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Abstract: Background/Objectives: Melanoma is an aggressive skin cancer with intratumor
metabolic heterogeneity, which drives its progression and therapy resistance. Natural
anthraquinones, such as emodin and aloe-emodin, exhibit anti-cancer properties, but their
effects on metabolic plasticity remain unclear. This study evaluated their impact on prolif-
eration and metabolic pathways in heterogenous melanoma human cell lines. Methods:
COLO 800, COLO 794, and A375 melanoma cell lines representing distinct metabolic phe-
notypes were analyzed. Targeted and untargeted metabolomics analyses integrated with
Seahorse assays were performed to assess the effects of emodin and aloe-emodin on cell pro-
liferation, mitochondrial function, and redox homeostasis. Glucose tracing using [U-13C4]
glucose and metabolic flux analysis (MFA) were carried out to evaluate the glycolysis and
TCA cycle dynamics. Results: Emodin and aloe-emodin inhibited proliferation by disrupt-
ing glycolysis, oxidative phosphorylation, and energy production across all cell lines. Both
compounds impaired glucose metabolism, reduced TCA cycle intermediates, and induced
mitochondrial ROS accumulation, causing oxidative stress and redox imbalance. Despite
intrinsic metabolic differences, COLO 800 and COLO 794 upregulated antioxidant defenses;
A375 enhanced one-carbon metabolism and amino acid pathways to maintain redox bal-
ance and nucleotide biosynthesis. Conclusions: Emodin and aloe-emodin can disrupt the
metabolic plasticity of melanoma cells by impairing glycolysis, mitochondrial function,
and redox homeostasis. Their ability to target metabolic vulnerabilities across diverse
phenotypes highlights their therapeutic potential for overcoming resistance mechanisms
and advancing melanoma treatment strategies.

Keywords: melanoma; metabolic rewiring; metabolomics; phenotype shifting; treatment
vulnerabilities; natural compounds; anticancer drugs; biodiversity

1. Introduction

Melanoma is the most aggressive and deadliest form of human skin cancer, charac-
terized by rapid growth and a high incidence rate [1]. Its aggressive nature is partially
attributed to the ability of melanoma cells to adopt diverse phenotypes during tumor
growth and metastasis [2]. These cells originate from the malignant transformation of
melanocytes, driven by oncogenic signaling pathways and cancer-associated metabolic
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reprogramming, which are intricately linked processes. Among these pathways, MAPK sig-
naling is frequently activated, primarily due to mutations in BRAF (~50%), NRAS (~20%),
and NF1 (~10-15%) [3,4]. BRAF mutations are closely associated with enhanced glycolytic
metabolism, driving melanoma cells to metabolize up to 80% of their glucose into lactate,
even under normoxic conditions [5]. The metabolic heterogeneity of melanoma cells is
also influenced by their division rate, leading to the classification of two distinct groups:
fast-cycling cells reliant on high glycolytic activity and slow-cycling cells that depend on
mitochondrial oxidative phosphorylation (OXPHOS) [6]. This metabolic plasticity con-
tributes to the aggressiveness of melanoma and its resistance to conventional therapies,
which often fail to achieve curative outcomes [6].

In recent years, natural products have gained significant attention for their therapeutic
potential in cancer due to their low toxicity and multitargeted mechanisms of action [7].
Quinones, a class of redox-active organic compounds, are particularly interesting in can-
cer research due to their ability to participate in electron transfer reactions [8]. Among
these, anthraquinones such as emodin and aloe-emodin, derived from plants like Rheum
palmatum (rhubarb) and Aloe vera, have been extensively studied for their pharmacolog-
ical properties [9]. Emodin and aloe-emodin can, through their quinone moiety, disrupt
electron transport processes in cancer cells, thereby altering the cellular redox balance and
promoting oxidative stress [8,9]. Furthermore, the hydroxyl groups of these molecules
enable the formation of hydrogen and ionic bonds, facilitating interactions with a variety
of cellular targets, including enzymes, transporters, ion channels, and receptors, interfering
with cell proliferation and metabolism [10-12].

In this study, using three melanoma cell lines (COLO 800, derived from a primary
tumor; COLO 794, derived from a metastasis from the same patient; and A375, derived from
anodule metastasis from a different patient), we investigated the anti-proliferative effects of
emodin anthraquinones in the context of metabolic heterogeneity. The results demonstrate
that emodin and aloe-emodin inhibit melanoma cell proliferation by targeting key metabolic
pathways and altering redox homeostasis (see Graphical Abstract). These effects were
independent of the intrinsic metabolic phenotypes of the cell lines, as both compounds
consistently impaired glucose metabolism, mitochondrial function, and energy production.
Moreover, this study highlights the differential metabolic responses of melanoma cells to
treatment, including shifts into the amino acid metabolism, glutathione homeostasis, and
one-carbon metabolic pathways, providing insights into their adaptive strategies under
metabolic stress. Furthermore, the study underscores the therapeutic potential of emodin
anthraquinones as metabolic modulators capable of overcoming the inherent metabolic
flexibility of melanoma.

