytometry, and 1.5 × 106

in 100 mm Petri dishes for immunoblotting. B16 cells were seeded at 1 × 104 cells/well in
96-well plates for the crystal violet test.
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2.2. Cell Viability

Cell viability was assessed by staining adherent cells with crystal violet (Merck), as
previously described [56].

2.3. Synergism Assessment

The type of interaction between the two treatments (additive, synergistic, or antagonis-
tic) was evaluated using the equation α = (SF2DG × SFLLOMe)/SF2DG+LLOMe, where SF2DG

and SFLLOMe represent the surviving fractions after treatment with 2DG and LLOMe, re-
spectively, and SF2DG+LLOMe represents the surviving fraction after the combined treatment.
Statistical significance of the α values was determined using a one-sample t-test against
the theoretical value of 1 in GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA,
USA). α = 1 indicates an additive effect, α > 1 indicates synergism, and α < 1 indicates
antagonism.

2.4. Apoptosis/Necrosis Analysis

Apoptotic and necrotic cell death were analyzed upon double staining with Annexin V-FITC
and 7-AAD (BD Biosciences, San Diego, CA, USA), according to the manufacturer’s protocol.
Annexin V binds to phosphatidylserine on apoptotic cells, while 7-AAD labels necrotic cells
with compromised membranes, enabling distinction of viable (Annexin−/7-AAD−), apoptotic
(Annexin+/7-AAD−), and necrotic (Annexin+/7-AAD+) populations. DNA fragmentation (sub-
G0/G1 compartment), a hallmark of apoptotic cell death, was evaluated by cell cycle analysis of
propidium iodide-stained cells exactly as previously described [57]. Both analyses were performed
on the FACS Aria III flow cytometer, using FACSDiva 6.0 software for acquisition and FlowJo
10.7 software for analysis (BD Biosciences, San Diego, CA, USA).

2.5. Lysosomal Staining

Lysosomes were stained with acridine orange (Thermo Fisher Scientific) or LysoTracker
Red (MedChemExpress) according to the manufacturers’ instructions. Acridine orange-
stained cells were analyzed using an inverted fluorescent microscope (Leica Microsystems
DMIL, Wetzlar, Germany), Leica Microsystems DFC320 camera, and Leica Application
Suite software (version 2.8.1), where lysosomes appeared as orange/red cytoplasmic vesi-
cles, while nuclei and cytoplasm were stained green. Alternatively, acridine orange- and
LysoTracker Red-stained cells were analyzed by flow cytometry using a FACS Aria III flow
cytometer. For LysoTracker Red, the red fluorescence intensity of acidic organelles was
measured. In acridine orange-stained cells, acidic lysosomal content was quantified as the
mean red-to-green fluorescence ratio. Results are presented relative to untreated control
cells, which were arbitrarily set to 1.

2.6. Caspase Activation, Mitochondrial Membrane Potential and Superoxide Measurement

Caspase activation was assessed using the cell-permeable, FITC-conjugated pan-
caspase inhibitor Z-VAD-FMK (ApoStat; R&D Systems, Minneapolis, MN, USA), by quan-
tifying the increase in green fluorescence intensity. MMP was evaluated using JC-1 dye
(MedChemExpress). In polarized mitochondria, JC-1 forms red fluorescent aggregates,
whereas in depolarized mitochondria, it remains in the green fluorescent monomeric form.
MMP changes were expressed as the ratio of green-to-red fluorescence. Mitochondrial su-
peroxide anion radical (O2•−) was detected using MitoSOX Red (MedChemExpress), which
selectively reacts with O2•− to emit red fluorescence proportional to its concentration. All
fluorescent probes were used according to the manufacturers’ instructions for flow cytome-
try staining, but prior to fluorescence measurement on a Hidex Sense microplate reader
(Hidex, Turku, Finland) with the instrument’s acquisition software (v1.3.0), stained cells
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were transferred into black 96-well plates. Fluorescence was measured using appropriate
filter sets with excitation/emission wavelengths (Ex/Em) of 488/530 nm for FITC-labeled
Z-VAD-FMK and JC-1 monomers, 540/590 nm for JC-1 aggregates, and 510/580 nm for
MitoSOX Red. Caspase activity and MitoSOX Red fluorescence were normalized to DAPI
fluorescence (Thermo Fisher Scientific; Ex/Em 358/461 nm) as an estimate of cell num-
ber per well. All results are presented as fold change relative to untreated control cells
arbitrarily set to 1.

2.7. Measurements of Oxygen Consumption and Extracellular Acidification Rates

OXPHOS activity and glycolytic flux in A375 melanoma cells were assessed by measuring
OCR and ECAR, using the MitoXpress Xtra Oxygen Consumption Assay and the pH-Xtra
Glycolysis Assay, respectively (both from Agilent, Santa Clara, CA, USA), according to the
manufacturer’s instructions. Fluorescence was recorded in real time for 1 h using a Hidex Sense
microplate reader, starting 2 h after treatment. Time-resolved fluorescence was read with Ex/Em
380/645 nm for MitoXpress-Xtra and Ex/Em 360/620 nm for pH-Xtra. The rate of signal change
(slope) in the linear region of the curve was calculated for each condition and used as a measure
of OCR and ECAR. For OCR, 10 µM antimycin A (MedChemExpress) + 2 µM rotenone (Merck)
was applied as a negative control, and its slope was subtracted from those of the treatment groups.
For ECAR, high 250 mM 2DG was used as a negative control, and its slope was subtracted from
those of the treatment groups. For comparative analysis, values were normalized to the slope
obtained in the untreated control group, which was set to 1.

2.8. Measurement of Intracellular Calcium Levels

Intracellular calcium (Ca2+) levels were measured using the fluorescent probe FLUO-
4 AM (Thermo Fisher Scientific) according to the manufacturer’s instructions for flow
cytometry staining. Prior to fluorescence measurement on a Hidex Sense microplate reader,
stained cells were transferred into black, clear-bottom 96-well plates. Fluorescence was
measured at Ex/Em 485/535 nm in eight cycles of 10 min each. Relative changes in
intracellular Ca2+ were expressed as ∆F/F0, where F0 represents baseline fluorescence
before treatment. To account for differences in cell number, FLUO-4 fluorescence was
normalized to DAPI fluorescence intensity, measured in parallel in the same wells.

2.9. Intracellular ATP Quantification

The intracellular concentration of ATP was determined using a Hidex Sense microplate
reader and the Luminescent ATP Detection Assay Kit (Abcam, Cambridge, UK), according
to the manufacturer’s instructions. Luminescence values were normalized to crystal violet
staining performed in a parallel plate to account for differences in cell number. Results are
presented as fold change relative to untreated control cells, arbitrarily set to 1.

2.10. RNA Interference

Small interfering RNA (siRNA) targeting human HK2 and ATG5, as well as cor-
responding control siRNA (all from Santa Cruz Biotechnology), was transfected into
A375 cells by electroporation in the 4D-Nucleofector X Unit, using the SF Cell Line 4D-
Nucleofector X Kit and DC-135 program (Lonza, Basel, Switzerland), according to the
manufacturer’s instructions. The cells were rested for 24 h before treatment.

2.11. Immunoblotting

The expression of HK2, ATG5, cathepsins B, C, and D was evaluated by immunoblot-
ting exactly as previously described [36], using specific primary antibodies: anti-ATG5
(#12994), anti-cathepsin B (#31718), and anti-cathepsin D (#2284) (all from Cell Signaling
Technology, Beverly, MA, USA), or anti-cathepsin C (sc-74590) and anti-HK2 (sc-130358)
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(both from Santa Cruz Biotechnology). β-Actin (#4967S, Cell Signaling Technology) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (MA5-15738; Thermo Fisher Scien-
tific) were used as a loading controls. Peroxidase-conjugated anti-rabbit IgG (111-035-144)
or anti-mouse IgG (115-035-146) (both from Jackson ImmunoResearch, West Grove, PA,
USA) were used as secondary antibodies. Protein bands were visualized by enhanced
chemiluminescence on a ChemiDoc MP Imaging System, and the signal intensity was quan-
tified by densitometry using the Image Lab 5.0 software (both from Bio-Rad Laboratories,
Hercules, CA, USA).

2.12. In Silico Analysis of Gene Expression

Raw gene expression data were retrieved from the GEO dataset GSE3189 (platform:
Affymetrix U133A; accession GDS1375). Clinical/pathological characteristics of patients
are described in the original publication by Talantov et al. [58]. Probe sets without valid
gene annotation or flagged as controls were excluded. Gene annotations were taken from
the corresponding GPL platform. In cases where multiple probe sets mapped to the same
gene, values were collapsed to a single gene using the avereps function from the limma
(v3.64.3) package. Differential expression analysis between primary melanoma and normal
skin was performed in R (version 4.5.1, R Foundation for Statistical Computing, Vienna,
Austria; Bioconductor (v3.21)) using the limma package (linear models with empirical
Bayes). Log2 fold-changes (log2FC) and p-values were computed, and the false discovery
rate (FDR) was adjusted by the Benjamini–Hochberg method. Volcano plots were generated
in ggplot2 (v3.5.2), with log2FC on the x-axis and −log10 (p-value) on the y-axis. Genes
with a FDR < 0.05 were considered significantly differentially expressed. The full list of
analyzed genes, including log2FC, p-values, and FDR values, is provided in Table S1.