2. Materials and Methods
2.1. Cell Culture

The COLO 800 and COLO 794 cell lines were grown in Roswell Park Memorial Institute
(RPMI) 1640, while the A375 cell line was grown in Dulbecco’s modified Eagle’s medium
(DMEM). All media were supplemented with 2 mM L-glutamine, 10% fetal bovine serum
(FBS), 100 U/mL penicillin, and 100 pug/mL streptomycin. The cells were grown at 37 °C
in a 5% CO; incubator. The cell lines were obtained from the American Type Culture
Collection (ATCC) (LGC Chemicals Standard, Teddington, UK). The cell culture reagents
were purchased from Life Technologies (Waltham, MA, USA).

2.2. Cell Proliferation Analysis

To obtain the proliferation curves under nutrient deprivation conditions, the cells were
plated in 6-well plates. The medium was replaced after 24 h with either normal growth
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medium, low-glutamine medium (0.5 mM GIn), or low-glucose medium (1 mM Glc). The
cells were collected and counted after 24, 48, 72, and 144 h. To obtain the dose-response
curves, the cells were exposed to either aloe-emodin (Aloe-Emo) at concentrations of 0, 5, 10,
15, 20 uM or emodin (F-Emo) at 0, 10, 20, 30, 40, and 50 uM for 48 h. To obtain the long-term
proliferation curves in the presence of the compounds, the cells were plated in 12-well
plates and, after 24 h, Aloe-Emo or F-Emo was added at the indicated concentrations. The
cells were collected and counted after 24, 48, 72, and 144 h. The emodin and aloe-emodin
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.3. Oxygen Consumption Rate Analysis

The cellular oxygen consumption rate (OCR) was measured using a Seahorse XF extra-
cellular flux analyzer (Seahorse Bioscience Inc., North Billerica, MA, USA) according to the
manufacturer’s instructions. Briefly, cells were seeded in Seahorse XF 24-well assay plates
and treated according to the experiment. On the day of the assay, the medium was washed
and replaced with a pre-warmed assay medium (non-buffered DMEM supplemented with
1 mM sodium pyruvate, 25 mM glucose, and 2 mM glutamine, pH 7.4), and incubated in a
non-CO; incubator at 37 °C for 60 min. The mitochondrial stress was assessed using the
Seahorse XF Cell Mito Stress Test Kit which includes oligomycin (1 pM), an inhibitor of
ATP synthase; FCCP (1 pM), an uncoupler; and rotenone/antimycin A (0.5 pM), which are
electron transport inhibitors. The following formulas were used to calculate respiratory
parameters: Basal Respiration = OCRy,,551-OCR ot /ant; Maximal Respiration = OCRgccp-
OCR ,ot/ant; Spare Respiratory Capacity = Maximal respiration-Basal Respiration; ATP
Mitochondrial Production: OCRp,s-OCRyjigo. In these formulas, OCRpas, refers to the
OCR recorded before any drugs were added; OCR g, refers to the OCR recorded after the
oligomyecin injection; OCRgccp refers to the OCR recorded after the FCCP injection; and
OCRot/ant refers to the OCR recorded after the rotenone/antimycin injection.

2.4. ROS Level Measurements

The total ROS levels and mitochondrial ROS levels were measured using the Dichloro-
dihydro-fluoresceine-diacetate (DCFDA) Cellular ROS Detection Assay Kit (Abcam, Cam-
bridge, UK) and MitoSOX™ Red Mitochondrial Superoxide Indicator (Thermo Fisher
Scientific, Waltham, MA USA), respectively. The cells were stained with 20 uM DCFDA
or 5 uM MitoSOX™ Red for 30 min at 37 °C. Then, the cells were washed and collected in
PBS/5%FBS for analysis. Ten thousand gated events were analyzed by flow cytometry on a
CytoFlex S (Beckman Coulter, Brea, CA, USA), using the FITC channel for DCFDA and PE
channel for MitoSOX™ Red. The median fluorescence intensity of the cells was determined
using CytExpert 2.0 software (Beckman Coulter).

2.5. Autophagy

The autophagy levels were assessed using the CYTO-ID® Autophagy Detection Kit
(Abcam). The cells were washed and the medium was replaced with the assay buffer. The
samples were stained with a CYTO-ID® probe (1:1000) and placed at 37 °C for 30 min. The
cells were collected, washed, and fixed in a 10% formaldehyde solution for 20 min at room
temperature. The samples were washed again and collected in the assay buffer for analysis.
Ten thousand gated events were analyzed by flow cytometry on a CytoFlex S (Beckman
Coulter, Brea, CA, USA) using the FITC channel. The median fluorescence intensity of the
cells was determined using CytExpert 2.0 software (Beckman Coulter, Lane Cove West,
NSW, Australia).
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2.6. Metabolites Quantification in the Media Samples

The absolute glucose, lactate, glutamine, and glutamate levels in the spent media
were determined enzymatically using the YSI2950 bioanalyzer (YSI Incorporated, Yellow
Springs, OH, USA). Media collected from the experiments were thawed and centrifuged
at 2000x g for 5 min before the analysis. The YSI bioanalyzer employs enzyme-based
biosensors to measure the glucose, lactate, glutamate, and glutamine concentrations. The
biosensors use oxidase-containing membranes for oxidizing substrates, releasing hydrogen
peroxide. The hydrogen peroxide is detected amperometrically on a platinum electrode
surface. The current flow at the electrode is directly proportional to the hydrogen peroxide
concentration and hence to the substrate concentration. Glucose, lactate, glutamine, and
glutamate standard solutions were used to calibrate the instrument. Glucose and glutamine
consumption, as well as lactate and glutamate release, were calculated as follows: consump-
tion = mmol/L of compound in fresh complete media—mmol/L of compound in cultured
media; release = mmol/L of compound in cultured media—mmol/L of compound in fresh
complete media. The rates were reported as mmol/L per 10° cells.

2.7. Metabolite Extraction from Cell Culture

For the untargeted experiments, the cells were plated in 6-well plates with normal
growth medium, which was replaced after 24 h with complete fresh medium in the presence
or the absence of the treatments, and then incubated for 48 h. For the labeling experiments,
the cells were incubated for 48 h in fresh media supplemented with 25 mM [U-'3C¢]glucose
or 2 mM [U-13Cs]glutamine (purchased from Cambridge Isotope Laboratories, Tewksbury,
MA, USA) in the presence or the absence of the treatments. For metabolite extraction for
LC-MS analysis, the cells were quickly rinsed with 0.9% NaCl and quenched with 500 pL
of ice-cold 70:30 acetonitrile/water. The plates were placed at —80 °C for 10 min, collected
by scraping, sonicated twice for 5 s with five pulses at 70% power, and then centrifuged at
12,000 x g for 10 min at 4 °C. The supernatant was collected in a glass insert and dried in a
centrifugal vacuum concentrator (Concentrator plus/Vacufuge plus, Eppendorf, Hamburg,
Germany) at 30 °C for about 2.5 h. The samples were then resuspended with 150 uL of
H,O before the analyses.

2.8. LC-MS Metabolic Profiling

The dried samples were resuspended with 150 uL of H,O and then analyzed using
a UHPLC-QTOF mass spectrometer. LC separation was performed using an Agilent
1290 Infinity UHPLC system and an InfintyLab Poroshell 120 PFP column (2.1 x 100 mm,
2.7 um; Agilent Technologies, Santa Clara, CA, USA). Mobile phase A was water with 0.1%
formic acid. Mobile phase B was acetonitrile with 0.1% formic acid. The injection volume
was 15 pL and the LC gradient conditions were 0 min: 100% A; 2 min: 100% A; 4 min:
99% A; 10 min: 98% A; 11 min: 70% A; 15 min: 70% A; and 16 min: 100% A with 5 min
of post-run. The flow rate was 0.2 mL/min and the column temperature was 35 °C. MS
detection was performed using an Agilent 6550 iFunnel Q-TOF mass spectrometer with a
Dual JetStream source operating in the negative ionization mode. The MS parameters were
gas temp: 285 °C; gas flow: 14 L/min; nebulizer pressure: 45 psig; sheath gas temp: 330 °C;
sheath gas flow: 12 L/min; VCap: 3700 V; Fragmentor: 175 V; Skimmer: 65 V; and Octopole
RF: 750 V. Active reference mass correction was performed through a second nebulizer
using masses with m/z values of 112.9855 and 1033.9881. Data were acquired from m/z
60 to 1050. The data analysis and isotopic natural abundance correction were performed
using MassHunter ProFinder and MassHunter VistaFlux software (version 10.0.2) (Agilent
Technologies), as described in [13].
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2.9. Metabolomics Statistical Data Analysis

The metabolomics data were analyzed using Metaboanalyst 5.0 [13] (https://www.
metaboanalyst.ca/, accessed on 24 May 2024) and Mass Profiler Professional 15.1 software
(Agilent Technologies). The raw data were transformed into the log2 scale and normalized
using Pareto scaling. The data were then filtered, and the entities that were present in
at least 80.0 percent of the samples in one condition were retained for the analysis. The
statistical analysis was performed by applying an unpaired f-test or one-way ANOVA with
a p-value cut-off of 0.05. Data visualization of the significant entities was performed using a
hierarchical clustering algorithm. The list of significant entities was subjected to enrichment
analysis using MetaboAnalyst. Over Representation Analysis (ORA) was performed using
a metabolite set library derived from SMPDB (The Small Molecule Pathway Database),
which included 99 metabolite sets based on normal human metabolic pathways. The
ORA was implemented using the hypergeometric test to evaluate whether a particular
metabolite set was represented more than expected by chance within the given compound
list. One-tailed p values were provided after adjusting for multiple tests.

2.10. 13C Metabolic Flux Analysis

We used 13C-labeled substrates to trace how carbon flows through the cell’s key
metabolic pathways, specifically glycolysis, the TCA cycle, and the reactions involved
in building cell biomass. 3C MFA was performed for a metabolic network consisting of
the glycolysis, TCA, and biomass synthesis pathways [14] according to the Elementary
Metabolite Unit (EMU) framework [15]. This approach helped us understand and calculate
the complexity of mammalian carbon flow in cells. Metabolic fluxes were estimated by
the least-squares regression of the metabolite labeling and extracellular flux data. The
flux values were iteratively adjusted using a Levenberg—Marquardt algorithm to minimize
the sum of the squared residual objective function. The best global fit was found after
estimating the best local fit at least 100 times using random initial values for all reactions
in the network. All the fluxes were subjected to the chi-square statistical test to assess the
goodness of fit, and 95% confidence intervals were computed [16]. The computation was
carried out using INCA 2.3 [17] software. Supplementary Tables S1 and S2 provide the
quantitative flux values (expressed in pmol-h~1-10* cells) of the reaction in the network
model and confidence intervals for each estimated flux. The experiments were conducted
under steady-state conditions, meaning that the levels of intracellular metabolites and
fluxes remained constant over time. This assumption ensures that the >C labeling reached
equilibrium, making our flux estimates more reliable.