2.13. Statistical Analysis

Statistical significance of differences between treatments was assessed using Student’s
t-test or one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons, unless
otherwise stated, in GraphPad Prism. A p value < 0.05 was considered statistically significant.

3. Results
3.1. 2DG and LLOMe Synergistically Reduce Viability of A375 Melanoma Cells

Given the upregulated glycolysis [5,6] and expanded lysosomal compartment [19–21]
observed in melanoma cells, we investigated whether their simultaneous targeting could
synergistically reduce cell viability. The cell viability of A375 cells treated with increasing
concentrations of 2DG and LLOMe for 24 and 48 h was evaluated using the crystal violet assay.
The results showed that cell viability decreased in a dose- and time-dependent manner for both
compounds individually, and more pronouncedly when used in combination (Figure 1A,C).
To quantify potential synergistic effects, we calculated α-indices, where values above 1 indicate
synergy (Figure 1B,D). Based on the α-index, the combination of 5 mM 2DG and 1 mM LLOMe
was selected for subsequent mechanistic analyses. Together, these findings demonstrate that
co-targeting glycolysis and lysosomal integrity synergistically reduces melanoma cell viability
in a dose- and time-dependent manner, highlighting a potentially exploitable vulnerability in
melanoma cells.
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Figure 1. 2DG and LLOMe synergistically reduce viability of A375 melanoma cells. A375 cells were
treated with 2DG (1.25–10 mM) and/or LLOMe (0.5–2 mM) for 24 h (A,B) or 48 h (C,D) and cell
viability was assessed using the crystal violet assay (A,C). (A,C) Data are presented as mean ± SD of
triplicates from a representative experiment out of three independent repeats (* p < 0.05 vs. untreated
control; # p < 0.05 vs. untreated control and single treatments with 2DG or LLOMe). (B,D) α index
values were calculated from viability data in three independent experiments and are shown as mean
± SD (* p < 0.05 denotes α > 1, indicating synergism).

3.2. 2DG+LLOMe Induces Mixed Apoptotic and Necrotic Death in Melanoma Cells

We next investigated the mode of cell death induced by 2DG, LLOMe, and their
combination. Ferrostatin-1 and necrostatin-1 failed to protect A375 cells from 2DG+LLOMe-
induced cytotoxicity, suggesting that ferroptosis and necroptosis are not involved in the
antimelanoma effect of the combined treatment (Figure 2A,B). Furthermore, autophagy inhi-
bition by either wortmannin or ATG5 knockdown did not affect the viability of cells treated
with 2DG, LLOMe, or their combination (Figure 2C,D), suggesting that the cytotoxic effects
of these treatments are independent of autophagy modulation. Both 2DG and LLOMe
induced caspase activation, with the strongest effect observed upon their combination,
as demonstrated by fluorimetry in Apostat-stained cells (Figure 2F). Annexin V-FITC/7-
AAD flow cytometry showed that 2DG increased the proportion of Annexin V+/7-AAD−

apoptotic cells, while LLOMe elevating both apoptotic and Annexin V+/7-AAD+ necrotic
populations, with the combined treatment inducing the highest levels of apoptosis and
necrosis (Figure 2E). Moreover, the two agents synergistically induced apoptosis-associated
DNA fragmentation, as evidenced by an increased sub-G0/G1 population in cell cycle
analysis (Figure 2G). Finally, inhibition of caspases by Q-VD-OPh reduced the cytotoxicity
induced by 2DG and/or LLOMe, supporting a key role for caspase-mediated apoptosis in
these treatments (Figure 2H). Collectively, our findings demonstrate that 2DG+LLOMe in-
duce caspase-mediated apoptosis accompanied by necrosis, while ferroptosis, necroptosis,
and autophagy are not involved.
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Figure 2. 2DG+LLOMe induces mixed apoptotic and necrotic death in melanoma cells. A375 cells
were treated with 5 mM 2DG and/or 1 mM LLOMe in the presence or absence of ferrostatin-1 (FERRO;
(A)), necrostatin-1 (NECRO; (B)), wortmannin (WORT; (C)), or Q-VD-OPh (QVD; (H)). (D) A375 cells
were transfected with control or ATG5-targeting siRNA prior to treatment with 5 mM 2DG and/or
1 mM LLOMe (insets show immunoblot verification of ATG5 knockdown). After 24 h cell viability
was determined by crystal violet (A–D,H), while caspase activation was assessed by fluorimetry
(F). Phosphatidylserine externalization (Annexin V+ cells), cell membrane damage (7-AAD+ cells)
(E), and DNA fragmentation (sub-G1 compartment) (G) were assessed by flow cytometry after 36 h
and 48 h, respectively. The representative dot plots (E) and histograms (G) are shown. The data
are presented as the mean ± SD values of triplicates from a representative of three independent
experiments (A–D,F,H) (* p < 0.05 vs. untreated control; # p < 0.05 vs. untreated control and single
treatments with 2DG or LLOMe; and & p < 0.05 vs. same treatments without QVD).

3.3. Antimelanoma Effect of 2DG+LLOMe Is Mediated by Lysosomal Destabilization

As LLOMe is a well-known lysosome-destabilizing agent [38], we next investigated
whether LMP contributes to cell death induced by the combination of 2DG and LLOMe.
Phase-contrast microscopy revealed that cells treated with LLOMe or 2DG+LLOMe exhibited
vacuole-like intracellular structures as early as 30 min after treatment, which may represent
swollen lysosomes (Figure 3A). Fluorescence microscopy (Figure 3B) and flow cytometry
(Figure 3C) showed that LLOMe alone or in combination with 2DG induced a red-to-green
fluorescence shift of acridine orange 30 min after treatment, indicating decreased acidity of lyso-
somes or autolysosomes. Bafilomycin A1, an inhibitor of lysosomal acidification and the entry
of acidophilic agents into lysosomes [59], and MG132, a proteasome inhibitor that also targets
cysteine cathepsins B, C, L, and S [60–63], suppressed the cytotoxicity of LLOMe-containing
treatments (Figure 3D,E). The toxicity of LLOMe and 2DG+LLOMe was not reduced by pep-
statin A, an inhibitor of aspartic proteases CTSD and CTSE [64,65] (Figure 3F). On the other
hand, the Ca2+ chelator BAPTA-AM further enhanced LLOMe- and 2DG+LLOMe-induced
cytotoxicity (Figure 3G), likely due to the requirement of Ca2+ for lysosomal membrane re-
pair [38,66]. Accordingly, FLUO-4 AM fluorescence measurements revealed that LLOMe, alone
or in combination with 2DG, induced a time-dependent increase in intracellular Ca2+ levels
(Figure 3H). Furthermore, LLOMe ± 2DG induced lysosomal deacidification, as demonstrated
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by the reduction in LysoTracker Red fluorescence, which was further enhanced in the pres-
ence of BAPTA-AM, indicating additional lysosomal damage under Ca2+-depleted conditions
(Figure 3I). These findings indicate that the entry of LLOMe into lysosomes, lysosomal destabi-
lization, and the activity of cysteine cathepsins are essential for the cytotoxic effect of LLOMe,
both alone and in combination with 2DG.

 

Figure 3. Antimelanoma effect of 2DG+LLOMe is mediated by lysosomal destabilization. A375 cells
were treated with 5 mM 2DG and/or 1 mM LLOMe in the absence (A–C,H) or presence of bafilomycin
A1 (BAF; (D)), MG132 (E), pepstatin A (PEP; (F)), or BAPTA-AM (BAPTA; (G,I)). After 30 min of
treatment, cell morphology was examined by phase-contrast microscopy (A), lysosomal acidification in
LysoTracker Red (LTR)-stained cells by flow cytometry (I), and in acridine orange (AO)-stained cells by
fluorescence microscopy (B) or flow cytometry (C,I). After the indicated time periods, intracellular Ca2+

concentration was measured by fluorimetry in Fluo-4 AM-stained cells (H). After 24 h cell viability was
determined by crystal violet (D–G). The representative micrographs (A,B) and histograms (C,I) from
three independent experiments are shown. The data are presented as the mean ± SD values of triplicates
from a representative of three independent experiments (D–H) (* p < 0.05 vs. untreated control; # p < 0.05
vs. untreated control and single treatments with 2DG or LLOMe; and & p < 0.05 vs. same treatments
without BAF (D), MG132 (E), or BAPTA (G)).
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3.4. 2DG+LLOMe-Induced Cell Death Is Mediated by LMP-Dependent Mitochondrial
Depolarization and Oxidative Stress

Apoptosis and necrosis are frequently associated with oxidative stress [67,68] and MMP
loss [69,70]. We next examined if these processes are involved in 2DG- and/or LLOMe-induced
cytotoxicity. An increased green-to-red fluorescence ratio of the JC-1 dye, measured using
fluorimetry, demonstrated that LLOMe, both alone and in combination with 2DG, induced
significant MMP loss, which was prevented by bafilomycin A1 and MG132, inhibitors of
lysosomal acidification and cysteine cathepsins, respectively (Figure 4A). Furthermore, as
evidenced by enhanced fluorescence in cells stained with MitoSOX Red, LLOMe-containing
treatments increased mitochondrial O2•− production, which was also attenuated in the
presence of bafilomycin A1 and MG132 (Figure 4B). Pretreatment with the antioxidant N-
acetyl cysteine (NAC) partially rescued cell viability, indicating that ROS contributes to LLOMe
± 2DG-induced cytotoxicity (Figure 4C). On the other hand, pretreatment with superoxide
dismutase (SOD) exacerbated LLOMe ± 2DG-induced cytotoxicity, indicating that O2•−-
derived oxidants, rather than O2•− itself, mediate LLOMe-induced cell death (Figure 4C).
Together, these findings indicate that cell death induced by LLOMe, both alone and in
combination with 2DG, is mediated, at least in part, by LMP, which leads to mitochondrial
damage manifested by membrane depolarization and O2•− production.

 

Figure 4. 2DG+LLOMe-induced cell death is mediated by LMP-dependent mitochondrial depolariza-
tion and oxidative stress. A375 cells were treated with 5 mM 2DG and/or 1 mM LLOMe (A-C) in the
presence or absence of 1 nM bafilomycin A1 (BAF) and 0.6 mM MG132 (A,B), or N-acetylcysteine
(NAC; 5 mM) and superoxide dismutase (SOD; 5 µM) (C). After 2 h, MMP loss in JC-1-stained cells
(A) or mitochondrial O2•− production in MitoSOX-stained cells was assessed by fluorimetry, while
after 24 h, cell viability was determined by crystal violet (C). The data are presented as the mean ± SD
values of triplicates from a representative of three independent experiments (* p < 0.05 vs. untreated
control; # p <0.05 vs. untreated control and single treatments with 2DG or LLOMe; and & p < 0.05 vs.
same treatments without BAF and MG132 (A,B) or NAC and SOD (C).

3.5. Combined Glycolytic and Mitochondrial Inhibition by 2DG and LLOMe Triggers Energetic
Collapse and Loss of Viability

Since MMP loss is typically associated with mitochondrial dysfunction, we next
measured OXPHOS following treatment with 2DG, LLOMe, or their combination. OCR
measurements showed that LLOMe, both alone and more strongly in combination with
2DG, reduced OXPHOS (Figure S1A and Figure 5A). In parallel, ECAR analysis revealed
that 2DG strongly and LLOMe moderately suppressed glycolysis, while the most pro-
nounced reduction in glycolytic activity was observed with the 2DG+LLOMe combination
(Figure S1B and Figure 5A). Accordingly, treatment with 2DG, more prominently with
LLOMe, and most strongly with their combination led to a gradual, time-dependent re-
duction in ATP levels (Figure 5B). OXPHOS enhancers L-carnitine and succinate [71,72]
partially rescued cell viability reduced by 2DG+LLOMe (Figure 5C), indicating that energy
depletion contributed to the cytotoxic effect of the combined treatment. Furthermore,
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LLOMe synergized with other glycolytic inhibitors, pyruvate dehydrogenase kinase (PDK)
inhibitor dichloroacetate (DCA) [73] and pyruvate kinase M2 inhibitor (PKM2) shikonin
(SHI) [74], in exerting an antimelanoma effect (Figure 5D,E). In addition, LLOMe potenti-
ated the cytotoxicity induced by genetic knockdown of HK2, a key glycolytic enzyme and
the primary target of 2DG [75] (Figure 5F), indicating that glycolysis inhibition by 2DG is
critical for the synergistic antimelanoma effect with LLOMe. These results demonstrate
that 2DG+LLOMe-induced cell death is driven by severe energy depletion resulting from
combined inhibition of glycolysis and OXPHOS.

 

Figure 5. Combined glycolytic and mitochondrial inhibition by 2DG and LLOMe triggers energetic
collapse and loss of viability. (A–C) A375 cells were treated with 5 mM 2DG and/or 1 mM LLOMe
in the absence (A,B) or the presence of 200 µM L-carnitine (CARN) or 1 mM succinate (SUCC) (C).
(A) Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
using fluorescence-based assays between 2 and 3 h post treatment. (B) Intracellular ATP levels were
measured at the indicated time points using a bioluminescence assay. (D,E) A375 cells were treated
with 1 mM of LLOMe in the presence or absence of 40 mM dichloroacetate (DCA; (D)) or 1 mM
shikonin (SHI; (E)). (F) A375 cells transfected with control or HK2-targeting siRNA were treated
with 1 mM LLOMe (insets show immunoblot verification of HK2 knockdown). (C–F) After 24 h, cell
viability was determined by crystal violet. (A–F) The data are presented as the mean ± SD values of
triplicates from a representative of three independent experiments (* p < 0.05 vs. untreated control;
# p < 0.05 vs. untreated control, and single treatments with 2DG, SHI, DCA, or LLOMe; and
& p < 0.05 vs. same treatments without CARN or SUCC; $ p < 0.05 vs. control siRNA).

3.6. LLOMe Exhibits Non-Selective Toxicity in Contrast to Mefloquine and Siramesine

To evaluate the therapeutic potential and selectivity of the 2DG+LLOMe combination,
we compared its cytotoxicity in A375 and B16 melanoma cells to that in primary human
dermal fibroblasts NHDF. As demonstrated by crystal violet test, fibroblasts were less
sensitive to 2DG than A375 and B16 cells, but significantly more sensitive to LLOMe
(Figure 6A). Notably, both A375 cells and fibroblasts exhibited similar sensitivity to the
2DG+LLOMe combination, whereas B16 cells were less sensitive (Figure 6A), arguing
against its therapeutic applicability. Therefore, we tested the melanoma selectivity of two
other LMP-inducing agents, mefloquine and siramesine. As shown in Figure 6B, fibroblasts
were less sensitive to mefloquine, and 2DG+mefloquine, than A375 and B16 cells. Moreover,
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siramesine alone killed B16 cells more efficiently, while A375 cells and fibroblasts were
affected to a similar extent (Figure 6C). However, both melanoma cell lines were more
sensitive than fibroblasts to the 2DG+siramesine combination. Considering that LLOMe-
induced LMP requires cathepsin C, whereas mefloquine and siramesine act independently
of this protease, we hypothesized that the limited sensitivity of melanoma cells to LLOMe
might be due to reduced cathepsin C expression. To test this, we first analyzed publicly
available gene expression data (GSE3189) to compare expression of glycolytic enzymes
and lysosomal proteases in normal skin and primary melanoma in patients. The results
indeed revealed approximately a twofold lower expression of cathepsin C in malignant
melanoma compared to normal skin (Figure 6D and Table S1). In addition, expression
of cathepsins E, G, K, and V was significantly reduced, whereas cathepsins A, B, D, H,
and Z were upregulated in melanoma compared to normal skin. Notably, the principal
executors of LMP-mediated cytotoxicity cathepsins B and D were increased by ~12-fold
and ~3.5-fold, respectively (Table S1). Analysis of glycolytic genes revealed upregulation
of HK3, PFKL, ALDOA, GPI, GAPDH, PGK1, PFKL, ENO2, PKM, TPI1, PGAM1, and
LDHA, with GAPDH and ENO1 showing particularly strong increases. In contrast to
HK2, which was not significantly changed, the other 2-DG substrate, GPI, was increased
by ~7.6-fold in melanoma (Table S1). Moreover, ALDOC and ENO3 were significantly
downregulated (Figure 6D and Table S1). We next compared the expression of HK2
and major cathepsins between A375 cells and fibroblasts. Unlike melanoma samples
from patients, where HK2 expression was not altered relative to normal skin, A375 cells
exhibited higher HK2 expression compared to skin fibroblasts (Figure 6E), which may
explain their increased sensitivity to 2DG. Reduced expression of cathepsin C in A375
cells was consistent with patient-derived data and could account for their lower sensitivity
to LLOMe compared to fibroblasts. However, in contrast to patient samples, cathepsins
B and D were also markedly less expressed in A375 cells than in fibroblasts (Figure 6E),
which was in line with their increased sensitivity to LLOMe, but not with their reduced
sensitivity to mefloquine and siramesine. Nevertheless, measurement of lysosomal acidity
revealed that fibroblasts were less sensitive to lysosomal deacidification in the presence
of mefloquine and siramesine (Figure 6F), indicating greater stability of their lysosomal
membranes. These findings suggest that, unlike LLOMe, the combination of 2DG with
mefloquine or siramesine exhibits greater selectivity toward melanoma cells and may
represent a more promising therapeutic approach.
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Figure 6. LLOMe exhibits non-selective toxicity in contrast to mefloquine and siramesine. (A–C) A375,
B16, and NHDF cells were treated with 5 mM 2DG in the presence or absence of 1 mM LLOMe (A),
20 µM mefloquine (MEF; (B)), or 10 µM siramesine (SIR; (C)) and after 24 h, cell viability was determined
by crystal violet. The data are presented as the mean ± SD values of triplicates from a representative
of three independent experiments (* p < 0.05 vs. NHDF under the same treatment). (D) Data from
the publicly available GEO microarray dataset GSE3189 were analyzed to compare the expression of
glycolytic enzymes and lysosomal cathepsins between primary melanoma from patients and normal skin
from control subjects. The volcano plot was generated in R, with genes showing FDR < 0.05 considered
significantly differentially expressed (red), while non-significant genes are shown in gray. Significantly
altered glycolytic enzymes are highlighted in yellow, and cathepsins in purple. The full list of analyzed
genes is provided in Table S1. (E) The expression of cathepsin (cath) (B–D), as well as hexokinase-2
(HK2), was evaluated in untreated NHDF and A375 cells by immunoblot. Representative immunoblots
were presented and densitometry data as the mean ± SD values from three independent experiments
(* p < 0.05 vs. NHDF). (F) Lysosomal deacidification in LysoTracker Red-stained NHDF and A375 cells
upon 30 min treatment with 20 µM mefloquine (MEF) or 10 µM siramesine (SIR) was evaluated by flow
cytometry and representative histograms from three independent experiments presented.