2.11. Lactate Dehydrogenase and Pyruvate Dehydrogenase Quantification

Using the manufacturer’s protocol, the total cellular LDH and PDH levels were
measured using the Lactate Dehydrogenase Activity Colorimetric Assay Kit and Pyruvate
Dehydrogenase Activity Colorimetric Assay, respectively (BioVision Inc, Milpitas, CA,
USA). Briefly, 500,000 cells were extracted by homogenization in 500 uL of assay buffer for
LDH, and 100 pL for PDH. Volumes of 10 puL and 100 pL, respectively, were used for the
assay. Colorimetric measurements were performed at OD 450 nm every 5 min up to2 h
using a Cary 60 ultraviolet-visible spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA).

2.12. Western Blot Analysis

Protein extraction was performed in RIPA buffer supplemented with a protease in-
hibitor cocktail. The proteins were separated on a 12% polyacrylamide gel and trans-
ferred to a nitrocellulose membrane. After blocking with 5% BSA in TBS-Tween, the
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membranes were incubated with the following antibodies: anti-AMPK-alpha (1:1000), anti-
P-AMPKalpha (T172) (1:1000), and anti-p3-actin (1:500) (Cell Signaling Technology, Danvers,
MA, USA) overnight at 4 °C. Anti-rabbit fluorescent secondary antibody (1:15,000) (IRDye®
800CW Donkey anti-Rabbit IgG, Li-Cor Biosciences, Lincoln, NE, USA) was used. The
membranes were imaged using a Li-Cor Odyssey Fc scanner and densitometry analysis
was performed using Image Studio Lite software, Version 5.2.

2.13. Statistical Data Analysis

Except for the analyses described in Section 2.9, all the other experiments were per-
formed at least in triplicate. The data are presented as the mean + standard deviation.
The observed differences were tested for significance using the Student’s t-test (* p < 0.01,
** p < 0.005). The statistics are included in the figure legends.

3. Results
3.1. Melanoma Cancer Cell Lines: A Model of Cancer Metabolic Heterogeneity

To investigate the different types of tumor metabolic rewiring in melanoma, we ana-
lyzed three human melanoma cell lines: COLO 800 (derived from a primary subcutaneous
nodule), COLO 794 (derived from a subcutaneous metastasis from the same individual
as COLO 800), and A375 (derived from a metastatic nodule from a different individual)
(Figure S1A). Consistent with their shared origin, COLO 800 and COLO 794 exhibited
similar proliferation rates and metabolic behaviors in contrast to A375 (Figure 1A,B). The
A375 melanoma cell line showed a higher proliferation rate, consistent with the “Warburg
effect” paradigm characterized by reduced oxidative phosphorylation and increased con-
version of glucose to lactate (Figure 1B,C). Despite all three cell lines displaying comparable
glucose dependency (Figure 1D), the untargeted metabolic profiling revealed different
glucose utilization rates (Figure 1E). The metabolic signature, in fact, highlighted key differ-
ences between the cell lines, with COLO 800 and COLO 794 showing higher levels of TCA
cycle intermediates, consistent with enhanced mitochondrial respiration (Figure 1E). This
contrasts sharply with the A375 cells, which showed reduced levels of these metabolites
alongside an increase in glycolytic intermediates and folate cycle metabolites (Figure 1E).
Moreover, the increased levels of amino acids, such as arginine, proline, cysteine, as-
paragine, lysine, and methionine, in COLO 800 and COLO 794 compared with A375 further
emphasize their reliance on distinct metabolic programs to maintain anabolic processes
(Figure 1E). Despite their shared origin, COLO 800 and COLO 794 exhibited different
antioxidant defenses. Specifically, the elevated levels of pentose phosphate pathway (PPP)
intermediates in COLO 800 suggest a greater reliance on this pathway for managing ox-
idative stress (Figure 1E). On the other hand, the A375 cells exhibited an enrichment of
ketone bodies, a well-known metabolic adaptation to cellular stress or nutrient depriva-
tion (Figure 1F). Furthermore, the elevated basal ROS levels (Figure 1G) and reduction in
redox scavenger metabolites observed in the A375 cells may contribute to their enhanced
proliferative capacity (Figure 1A).
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Figure 1. Metabolic phenotype characterization of melanoma cell lines. (A) Proliferation curves of
COLO 800 (—), COLO 794 (—), and A375 (—) cell lines. The cells were grown in 6-well plates in
the appropriate growth medium. The cells were collected and counted at the indicated time points.
(B) Mitochondrial respiration reflected by OCR levels assessed by Mitostress Seahorse analysis under
basal conditions in COLO 800 (—), COLO 794 (—), and A375 (—) cell lines. (C) Extracellular glucose
uptake and lactate secretion in COLO 800, COLO 794, and A375 cells grown for 48 h, determined
enzymatically using a YSI2950 bioanalyzer. (D) Proliferation curves of COLO 800, COLO 794, and
A375 cells under normal, low-glucose (1 mM), and low-glutamine (0.5 mM) conditions. The cells
were collected and counted at the indicated time points. (E) Hierarchical clustering heatmaps derived
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from untargeted metabolic profiling in COLO 800, COLO 794, and A375 cell lines grown in stan-
dard growth conditions. (F) Pathway enrichment from over-representation analysis of statistically
different metabolites obtained from one-way ANOVA between COLO 800, COLO 794, and A375.
(G) Intracellular ROS levels in COLO 800 (—), COLO 794 (—), and A375 (—) cells were measured by
DCFDA staining. All data in the figure are expressed as the mean + SD.

3.2. Emodin and Aloe-Emodin Inhibit Energetic Metabolic Pathways Essential for Melanoma
Cell Proliferation

The natural anthraquinone derivatives emodin (1,3,8-trihydroxy-6-methylanthraquinone)
(F-Emo) and aloe-emodin (1,8-dihydroxy-3-hydroxyl-methylanthraquinone) (Aloe-Emo)
are the primary bioactive components found in Rhamnus frangula L. and Aloe vera, re-
spectively [7-9]. These compounds share a characteristic tricyclic quinone structure and
hydroxyl groups attached to the aromatic rings (Figure S1B), endowing them with unique
bioactive properties. To study the potential effectiveness of bioactive compounds, specifi-
cally in cancer metabolic rewiring inhibition, we obtained dose-response curves for our
melanoma cancer cell lines. All three melanoma cell lines (COLO 800, COLO 794, and A375)
exhibited a dose-dependent growth arrest in response to increasing concentrations of F-Emo
and Aloe-Emo (Figure 2A,B). For both compounds, there were no obvious differences in the
IC50 values between the different cell lines. However, a comparison of the two compounds
revealed that Aloe-Emo exhibited superior efficacy at lower concentrations, with an IC50 of
approximately 15 M, while F-Emo required a higher concentration to achieve the same ef-
fect, with an IC50 of 40 uM (see Figure 2A,B). Consistent with the literature data, Aloe-Emo
induced autophagy in all the melanoma cell lines (Figure S1C) [18]. Despite differences in
short-term effectiveness, the inhibitory effects of both compounds on melanoma cell growth
converged over extended treatment periods. At 144 h in the long-term proliferation assays,
both F-Emo and Aloe-Emo demonstrated similar growth-inhibiting effects across all three
melanoma cell lines (Figure 2C). These results show that while Aloe-Emo exhibited stronger
effects at lower doses during the initial stages of treatment, both compounds ultimately
achieved comparable long-term inhibition of melanoma cell proliferation (Figure 2C). The
metabolic profiles of the untargeted cell lines under the different treatments were consistent
with their basic metabolic characterization and cellular origins. The analysis revealed a
primary clustering of COLO 800 and COLO 794, which were distinctly separate from A375.
Within this primary cluster, COLO 800 and COLO 794 formed distinct subclusters, further
supporting the conclusion that, despite their shared origin, these cell lines exhibit subtle
yet significant metabolic differences (Figure S1D).

To further explore the effects of F-Emo and Aloe-Emo on metabolic rewiring, we
performed a comprehensive metabolomics analysis. Notably, both treatments show signif-
icantly decreased levels of the metabolites from energetic pathways. Specifically, lactate
was significantly reduced in all the cell lines, while intermediates of the TCA cycle were
significantly reduced in COLO 800 and COLO 794 under both treatments compared to
the control (Figure 2D). Using a [U-13C4] glucose tracer, we confirmed that both treatments
effectively inhibited glucose metabolism by reducing glucose oxidation to lactate (m+3 lac-
tate) in both cell lines. Furthermore, the reduced glucose-derived contributions to the TCA
cycle, as evidenced by decreased levels of m+2 citrate and m+2 malate, suggest impaired
TCA cycle activity and incomplete glucose oxidation (Figure 2E). This metabolic inhibition
was further corroborated by the enzymatic activity assays, which showed a significant
reduction in lactate dehydrogenase (LDH) and pyruvate dehydrogenase (PDH) activities
in all three melanoma cell lines when treated with the two compounds (Figure 2F). Fur-
thermore, the metabolic flux analysis (MFA) using [U-13Cg]glucose confirmed a decreased
glucose flux through lactate and reduced TCA flux in COLO 800 under both treatments,
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consistent with the observed metabolic rewiring (Figure 3A and Supplementary Table S1).
On the other hand, the MFA performed using [U-13C¢] glucose in the A375 cells revealed a
distinct metabolic adaptation (Figure 3B and Supplementary Table S2). While glucose flux
through lactate was significantly reduced with the Aloe-Emo treatment, the TCA cycle flux
remained unchanged, probably due to compensatory glutamine metabolism, as shown by
the m+4 citrate labeling using [U-13C5] glutamine (Figure 3C). The MFA was not conducted
in the COLO 794 cells due to its similar metabolic behavior to COLO 800, as previously
demonstrated in the metabolomic and Seahorse analyses.
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Figure 2. Metabolic characterization of melanoma cell lines after aloe-emodin (Aloe-Emo) or
emodin (F-Emo) treatment. (A,B) Dose-response curves of COLO 800, COLO 794, and A375 cell
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lines after Aloe-Emo (A) or F-Emo (B) treatment for 48 h at the indicated concentrations. (C) Prolif-
eration curves of COLO 800, COLO 794, and A375 cell lines under normal conditions (—) or in the
presence of 15 uM Aloe-Emo (—) or 40 pM F-Emo (—). The cells were collected and counted at the
indicated time points. (D) Relative abundances of pyruvate, lactate, TCA intermediates, and aspartate
obtained by LC-MS in all three melanoma cell lines under normal conditions or after 40 uM F-Emo
or 15 uM Aloe-Emo exposure. (E) Schematic representations and atomic transition map of relative
isotope enrichment of metabolites from [U—13C6]glucose MFA (blue circles) in COLO 800, COLO
794, and A375 cell lines under normal conditions or in the presence of 15 uM Aloe-Emo or 40 uM
F-Emo from LC-MS analysis. (F) Lactate dehydrogenase (LDH) and pyruvate dehydrogenase (PDH)
activities obtained from colorimetric assay. All data in the figure are expressed as the mean + SD.
*p <0.01, ** p < 0.005.
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Figure 3. Estimated metabolic fluxes in central carbon metabolism for COLO 800 and A375. (A,B) Val-
ues of intracellular fluxes estimated by Metabolic Flux Analysis (MFA) using [U-13C4]glucose as
tracer in COLO 800 (A) and A375 (B) cell lines. Bars indicate the 95% C.I. (C) Relative enrichment of
m-+4 citrate in COLO 800 and A375 using [U—13C5]glutamine. Data are expressed as the mean £ SD.,
**p <0.005.
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Together, these results show that F-Emo and Aloe-Emo affect key energetic pathways,
altering glucose metabolism and influencing the availability of metabolic intermediates.
Moreover, they indicate differences in metabolic dependencies and responses among the
melanoma cell lines following treatment.