Pharmaceutics 2025, 17, 1312 14 of 24

4. Discussion
This study shows that disruption of lysosomal integrity and glycolysis inhibition trig-

gers metabolic collapse and cell death in melanoma cells. LLOMe impaired mitochondrial
function through cysteine cathepsins, suppressing OXPHOS and partially inhibiting gly-
colysis, while 2DG blocked glycolysis. Their combination caused severe energy depletion
and mixed apoptotic and necrotic death. However, the non-selective toxicity of LLOMe
limits therapeutic use, underscoring the need for safer LMP inducers such as mefloquine or
siramesine in combination with glycolysis inhibitors.

Consistent with our previous findings with 2DG and lysosomal detergent N-
dodecylimidazole (NDI) in B16 cells [23], 2DG and LLOMe produced a synergistic an-
timelanoma effect against B16 and A375 melanoma cells (Figure 1A–D and Figure 6), which
was not mediated by necroptosis or ferroptosis (Figure 2A,B). 2DG has been shown to
stimulate [76,77] and inhibit autophagy [78]. Although lysosomal damage is generally
expected to impair autophagy [79], no evidence supports such an effect for LLOMe, which
instead, induces cytoprotective lysophagy [38,80–84]. It is therefore plausible that 2DG
interferes with LLOMe-induced lysophagy. However, neither pharmacologic nor genetic
inhibition of autophagy affected the cytotoxicity of 2DG, LLOMe, or their combination
(Figure 2C,D), arguing against autophagy involvement. 2DG induces apoptosis [85,86],
while LLOMe can trigger either apoptosis [31,38,87,88] or necrosis [33,35,36,63], depending
on the dose and cell type. Consistent with this, 2DG induced caspase-dependent apoptosis,
LLOMe caused both apoptosis and necrosis, and their combination triggered the strongest
mixed cell death (Figure 2E–H). Given that apoptosis is a highly energy-dependent process,
unlike necrosis [89], the harsh energy depletion caused by LLOMe ± 2DG likely shifted
part of the apoptotic response toward necrosis.

LLOMe is an acidophilic compound that is cleaved and polymerized by cathepsin C inside
lysosomes, generating membranolytic products that trigger LMP [30], which may be followed
by the proteolytic activity of cysteine cathepsins B, L, S, K, and H in the cytoplasm [34] or
mitochondria [32]. Accordingly, we demonstrated that LLOMe ± 2DG induced rapid lysosomal
deacidification (Figure 3B,C,I). Cytotoxicity of LLOMe ± 2DG was partially prevented by the
V-ATPase inhibitor bafilomycin A1 (Figure 3D), which probably prevented accumulation of aci-
dophilic LLOMe inside lysosomes, as reported for other acidophilic drugs [59]. LLOMe-induced
LMP is followed by the release of lysosomal Ca2+ into the cytoplasm, which activates lysosomal
membrane repair machinery [38,66]. Consistently, we demonstrated that LLOMe increased
intracellular Ca2+ levels (Figure 3H), whereas Ca2+ chelation further enhanced both lysosomal
destabilization (Figure 3I) and cell death induced by LLOMe (Figure 3G). Partial protection
was also observed with MG132 (Figure 3E), a proteasome inhibitor that also targets cathepsins
B, C, L, and S [60–63], suggesting that one or more cysteine cathepsins may contribute to the
observed cytotoxicity. The association of lower cathepsin B and C levels with reduced fibroblast
sensitivity to LLOMe (Figure 6E) also supports their role in LLOMe-mediated cytotoxicity.
Unlike a previous report implicating cathepsin D in LLOMe cytotoxicity [90], its involvement
can be excluded since the cathepsin D inhibitor pepstatin A did not protect A375 cells from
LLOMe ± 2DG toxicity (Figure 3F).

Mitochondrial depolarization is a key event in the intrinsic apoptotic pathway, but
it can also indicate irreversible mitochondrial dysfunction leading to necrosis when ATP
levels are insufficient to support apoptotic execution [69]. In accordance with previous find-
ings [32,90], we demonstrated that LLOMe triggers MMP loss (Figure 4A). Mitochondrial
depolarization was more pronounced in the presence of 2DG (Figure 4A), possibly due to
the cell’s inability to maintain MMP under conditions of harsh ATP depletion [91]. The
partial prevention of MMP loss by bafilomycin A1 and MG132 suggests that lysosomes and
cysteine cathepsins contribute to LLOMe-induced mitochondrial depolarization. However,



Pharmaceutics 2025, 17, 1312 15 of 24

whether LLOMe-induced mitochondrial depolarization results from previously demon-
strated cysteine cathepsin-mediated activation of pore-forming Bid and degradation of Bid
inhibitors Bcl-2, Bcl-xL, and Mcl-1 [31,34,90], or from direct proteolytic damage to the outer
and inner mitochondrial membrane, including components of the electron transport chain
(ETC) [32], remains to be clarified.

MMP loss can enhance O2•− production by disrupting electron flow through ETC [92],
while O2•− itself exacerbates mitochondrial dysfunction by promoting permeability transi-
tion pore opening and depolarization [93], thereby establishing a positive feedback loop.
LLOMe was previously shown to stimulate both mitochondrial O2•− production and MMP
loss in a cathepsin B-dependent manner [94]. Accordingly, LLOMe, alone or in combination
with 2DG, significantly increased mitochondrial O2•− levels (Figure 4B), an effect that
was partially prevented by bafilomycin A1 and MG132, further implicating lysosomal
and cysteine cathepsins involvement in mitochondrial oxidative stress. Moreover, the
non-specific antioxidant NAC protected against LLOMe ± 2DG-induced toxicity, while
SOD exacerbated it (Figure 4C), suggesting that hydrogen peroxide (H2O2), a product of
SOD-mediated O2•− dismutation [95], or its downstream products such as highly toxic
hydroxyl radical (•OH) may contribute to oxidative damage.

MMP is driving force for OXPHOS and ATP production [91]. Accordingly, LLOMe-
induced MMP loss was associated with a decrease in OXPHOS activity (Figure S1A and
Figure 5A). Consistent with this, a previous study showed that LLOMe impaired mito-
chondrial respiration through the action of cysteine cathepsins [32]. While 2DG enhances
OXPHOS in cells with metabolically flexible mitochondria as a compensatory response
to glycolytic inhibition [96,97], it can also suppress mitochondrial respiration in highly
glycolytic cells by limiting pyruvate availability for the TCA cycle [98,99]. In line with the
latter, 2DG tended to reduce OXPHOS in our model, although this effect did not reach
statistical significance, and the strongest OXPHOS inhibition was observed when both
treatments were applied together (Figure S1A and Figure 5A). Interestingly, although
LLOMe was previously shown to transiently increase glycolysis in macrophages [32], it
reduced glycolytic activity in our model, suggesting that its metabolic effects depends on
cell type. LLOMe-mediated glycolysis inhibition could be ascribed to cathepsin-dependent
degradation of glycolytic enzymes [100] and/or a global metabolic decline caused by severe
cellular damage [101]. Expectedly, the glycolytic inhibitor 2DG suppressed ECAR, and
the strongest inhibition was observed following the combined treatment (Figure S1B and
Figure 5A). L-carnitine promotes ATP production by transporting long-chain fatty acids
into mitochondria for β-oxidation [102], while succinate supports mitochondrial respira-
tion by acting as a TCA cycle intermediate and complex II electron donor [103,104]. Both
energy-boosting agents partially attenuated 2DG+LLOMe-induced cytotoxicity, indicating
an energy depletion-dependent cytotoxic mechanism, but the rescue was limited (Fig-
ure 5C), likely due to severe mitochondrial dysfunction. Inhibition of glycolysis by DCA,
shikonin, or HK2 knockdown mimicked 2DG and enhanced LLOMe-induced cytotoxicity
(Figure 5D–F), demonstrating that glycolysis interference underlies the synergy and that
2DG could be replaced by other glycolysis-targeting agents in potential therapy.

Our analysis of publicly available gene expression data is consistent with pre-
vious studies reporting upregulation of glycolytic enzymes GPI [105], ALDOA [106],
GAPDH [107,108], PKM [108,109], LDHA [110,111], PGAM1 [112], and ENO1 [113], as
well as downregulation of ALDOC [114], while it was first to discover upregulation of
ENO2, PGK1, TPI1, PFKL, and HK3 and downregulation of ENO3 in skin melanoma
patients. Furthermore, in line with previous findings [115–122], our analysis revealed
upregulation of cathepsins A, B, D, and H, while cathepsin Z upregulation and down-
regulation of cathepsins C, E, G, K, and V in cutaneous melanoma were not previously
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reported (Figure 6D), indicating that these genes merit further investigation as biomarkers
and therapeutic targets in cutaneous melanoma.