3.3. Emodin and Aloe-Emodin Inhibit Mitochondrial Activity and Alter the Cellular Redox Balance

To further evaluate the impact of F-Emo and Aloe-Emo on energy metabolism and
redox homeostasis, a Seahorse analysis was conducted on all the melanoma cell lines
(Figure 4A). COLO 800 and COLO 794, derived from the same patient, exhibited more
similar mitochondrial behaviors under both treatments compared to A375, which was
derived from a different individual.
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Figure 4. Respiratory and redox responses to emodin and aloe-emodin treatments. (A) Mitochondrial
respiration reflected by OCR levels, assessed by Mitostress Seahorse analysis, under basal conditions
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or following the addition of oligomycin (1 pM), the uncoupler FCCP (1 uM), or the electron transport
inhibitor rotenone (0.5 uM). The analysis was conducted on control (—) or treated (— and —)
melanoma cells. (B) ATP mitochondrial production reflected by OCR levels, as assessed by Mitostress
Seahorse analysis, in all three melanoma cell lines under normal conditions or after exposure to the
compounds. (C-E) Relative AMP abundance (C), NAD*/NADH ratio of NAD and NADH (D), and
relative acetyl-CoA (AcCoA) abundance (E) obtained by LC-MS in all three melanoma cell lines
under normal conditions or after F-Emo or Aloe-Emo exposure. (F,G) Mitochondrial ROS levels
measured by MitoSOX™ Red staining (F) and total ROS levels measured by DCFDA staining (G) in
COLO 800, COLO 794, and A375 cells under normal conditions or after Aloe-Emo or F-Emo exposure.
(H) Schematic representation and relative GSH/GSSG ratio in COLO 800, COLO 794, and A375 cell
lines under normal growth conditions or in the presence of Aloe-Emo or F-Emo obtained from LC-MS
analysis. All data in the figure are expressed as the mean £ SD. * p < 0.01, ** p < 0.005.

The analysis of basal respiration, reflecting mitochondprial activity under normal condi-
tions, showed a significant reduction in COLO 800 and COLO 794 following the treatments.
This was accompanied by (i) a marked decrease in ATP-linked respiration, measured as the
oligomycin-sensitive portion of oxygen consumption, indicating impaired ATP production
via oxidative phosphorylation; (ii) a significant reduction in the maximal respiratory capac-
ity, assessed by uncoupling the mitochondrial membrane potential with FCCP, indicating a
reduction in the mitochondrial reserve capacity (Figure 4A). This disruption of mitochon-
drial activity was associated with decreased mitochondrial ATP levels and a significant
accumulation of AMP (Figure 4B,C). Elevated AMP levels are consistent with the activation
of AMP-activated protein kinase (AMPK), a key energy sensor, which may contribute to the
anti-proliferative effects of F-Emo and Aloe-Emo in COLO 800 and COLO 794 (Figure S1E).
In contrast, A375 exhibited distinct energy dynamics under both treatments: increased
mitochondrial activity, accompanied by elevated mitochondrial ATP levels (Figure 4A,B);
an increased NAD* /NADH ratio (Figure 4D), consistent with enhanced electron transfer
from NADH to the electron transport chain and regeneration of NAD" from NADH; and an
increased abundance of acetyl-CoA (AcCoA) (Figure 4E). These findings show a metabolic
response in A375 that is distinct from that of COLO 800 and COLO 794. In line with these
findings, it is interesting to note that the A375 cell line exhibited increased mitochondrial
ROS levels under both treatments, in contrast to the decreased total ROS levels (Figure 4FG).
To further investigate redox homeostasis, the glutathione levels were analyzed. While
COLO 800 and COLO 794 displayed increased GSH/GSSG ratios, suggesting an ability to
maintain physiological glutathione metabolism, A375 exhibited a complete inversion of
physiological glutathione homeostasis (Figure 4H).