Although, fibroblasts represent a significant population of skin-resident cells [123],
our finding that A375 cells express less cathepsin B and D but more hexokinase-2 than
fibroblasts (Figure 6E) conflicts with the in silico analysis of patient samples. This discrep-
ancy could be explained by (1) the heterogeneity of normal skin and melanoma tissues in
GSE3189, which comprise multiple cell types (melanocytes/melanoma cells, fibroblasts,
endothelial cells, keratinocytes, immune cells), unlike pure A375 melanoma and NHDF
fibroblast cultures; (2) metabolic and lysosomal rewiring in cell lines during in vitro cul-
ture; and (3) methodological differences, as the in silico analysis assessed mRNA levels,
whereas our experiments measured protein expression. However, all protein expression
ratios observed in A375 vs. NHDF qualitatively align with Human Protein Atlas cell-line
mRNA data, where A375 cells were compared to fibroblast models most similar to NHDF
(FHDF/TERT166, BJ, BJ1-hTERT, DM-3), as direct NHDF data are not available [124].

The decreased expression of cathepsin B in A375 cells compared to fibroblasts conflicts
with their increased sensitivity to toxicity of siramesine and mefloquine, reported to involve
cathepsin B [43,52]. We hypothesize that the lysosomal membrane is more stable in fibrob-
lasts than in A375 cells, as indicated by the weaker lysosomal deacidification observed
upon siramesine and mefloquine treatment, which would prevent cathepsin B release and
cytotoxicity. By contrast, cathepsin C acts at the very beginning of LLOMe’s cytotoxic
mechanism [30]. Thus, its higher abundance in fibroblasts and the resulting increased
formation of membranolytic LLOMe polymers may override the greater lysosomal mem-
brane stability of fibroblasts, leading to the release of upregulated cathepsin B. Accordingly,
monocytes were shown to be more sensitive than tumor cells to LLOMe due to their higher
cathepsin C expression [31], arguing against its therapeutic applicability in cancer.

Limitations of the Study

Most of our mechanistic experiments were conducted with LLOMe, which proved
unsuitable as a potential therapeutic agent due to its non-selective toxicity. Thus, the main
value of these findings lies in revealing the mechanism by which LMP and glycolysis
inhibition synergize to kill melanoma cells, rather than in identifying a clinically applicable
compound. By contrast, the precise mechanisms through which 2DG synergizes with
siramesine and mefloquine, which appeared more promising as therapeutic options, remain
to be elucidated. Furthermore, the role of individual cathepsins was not firmly established.
Our data only suggest the involvement of cysteine cathepsins based on the effects of the
broad-spectrum inhibitor MG132 and the correlation of cell line sensitivity with cathepsin
B and C expression. It should also be noted that other inhibitors and modulators used in
this study may exert additional, non-specific effects and potential drug–drug interactions
(e.g., with 2DG/LLOMe), which could partly confound mechanistic interpretation. Finally,
the discrepancy in gene/protein expression between patient-derived melanoma and skin
samples on the one hand and fibroblast versus melanoma cell lines on the other underscores
not only the limitations of our study but also the broader limitations of in vitro systems in
predicting the translational relevance of anticancer therapies.

5. Conclusions
In summary, our results indicate that LLOMe disrupts lysosomal integrity and, through

cysteine cathepsin activity, induces mitochondrial dysfunction and suppression of OX-
PHOS, but also inhibits glycolysis to a lesser extent through an unknown mechanism. In
addition, 2DG inhibits glycolysis. The combination of 2DG and LLOMe causes a severe
energy crisis, ultimately resulting in mixed apoptotic and necrotic cell death. Although
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LLOMe was effective, its considerable toxicity toward non-malignant cells limits its trans-
lational potential, whereas alternative lysosome-destabilizing agents such as siramesine
and mefloquine show greater selectivity for melanoma cells and spare fibroblasts, while
also synergizing with 2DG. These findings support the rationale for further exploration of
selective LMP inducers in combination with glycolysis inhibitors as a promising therapeutic
strategy against melanoma.
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Abbreviations
The following abbreviations are used in this manuscript:

2DG 2-deoxy-D-glucose
7-AAD 7-Aminoactinomycin D
ALDOA Aldolase A
ALDOB Aldolase B
ALDOC Aldolase C
AO Acridine orange
ATP Adenosine triphosphate
ATG Autophagy related
BAF Bafilomycin A1
BAPTA-AM 11,2-Bis(2-aminophenoxy)ethane N,N,N’,N’-tetraacetic acid acetoxymethyl ester
Bcl-2 B-cell lymphoma 2
Bcl-xL B-cell lymphoma-extra large
BRAF V-Raf murine sarcoma viral oncogene homolog B
BSA Bovine serum albumin
CARN L-carnitine
CTSA Cathepsin A
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CTSB Cathepsin B
CTSC Cathepsin C
CTSD Cathepsin D
CTSE Cathepsin E
CTSG Cathepsin G
CTSH Cathepsin H
CTSK Cathepsin K
CTSL Cathepsin L
CTSS Cathepsin S
CTSV Cathepsin V
CTSZ cathepsin Z
DAPI 4′,6-diamidino-2-phenylindole
DCA Dichloroacetate
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide
ECAR Extracellular acidification rate
Em Emission wavelength
ENO1 Enolase 1
ENO2 Enolase 2
ENO3 Enolase 3
Ex Excitation wavelength
FACS Fluorescence-activated cell sorting
FBS Fetal bovine serum
FC Fold change
FERRO Ferrostatin-1
FDR False discovery rate
FITC Fluorescein isothiocyanate
FLUO-4 AM Fluo-4 acetoxymethyl ester
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GEO Gene Expression Omnibus
GDS Gene Expression Omnibus Dataset
GPI Glucose-6-phosphate isomerase
GPL Gene Expression Omnibus Platform
GSE Gene Expression Omnibus Series
HK1 Hexokinase 1
HK2 Hexokinase 2
HK3 Hexokinase 3
JC-1 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide
LDHA Lactate dehydrogenase A
LLOMe L-leucyl-L-leucine methyl ester
LMP Lysosomal membrane permeabilization
LTR Lysotracker RED
Mcl-1 Myeloid cell leukemia 1
MEF Mefloquine
MEK/ERK Mitogen-activated protein kinase/Extracellular signal-regulated kinase
MG132 Carbobenzoxy-Leu-Leu-leucinal
MMP Mitochondrial membrane potential
MitoSOX Mitochondrial superoxide indicator
NAC N-Acetylcysteine
NDI N-dodecylimidazole
NECRO Necrostatin-1
NHDF Normal Human Dermal Fibroblasts
OCR Oxygen consumption rate
OXPHOS Oxidative phosphorylation
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PDK Pyruvate dehydrogenase kinase
PEP Pepstatin A
PFKM2 Pyruvate kinase isoenzyme type M2
PFKL Phosphofructokinase, liver type
PGAM1 Phosphoglycerate mutase 1
PGK1 Phosphoglycerate kinase 1
PI Propidium iodide
PKM Pyruvate kinase M1/2
QVD Q-VD-OPh
ROS Reactive oxygen species
SF Surviving fraction
SHI Shikonin
SIR Siramesine
siRNA Small interfering RNA
SOD Superoxide dismutase
SUCC Succinate
TCA Tricarboxylic acid
TPI1 Triosephosphate isomerase 1
WORT Wortmannin
Z-VAD-FMK Benzyloxycarbonyl-Val-Ala-Asp(OMe)-fluoromethylketone
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platinum(IV) complexes induce rapid tumor cell death in vitro. Int. J. Cancer 2005, 116, 479–486. [CrossRef] [PubMed]

https://doi.org/10.18632/oncotarget.9121
https://doi.org/10.1074/jbc.M112.400655
https://doi.org/10.4161/cc.24903
https://doi.org/10.1038/s41419-020-2527-8
https://doi.org/10.18632/aging.206052
https://doi.org/10.1016/j.jid.2023.01.036
https://doi.org/10.1038/s44318-025-00371-x
https://doi.org/10.1128/AAC.21.4.581
https://www.ncbi.nlm.nih.gov/pubmed/6979309
https://doi.org/10.1172/JCI64180
https://www.ncbi.nlm.nih.gov/pubmed/23202731
https://doi.org/10.1139/cjpp-2016-0124
https://www.ncbi.nlm.nih.gov/pubmed/27831748
https://doi.org/10.3171/2014.12.FOCUS14748
https://doi.org/10.1016/j.bbrc.2021.09.069
https://doi.org/10.1158/0008-5472.CAN-18-2192
https://doi.org/10.1016/j.ccr.2013.08.003
https://doi.org/10.1091/mbc.E23-06-0263
https://doi.org/10.1007/s11306-020-01710-1
https://doi.org/10.3390/cells13121041
https://doi.org/10.1158/0008-5472.CAN-05-0269
https://doi.org/10.1158/0008-5472.CAN-06-3520
https://doi.org/10.1016/j.brainres.2021.147747
https://doi.org/10.1158/2159-8290.CD-21-0212
https://doi.org/10.1002/ijc.21080
https://www.ncbi.nlm.nih.gov/pubmed/15818622


Pharmaceutics 2025, 17, 1312 22 of 24

57. Kosic, M.; Paunovic, V.; Ristic, B.; Mircic, A.; Bosnjak, M.; Stevanovic, D.; Kravic-Stevovic, T.; Trajkovic, V.; Harhaji-Trajkovic, L.
3-Methyladenine prevents energy stress-induced necrotic death of melanoma cells through autophagy-independent mechanisms.
J. Pharmacol. Sci. 2021, 147, 156–167. [CrossRef] [PubMed]

58. Talantov, D.; Mazumder, A.; Yu, J.X.; Briggs, T.; Jiang, Y.; Backus, J.; Atkins, D.; Wang, Y. Novel genes associated with malignant
melanoma but not benign melanocytic lesions. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2005, 11, 7234–7242. [CrossRef]
[PubMed]

59. Yoshimori, T.; Yamamoto, A.; Moriyama, Y.; Futai, M.; Tashiro, Y. Bafilomycin A1, a specific inhibitor of vacuolar-type H(+)-
ATPase, inhibits acidification and protein degradation in lysosomes of cultured cells. J. Biol. Chem. 1991, 266, 17707–17712.
[CrossRef]

60. Repnik, U.; Borg Distefano, M.; Speth, M.T.; Ng, M.Y.W.; Progida, C.; Hoflack, B.; Gruenberg, J.; Griffiths, G. L-leucyl-L-leucine
methyl ester does not release cysteine cathepsins to the cytosol but inactivates them in transiently permeabilized lysosomes. J.
Cell Sci. 2017, 130, 3124–3140. [CrossRef]

61. Costanzi, E.; Kuzikov, M.; Esposito, F.; Albani, S.; Demitri, N.; Giabbai, B.; Camasta, M.; Tramontano, E.; Rossetti, G.; Zaliani, A.;
et al. Structural and Biochemical Analysis of the Dual Inhibition of MG-132 against SARS-CoV-2 Main Protease (Mpro/3CLpro)
and Human Cathepsin-L. Int. J. Mol. Sci. 2021, 22, 11779. [CrossRef]

62. Falke, S.; Lieske, J.; Herrmann, A.; Loboda, J.; Karnicar, K.; Gunther, S.; Reinke, P.Y.A.; Ewert, W.; Usenik, A.; Lindic, N.; et al.
Structural Elucidation and Antiviral Activity of Covalent Cathepsin L Inhibitors. J. Med. Chem. 2024, 67, 7048–7067. [CrossRef]

63. Brojatsch, J.; Lima, H.; Kar, A.K.; Jacobson, L.S.; Muehlbauer, S.M.; Chandran, K.; Diaz-Griffero, F. A proteolytic cascade controls
lysosome rupture and necrotic cell death mediated by lysosome-destabilizing adjuvants. PLoS ONE 2014, 9, e95032. [CrossRef]

64. Knight, C.G.; Barrett, A.J. Interaction of human cathepsin D with the inhibitor pepstatin. Biochem. J. 1976, 155, 117–125. [CrossRef]
[PubMed]

65. Pontious, C.; Kaul, S.; Hong, M.; Hart, P.A.; Krishna, S.G.; Lara, L.F.; Conwell, D.L.; Cruz-Monserrate, Z. Cathepsin E expression
and activity: Role in the detection and treatment of pancreatic cancer. Pancreatology 2019, 19, 951–956. [CrossRef] [PubMed]

66. Shukla, S.; Larsen, K.P.; Ou, C.; Rose, K.; Hurley, J.H. In vitro reconstitution of calcium-dependent recruitment of the human
ESCRT machinery in lysosomal membrane repair. Proc. Natl. Acad. Sci. USA 2022, 119, e2205590119. [CrossRef] [PubMed]

67. Kannan, K.; Jain, S.K. Oxidative stress and apoptosis. Pathophysiol. Off. J. Int. Soc. Pathophysiol. 2000, 7, 153–163. [CrossRef]
68. Choi, K.; Kim, J.; Kim, G.W.; Choi, C. Oxidative stress-induced necrotic cell death via mitochondira-dependent burst of reactive

oxygen species. Curr. Neurovascular Res. 2009, 6, 213–222. [CrossRef]
69. Bernardi, P.; Gerle, C. Identity, structure, and function of the mitochondrial permeability transition pore: Controversies, consensus,

recent advances, and future directions. Cell Death Differ. 2023, 30, 1869–1885. [CrossRef]
70. Tsujimoto, Y.; Shimizu, S. Role of the mitochondrial membrane permeability transition in cell death. Apoptosis Int. J. Program. Cell

Death 2007, 12, 835–840. [CrossRef]
71. Roussel, D.; Janillon, S.; Teulier, L.; Pichaud, N. Succinate oxidation rescues mitochondrial ATP synthesis at high temperature in

Drosophila melanogaster. FEBS Lett. 2023, 597, 2221–2229. [CrossRef]
72. Iossa, S.; Mollica, M.P.; Lionetti, L.; Crescenzo, R.; Botta, M.; Barletta, A.; Liverini, G. Acetyl-L-carnitine supplementation

differently influences nutrient partitioning, serum leptin concentration and skeletal muscle mitochondrial respiration in young
and old rats. J. Nutr. 2002, 132, 636–642. [CrossRef]

73. Sanchez, W.Y.; McGee, S.L.; Connor, T.; Mottram, B.; Wilkinson, A.; Whitehead, J.P.; Vuckovic, S.; Catley, L. Dichloroacetate
inhibits aerobic glycolysis in multiple myeloma cells and increases sensitivity to bortezomib. Br. J. Cancer 2013, 108, 1624–1633.
[CrossRef]

74. Chen, J.; Xie, J.; Jiang, Z.; Wang, B.; Wang, Y.; Hu, X. Shikonin and its analogs inhibit cancer cell glycolysis by targeting tumor
pyruvate kinase-M2. Oncogene 2011, 30, 4297–4306. [CrossRef]

75. Xi, H.; Kurtoglu, M.; Lampidis, T.J. The wonders of 2-deoxy-D-glucose. IUBMB Life 2014, 66, 110–121. [CrossRef]
76. Xi, H.; Kurtoglu, M.; Liu, H.; Wangpaichitr, M.; You, M.; Liu, X.; Savaraj, N.; Lampidis, T.J. 2-Deoxy-D-glucose activates autophagy

via endoplasmic reticulum stress rather than ATP depletion. Cancer Chemother. Pharmacol. 2011, 67, 899–910. [CrossRef]
77. Huang, X.M.; Huang, J.J.; Du, J.J.; Zhang, N.; Long, Z.; Yang, Y.; Zhong, F.F.; Zheng, B.W.; Shen, Y.F.; Huang, Z.; et al. Autophagy

inhibitors increase the susceptibility of KRAS-mutant human colorectal cancer cells to a combined treatment of 2-deoxy-D-glucose
and lovastatin. Acta Pharmacol. Sin. 2021, 42, 1875–1887. [CrossRef]

78. Jeon, J.Y.; Kim, S.W.; Park, K.C.; Yun, M. The bifunctional autophagic flux by 2-deoxyglucose to control survival or growth of
prostate cancer cells. BMC Cancer 2015, 15, 623. [CrossRef] [PubMed]

79. Qi, Z.; Yang, W.; Xue, B.; Chen, T.; Lu, X.; Zhang, R.; Li, Z.; Zhao, X.; Zhang, Y.; Han, F.; et al. ROS-mediated lysosomal membrane
permeabilization and autophagy inhibition regulate bleomycin-induced cellular senescence. Autophagy 2024, 20, 2000–2016.
[CrossRef] [PubMed]

80. Otomo, T.; Yoshimori, T. Lysophagy: A Method for Monitoring Lysosomal Rupture Followed by Autophagy-Dependent Recovery.
Methods Mol. Biol. 2017, 1594, 141–149. [CrossRef]

https://doi.org/10.1016/j.jphs.2021.06.003
https://www.ncbi.nlm.nih.gov/pubmed/34294367
https://doi.org/10.1158/1078-0432.CCR-05-0683
https://www.ncbi.nlm.nih.gov/pubmed/16243793
https://doi.org/10.1016/S0021-9258(19)47429-2
https://doi.org/10.1242/jcs.204529
https://doi.org/10.3390/ijms222111779
https://doi.org/10.1021/acs.jmedchem.3c02351
https://doi.org/10.1371/journal.pone.0095032
https://doi.org/10.1042/bj1550117
https://www.ncbi.nlm.nih.gov/pubmed/938470
https://doi.org/10.1016/j.pan.2019.09.009
https://www.ncbi.nlm.nih.gov/pubmed/31582345
https://doi.org/10.1073/pnas.2205590119
https://www.ncbi.nlm.nih.gov/pubmed/35994655
https://doi.org/10.1016/S0928-4680(00)00053-5
https://doi.org/10.2174/156720209789630375
https://doi.org/10.1038/s41418-023-01187-0
https://doi.org/10.1007/s10495-006-0525-7
https://doi.org/10.1002/1873-3468.14701
https://doi.org/10.1093/jn/132.4.636
https://doi.org/10.1038/bjc.2013.120
https://doi.org/10.1038/onc.2011.137
https://doi.org/10.1002/iub.1251
https://doi.org/10.1007/s00280-010-1391-0
https://doi.org/10.1038/s41401-021-00612-9
https://doi.org/10.1186/s12885-015-1640-z
https://www.ncbi.nlm.nih.gov/pubmed/26345371
https://doi.org/10.1080/15548627.2024.2353548
https://www.ncbi.nlm.nih.gov/pubmed/38762757
https://doi.org/10.1007/978-1-4939-6934-0_8


Pharmaceutics 2025, 17, 1312 23 of 24

81. Maejima, I.; Takahashi, A.; Omori, H.; Kimura, T.; Takabatake, Y.; Saitoh, T.; Yamamoto, A.; Hamasaki, M.; Noda, T.; Isaka, Y.;
et al. Autophagy sequesters damaged lysosomes to control lysosomal biogenesis and kidney injury. EMBO J. 2013, 32, 2336–2347.
[CrossRef] [PubMed]