Taken together, these results show distinct metabolic and redox responses to emodin
and aloe-emodin on our melanoma cell lines, with variations in mitochondrial behavior
and energy homeostasis. We observed disruptions in oxidative phosphorylation, ATP
dynamics, and the ROS balance after treatment.

3.4. Metabolic Pathway Activation to Support Redox Homeostasis

The results obtained so far indicate changes in metabolic pathways related to redox
homeostasis, prompting further investigation. The targeted metabolomics analysis revealed
significant upregulation of key metabolites associated with the methionine cycle, as well
as serine, glycine, taurine, and proline metabolism after the treatments (Figure 5A-E).
Elevated levels of the amino acids glutamine and glutamate were also detected, implying an
activation of cancer-related rewiring of glutamine metabolism (Figure 5F). In addition, both
COLO 800 and COLO 794 showed increased levels of amino acids, such as tyrosine, lysine,
phenylalanine, leucine, serine, and methionine, as well as the redox-related metabolites
hypotaurine and reduced riboflavin, suggesting a shared response to the treatments in
terms of amino acid metabolism and redox regulation (Figure S2A,B).
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Figure 5. Metabolic pathway activation to support redox homeostasis for cell survival. (A) Schematic
representation of ROS-scavenging pathways involved in redox homeostasis. (B-D) Relative abun-
dances of metabolites involved in one-carbon metabolism, the methionine cycle, redox metabolism,
and serine-glycine metabolism in COLO 800 (B), COLO 794 (C), and A375 (D) obtained from LC-MS
analysis under normal conditions or in the presence of Aloe-Emo or F-Emo. (E) Relative abundances
of proline and pyrroline-5-carboxylic acid in COLO 800 and A375 obtained from LC-MS analysis
under normal conditions or in the presence of Aloe-Emo or F-Emo. (F) Relative abundance of glu-
tamine and glutamate obtained from LC-MS analysis under normal conditions or in the presence of
Aloe-Emo or F-Emo. All data in the figure are expressed as the mean + SD, ** p < 0.005.

Interestingly, the A375 cells exhibited a broader metabolic response, not only encom-
passing the pathways mentioned previously but also an upregulation of folate metabolism
(Figure 5D). Furthermore, the A375 cells exhibited significantly increased levels of argi-
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nine, serine, proline, asparagine, and threonine (which play crucial roles in biosynthetic
processes, redox balance, and energy production) under the emodin and aloe-emodin
treatments (Figure 52C). These changes highlight more pronounced and unique metabolic
reprogramming in A375 compared to COLO 800 and COLO 794, reflecting the ability of
A375 cells to adapt their metabolism under treatment-induced stress (Figure S2C).

Together, these findings indicate metabolic changes in our melanoma cell lines in
response to mitochondrial ROS accumulation, with increased activity in the amino acid
and methionine cycle-related pathways.

4. Discussion

This study leveraged a systems metabolomics approach to provide novel insights
into the metabolic heterogeneity of melanoma cells and the therapeutic potential of an-
thraquinones, specifically emodin and aloe-emodin, as modulators of metabolic rewiring
and redox homeostasis. The bioactive compound emodin that is found in plants, such as
Rheum palmatum (rhubarb) and Aloe vera, has been extensively studied for its pharmaco-
logical properties, including anti-inflammatory, antimicrobial, and antitumor effects [19].
In this study, we determined how melanoma cells respond metabolically to treatment
with emodin from Frangula (F-Emo) and aloe-emodin from Aloe vera (Aloe-Emo), which
was affected by their intrinsic heterogeneity. In fact, the quinone structure of emodin and
aloe-emodin facilitates redox cycling and ROS generation, providing a mechanistic basis
for selectively targeting cancer cells, which are often characterized by elevated oxidative
stress and aberrant metabolic adaptations [20].

Three melanoma cell lines, COLO 800, COLO 794, and A375, were used to reveal the
pronounced metabolic heterogeneity that underlies the adaptability of melanoma cells to
different microenvironmental and intrinsic stressors. COLO 800 and COLO 794, derived
from the same patient but differing in tumor stage and location, displayed metabolic profiles
dominated by oxidative phosphorylation (OXPHOS) and mitochondrial respiration. Some
of the distinct metabolic behaviors observed between COLO 800 and COLO 794 could be
attributed to their “primary versus metastatic” origin, where COLO 800, as a primary tumor-
derived cell line, may exhibit enhanced PPP activity to prepare for the oxidative stress
that is commonly encountered during tumor initiation. In contrast, COLO 794, derived
from a metastasis, may have adopted antioxidant strategies that are less dependent on the
PPP, potentially reflecting its metabolic flexibility acquired during metastatic progression.
In summary, COLO 800 was characterized by basic metabolic rewiring, while COLO
794 exhibited partial rewiring, occupying a transitional metabolic state, reflecting a dynamic
balance between glycolysis and oxidative phosphorylation that may contribute to its
metabolic adaptability and ability to metastasize.

In contrast, the A375 cells exhibited a glycolytic phenotype characterized by high lac-
tate production, reduced mitochondrial respiration, and increased pentose phosphate path-
way metabolites, aligning with the Warburg effect, a well-established metabolic hallmark
of cancer [21] (Figure 1). Moreover, an increase in ketone bodies suggested the activation of
an alternative energy pathway to glycolysis, reflecting the ability of the A375 cells to utilize
this pathway as an energy source to sustain their metabolic demands under stress condi-
tions. In the A375 cell line, a combination of oxidative stress and diminished antioxidant
defenses was also observed. This behavior may paradoxically drive A375 cell proliferation
by activating pro-survival signaling pathways and promoting metabolic plasticity.