82. Zein, L.; Dietrich, M.; Balta, D.; Bader, V.; Scheuer, C.; Zellner, S.; Weinelt, N.; Vandrey, J.; Mari, M.C.; Behrends, C.; et al. Linear
ubiquitination at damaged lysosomes induces local NFKB activation and controls cell survival. Autophagy 2025, 21, 1075–1095. [CrossRef]

83. Jia, J.; Claude-Taupin, A.; Gu, Y.; Choi, S.W.; Peters, R.; Bissa, B.; Mudd, M.H.; Allers, L.; Pallikkuth, S.; Lidke, K.A.; et al.
Galectin-3 Coordinates a Cellular System for Lysosomal Repair and Removal. Dev. Cell 2020, 52, 69–87.e68. [CrossRef] [PubMed]

84. Park, N.Y.; Jo, D.S.; Kim, Y.H.; Bae, J.E.; Kim, J.B.; Park, H.J.; Choi, J.Y.; Lee, H.J.; Chang, J.H.; Bunch, H.; et al. Triamterene induces
autophagic degradation of lysosome by exacerbating lysosomal integrity. Arch. Pharmacal Res. 2021, 44, 621–631. [CrossRef]
[PubMed]

85. Aft, R.L.; Zhang, F.W.; Gius, D. Evaluation of 2-deoxy-D-glucose as a chemotherapeutic agent: Mechanism of cell death. Br. J.
Cancer 2002, 87, 805–812. [CrossRef] [PubMed]

86. Kano, A.; Fujiki, M.; Fukami, K.; Shindo, M.; Kang, J.-H. Bongkrekic acid inhibits 2-deoxygulcose-induced apoptosis, leading to
enhanced cytotoxicity and necrotic cell death. Pharmacol. Res. Rep. 2024, 2, 100017. [CrossRef]

87. Uchimoto, T.; Nohara, H.; Kamehara, R.; Iwamura, M.; Watanabe, N.; Kobayashi, Y. Mechanism of apoptosis induced by a
lysosomotropic agent, L-Leucyl-L-Leucine methyl ester. Apoptosis Int. J. Program. Cell Death 1999, 4, 357–362. [CrossRef]

88. Thiele, D.L.; Lipsky, P.E. Apoptosis is induced in cells with cytolytic potential by L-leucyl-L-leucine methyl ester. J. Immunol. 1992,
148, 3950–3957. Available online: https://pubmed.ncbi.nlm.nih.gov/1602138/ (accessed on 30 June 2025). [CrossRef]

89. Tsujimoto, Y. Apoptosis and necrosis: Intracellular ATP level as a determinant for cell death modes. Cell Death Differ. 1997, 4,
429–434. [CrossRef]

90. Cirman, T.; Oresić, K.; Mazovec, G.D.; Turk, V.; Reed, J.C.; Myers, R.M.; Salvesen, G.S.; Turk, B. Selective disruption of lysosomes
in HeLa cells triggers apoptosis mediated by cleavage of Bid by multiple papain-like lysosomal cathepsins. J. Biol. Chem. 2004,
279, 3578–3587. [CrossRef]

91. Zorova, L.D.; Popkov, V.A.; Plotnikov, E.Y.; Silachev, D.N.; Pevzner, I.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.; Balakireva,
A.V.; Juhaszova, M.; et al. Mitochondrial membrane potential. Anal. Biochem. 2018, 552, 50–59. [CrossRef]

92. Murphy, M.P. How mitochondria produce reactive oxygen species. Biochem. J. 2009, 417, 1–13. [CrossRef] [PubMed]
93. Zorov, D.B.; Filburn, C.R.; Klotz, L.O.; Zweier, J.L.; Sollott, S.J. Reactive oxygen species (ROS)-induced ROS release: AS new

phenomenon accompanying induction of the mitochondrial permeability transition in cardiac myocytes. J. Exp. Med. 2000, 192,
1001–1014. [CrossRef] [PubMed]

94. Ni, J.; Wu, Z.; Stoka, V.; Meng, J.; Hayashi, Y.; Peters, C.; Qing, H.; Turk, V.; Nakanishi, H. Increased expression and altered
subcellular distribution of cathepsin B in microglia induce cognitive impairment through oxidative stress and inflammatory
response in mice. Aging Cell 2019, 18, e12856. [CrossRef] [PubMed]

95. Perry, J.J.; Shin, D.S.; Getzoff, E.D.; Tainer, J.A. The structural biochemistry of the superoxide dismutases. Biochim. Biophys. Acta
2010, 1804, 245–262. [CrossRef]

96. Cai, W.; Cheng, J.; Zong, S.; Yu, Y.; Wang, Y.; Song, Y.; He, R.; Yuan, S.; Chen, T.; Hu, M.; et al. The glycolysis inhibitor
2-deoxyglucose ameliorates adjuvant-induced arthritis by regulating macrophage polarization in an AMPK-dependent manner.
Mol. Immunol. 2021, 140, 186–195. [CrossRef]

97. Sinthupibulyakit, C.; Ittarat, W.; St Clair, W.H.; St Clair, D.K. p53 Protects lung cancer cells against metabolic stress. Int. J. Oncol.
2010, 37, 1575–1581. [CrossRef]

98. Maximchik, P.; Abdrakhmanov, A.; Inozemtseva, E.; Tyurin-Kuzmin, P.A.; Zhivotovsky, B.; Gogvadze, V. 2-Deoxy-D-glucose has
distinct and cell line-specific effects on the survival of different cancer cells upon antitumor drug treatment. FEBS J. 2018, 285,
4590–4601. [CrossRef]

99. Dodson, M.; Benavides, G.A.; Darley-Usmar, V.; Zhang, J. Differential Effects of 2-Deoxyglucose and Glucose Deprivation on
4-Hydroxynonenal Dependent Mitochondrial Dysfunction in Primary Neurons. Front. Aging 2022, 3, 812810. [CrossRef]

100. Weiss-Sadan, T.; Itzhak, G.; Kaschani, F.; Yu, Z.; Mahameed, M.; Anaki, A.; Ben-Nun, Y.; Merquiol, E.; Tirosh, B.; Kessler, B.;
et al. Cathepsin L Regulates Metabolic Networks Controlling Rapid Cell Growth and Proliferation. Mol. Cell. Proteom. 2019, 18,
1330–1344. [CrossRef]

101. Pradelli, L.A.; Villa, E.; Zunino, B.; Marchetti, S.; Ricci, J.E. Glucose metabolism is inhibited by caspases upon the induction of
apoptosis. Cell Death Dis. 2014, 5, e1406. [CrossRef]

102. Owen, L.; Sunram-Lea, S.I. Metabolic agents that enhance ATP can improve cognitive functioning: A review of the evidence for
glucose, oxygen, pyruvate, creatine, and L-carnitine. Nutrients 2011, 3, 735–755. [CrossRef]

103. Nowak, G.; Clifton, G.L.; Bakajsova, D. Succinate ameliorates energy deficits and prevents dysfunction of complex I in injured
renal proximal tubular cells. J. Pharmacol. Exp. Ther. 2008, 324, 1155–1162. [CrossRef] [PubMed]

104. Tretter, L.; Patocs, A.; Chinopoulos, C. Succinate, an intermediate in metabolism, signal transduction, ROS, hypoxia, and
tumorigenesis. Biochim. Biophys. Acta 2016, 1857, 1086–1101. [CrossRef] [PubMed]

https://doi.org/10.1038/emboj.2013.171
https://www.ncbi.nlm.nih.gov/pubmed/23921551
https://doi.org/10.1080/15548627.2024.2443945
https://doi.org/10.1016/j.devcel.2019.10.025
https://www.ncbi.nlm.nih.gov/pubmed/31813797
https://doi.org/10.1007/s12272-021-01335-5
https://www.ncbi.nlm.nih.gov/pubmed/34100261
https://doi.org/10.1038/sj.bjc.6600547
https://www.ncbi.nlm.nih.gov/pubmed/12232767
https://doi.org/10.1016/j.prerep.2024.100017
https://doi.org/10.1023/A:1009695221038
https://pubmed.ncbi.nlm.nih.gov/1602138/
https://doi.org/10.4049/jimmunol.148.12.3950
https://doi.org/10.1038/sj.cdd.4400262
https://doi.org/10.1074/jbc.M308347200
https://doi.org/10.1016/j.ab.2017.07.009
https://doi.org/10.1042/BJ20081386
https://www.ncbi.nlm.nih.gov/pubmed/19061483
https://doi.org/10.1084/jem.192.7.1001
https://www.ncbi.nlm.nih.gov/pubmed/11015441
https://doi.org/10.1111/acel.12856
https://www.ncbi.nlm.nih.gov/pubmed/30575263
https://doi.org/10.1016/j.bbapap.2009.11.004
https://doi.org/10.1016/j.molimm.2021.10.007
https://doi.org/10.3892/ijo_00000811
https://doi.org/10.1111/febs.14687
https://doi.org/10.3389/fragi.2022.812810
https://doi.org/10.1074/mcp.RA119.001392
https://doi.org/10.1038/cddis.2014.371
https://doi.org/10.3390/nu3080735
https://doi.org/10.1124/jpet.107.130872
https://www.ncbi.nlm.nih.gov/pubmed/18055880
https://doi.org/10.1016/j.bbabio.2016.03.012
https://www.ncbi.nlm.nih.gov/pubmed/26971832


Pharmaceutics 2025, 17, 1312 24 of 24

105. Lu, H.; Zhao, Y.; Zhang, Y.; Shi, S.; Hu, H.; Li, X.; Niu, Y.; Qi, H.; Ji, S.; Duan, X.; et al. Long non-coding RNA CYTOR promotes
the progression of melanoma via the miR-485-5p/GPI axis. PeerJ 2025, 13, e19284. [CrossRef]

106. Suzuki, A.; Iizuka, A.; Komiyama, M.; Takikawa, M.; Kume, A.; Tai, S.; Ohshita, C.; Kurusu, A.; Nakamura, Y.; Yamamoto, A.;
et al. Identification of melanoma antigens using a Serological Proteome Approach (SERPA). Cancer Genom. Proteom. 2010, 7, 17–23.
Available online: https://pubmed.ncbi.nlm.nih.gov/20181627/ (accessed on 30 June 2025).

107. Giricz, O.; Lauer-Fields, J.L.; Fields, G.B. The normalization of gene expression data in melanoma: Investigating the use of
glyceraldehyde 3-phosphate dehydrogenase and 18S ribosomal RNA as internal reference genes for quantitative real-time PCR.
Anal. Biochem. 2008, 380, 137–139. [CrossRef]

108. Najera, L.; Alonso-Juarranz, M.; Garrido, M.; Ballestin, C.; Moya, L.; Martinez-Diaz, M.; Carrillo, R.; Juarranz, A.; Rojo, F.; Cuezva,
J.M.; et al. Prognostic implications of markers of the metabolic phenotype in human cutaneous melanoma. Br. J. Dermatol. 2019,
181, 114–127. [CrossRef]

109. Zerhouni, M.; Martin, A.R.; Furstoss, N.; Gutierrez, V.S.; Jaune, E.; Tekaya, N.; Beranger, G.E.; Abbe, P.; Regazzetti, C.; Amdouni,
H.; et al. Dual Covalent Inhibition of PKM and IMPDH Targets Metabolism in Cutaneous Metastatic Melanoma. Cancer Res. 2021,
81, 3806–3821. [CrossRef]

110. Feichtinger, R.G.; Lang, R.; Geilberger, R.; Rathje, F.; Mayr, J.A.; Sperl, W.; Bauer, J.W.; Hauser-Kronberger, C.; Kofler, B.; Emberger,
M. Melanoma tumors exhibit a variable but distinct metabolic signature. Exp. Dermatol. 2018, 27, 204–207. [CrossRef]

111. Zhuang, L.; Scolyer, R.A.; Murali, R.; McCarthy, S.W.; Zhang, X.D.; Thompson, J.F.; Hersey, P. Lactate dehydrogenase 5 expression
in melanoma increases with disease progression and is associated with expression of Bcl-XL and Mcl-1, but not Bcl-2 proteins.
Mod. Pathol. 2010, 23, 45–53. [CrossRef]

112. Zhang, K.; Tian, R.; Zhang, W.; Li, Y.; Zeng, N.; Liang, Y.; Tang, S. α-Enolase inhibits apoptosis and promotes cell invasion and
proliferation of skin cutaneous melanoma. Mol. Biol. Rep. 2022, 49, 8241–8250. [CrossRef] [PubMed]

113. Hippner, M.; Majkowski, M.; Biecek, P.; Szkudlarek, T.; Simiczyjew, A.; Pieniazek, M.; Nowak, D.; Miazek, A.; Donizy, P.
Alpha-Enolase (ENO1) Correlates with Invasiveness of Cutaneous Melanoma-An In Vitro and a Clinical Study. Diagnostics 2022,
12, 254. [CrossRef] [PubMed]

114. Pamidimukkala, N.V.; Leonard, M.K.; Snyder, D.; McCorkle, J.R.; Kaetzel, D.M. Metastasis Suppressor NME1 Directly Activates
Transcription of the ALDOC Gene in Melanoma Cells. Anticancer Res. 2018, 38, 6059–6068. [CrossRef] [PubMed]

115. Podhajcer, O.L.; Bover, L.; Bravo, A.I.; Ledda, M.F.; Kairiyama, C.; Calb, I.; Guerra, L.; Capony, F.; Mordoh, J. Expression of
cathepsin D in primary and metastatic human melanoma and dysplastic nevi. J. Investig. Dermatol. 1995, 104, 340–344. [CrossRef]

116. Bassalyk, L.S.; Tsanev, P.E.; Parshikova, S.M.; Demidov, L.V. Lysosomal proteolytic enzymes in the processes of melanoma
invasion and metastasis. Vopr. Onkol. 1992, 38, 418–425. Available online: https://pubmed.ncbi.nlm.nih.gov/1300735/ (accessed
on 30 June 2025).

117. Kos, J.; Stabuc, B.; Schweiger, A.; Krasovec, M.; Cimerman, N.; Kopitar-Jerala, N.; Vrhovec, I. Cathepsins B, H, and L and their
inhibitors stefin A and cystatin C in sera of melanoma patients. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 1997, 3, 1815–1822.

118. Kageshita, T.; Yoshii, A.; Kimura, T.; Maruo, K.; Ono, T.; Himeno, M.; Nishimura, Y. Biochemical and immunohistochemical
analysis of cathepsins B, H, L and D in human melanocytic tumours. Arch. Dermatol. Res. 1995, 287, 266–272. [CrossRef]

119. Bartenjev, I.; Rudolf, Z.; Stabuc, B.; Vrhovec, I.; Perkovic, T.; Kansky, A. Cathepsin D expression in early cutaneous malignant
melanoma. Int. J. Dermatol. 2000, 39, 599–602. [CrossRef]

120. Fröhlich, E.; Schlagenhauff, B.; Möhrle, M.; Weber, E.; Klessen, C.; Rassner, G. Activity, expression, and transcription rate of the
cathepsins B, D, H, and L in cutaneous malignant melanoma. Cancer 2001, 91, 972–982. Available online: https://pubmed.ncbi.
nlm.nih.gov/11251949/ (accessed on 30 June 2025). [CrossRef]

121. Schweiger, A.; Stabuc, B.; Popovíc, T.; Turk, V.; Kos, J. Enzyme-linked immunosorbent assay for the detection of total cathepsin H
in human tissue cytosols and sera. J. Immunol. Methods 1997, 201, 165–172. [CrossRef]

122. Kozlowski, L.; Wojtukiewicz, M.Z.; Ostrowska, H. Cathepsin A activity in primary and metastatic human melanocytic tumors.
Arch. Dermatol. Res. 2000, 292, 68–71. [CrossRef]

123. Grilc, S.; Kreft, M.; Luzar, B.; Gabrijel, M.; Bartenjev, M.S.; Zorec, R.; Bartenjev, I. Histological Skin Remodeling Following
Autologous Fibroblast Application. Acta Dermatovenerol. Croat. 2022, 30, 1–7.

124. Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.;
Asplund, A.; et al. Proteomics. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.7717/peerj.19284
https://pubmed.ncbi.nlm.nih.gov/20181627/
https://doi.org/10.1016/j.ab.2008.05.024
https://doi.org/10.1111/bjd.17513
https://doi.org/10.1158/0008-5472.CAN-20-2114
https://doi.org/10.1111/exd.13465
https://doi.org/10.1038/modpathol.2009.129
https://doi.org/10.1007/s11033-022-07540-9
https://www.ncbi.nlm.nih.gov/pubmed/35925486
https://doi.org/10.3390/diagnostics12020254
https://www.ncbi.nlm.nih.gov/pubmed/35204345
https://doi.org/10.21873/anticanres.12956
https://www.ncbi.nlm.nih.gov/pubmed/30396920
https://doi.org/10.1111/1523-1747.ep12665371
https://pubmed.ncbi.nlm.nih.gov/1300735/
https://doi.org/10.1007/BF01105077
https://doi.org/10.1046/j.1365-4362.2000.00025.x
https://pubmed.ncbi.nlm.nih.gov/11251949/
https://pubmed.ncbi.nlm.nih.gov/11251949/
https://doi.org/10.1002/1097-0142(20010301)91:5%3C972::AID-CNCR1087%3E3.0.CO;2-Q
https://doi.org/10.1016/S0022-1759(96)00218-9
https://doi.org/10.1007/s004030050012
https://doi.org/10.1126/science.1260419

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Viability 
	Synergism Assessment 
	Apoptosis/Necrosis Analysis 
	Lysosomal Staining 
	Caspase Activation, Mitochondrial Membrane Potential and Superoxide Measurement 
	Measurements of Oxygen Consumption and Extracellular Acidification Rates 
	Measurement of Intracellular Calcium Levels 
	Intracellular ATP Quantification 
	RNA Interference 
	Immunoblotting 
	In Silico Analysis of Gene Expression 
	Statistical Analysis 

	Results 
	2DG and LLOMe Synergistically Reduce Viability of A375 Melanoma Cells 
	2DG+LLOMe Induces Mixed Apoptotic and Necrotic Death in Melanoma Cells 
	Antimelanoma Effect of 2DG+LLOMe Is Mediated by Lysosomal Destabilization 
	2DG+LLOMe-Induced Cell Death Is Mediated by LMP-Dependent Mitochondrial Depolarization and Oxidative Stress 
	Combined Glycolytic and Mitochondrial Inhibition by 2DG and LLOMe Triggers Energetic Collapse and Loss of Viability 
	LLOMe Exhibits Non-Selective Toxicity in Contrast to Mefloquine and Siramesine 

	Discussion 
	Conclusions 
	References