The differential reliance on mitochondrial metabolism versus glycolysis underscores
the different metabolic rewiring strategies of melanoma cells, which have not been well
characterized in such detail in the context of an anthraquinone-based treatment. These
findings extend our understanding of the interplay between tumor microenvironmental
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pressures and the metabolic plasticity of melanoma, which has been recognized as a key
driver of therapeutic resistance [5,9].

Treatment with F-Emo and Aloe-Emo profoundly disrupted energy metabolism and
redox homeostasis across all three cell lines but with notable differences in the responses.
The compounds exhibited different inhibitory capacities, with Aloe-emo showing efficacy
at lower doses. The inhibitory effect of Aloe-Emo at lower concentrations could be due to
structural differences between the two anthraquinones, which influence their biological
activity. Both compounds impaired glycolysis and OXPHOS, as evidenced by the reduced
levels of TCA cycle intermediates, glycolytic end-products, and mitochondrial respiration
(Figures 2 and 4). These results are consistent with previous studies showing that emodin
can directly induce mitochondrial dysfunction and inhibit components of the electron trans-
port chain, including complex I [22,23]. This dual targeting of glycolysis and mitochondrial
respiration is particularly interesting, as it exploits the metabolic plasticity of melanoma
cells, leaving them vulnerable to energy crises and oxidative stress. A striking observation
was the differential response of the cell lines to treatment-induced metabolic stress. COLO
800 and COLO 794 showed AMP accumulation including activation of AMPK signaling,
which is indicative of a severe energy deficit (Figures 4 and S1) [24]. Despite this, they main-
tained elevated GSH/GSSG ratios, highlighting an adaptive capacity to mitigate oxidative
stress through enhanced antioxidant defenses. This adaptive response likely reflects the
metabolic flexibility inherent to melanomas with higher OXPHOS reliance, as these cells
are better equipped to leverage mitochondrial metabolism for redox homeostasis [25,26].
In contrast, the A375 cells demonstrated a unique metabolic shift under treatment with
the two compounds, marked by increased mitochondrial ATP production, an elevated
NAD*/NADH ratio, and an increased acetyl-CoA abundance (Figure 4). This was coupled
with the upregulation of one-carbon metabolism, particularly the folate and methionine cy-
cles, suggesting a compensatory mechanism to support nucleotide biosynthesis and redox
balance (Figure 5). Such metabolic reprogramming aligns with recent reports emphasizing
the role of one-carbon metabolism in the ability of cancer cells to adapt to oxidative and
metabolic stress [27,28].

An intriguing aspect of these results was the difference between the two types of
compounds. Aloe-Emo exhibited greater potency at lower concentrations (Figure 1), par-
ticularly in reducing cell proliferation, suggesting that subtle structural differences may
influence their capacity to interfere with metabolic and redox pathways. Despite this,
both compounds ultimately achieved comparable growth-inhibiting effects over prolonged
treatment durations. This temporal convergence may reflect a shared ability to impose
cumulative metabolic stress that melanoma cells cannot sustainably adapt to. Such findings
are consistent with the literature that indicates that sustained redox disruption, rather than
acute stress, is critical for effective therapeutic targeting of melanoma [29].

Our results also shed light on the intricate relationship between redox balance and
melanoma survival. Both F-Emo and Aloe-Emo induced mitochondrial ROS accumulation
and disrupted glutathione homeostasis, yet the extent of these effects varied. The A375 cells,
reliant on glycolysis and alternative metabolic pathways such as one-carbon metabolism
to support nucleotide biosynthesis under oxidative stress conditions, experienced more
pronounced glutathione imbalances than COLO 800 and COLO 794. This disparity under-
scores the potential for metabolic dependencies to shape cellular susceptibility to oxidative
stress, a concept echoed in studies linking glutamine metabolism and antioxidant defenses
to melanoma resistance mechanisms [30].

Overall, our findings highlight the diverse metabolic strategies employed by
melanoma cells and their distinct vulnerabilities to anthraquinone-based treatment. The
observed metabolic plasticity underscores the adaptability of melanoma cells in response to
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therapeutic stress, emphasizing the importance of targeting multiple metabolic pathways
to enhance treatment efficacy. Future studies should further explore the mechanistic basis
of these metabolic adaptations and assess the potential of combining anthraquinones with
other metabolic inhibitors to enhance therapeutic outcomes.

5. Conclusions

This study provides novel insights into the metabolic heterogeneity of melanoma cells
and their responses to emodin and aloe-emodin treatment. By targeting key metabolic
pathways, including glycolysis, oxidative phosphorylation, and redox homeostasis, these
compounds disrupt essential survival mechanisms in melanoma cells. Notably, aloe-
emodin exhibited greater potency at lower concentrations, suggesting potential structural
advantages in modulating metabolic and redox pathways. The differential responses
observed among the cell lines highlight the need for personalized therapeutic approaches
that consider the unique metabolic dependencies of melanoma tumors. These findings
contribute to the growing recognition of metabolic reprogramming as a critical target in
cancer therapy and open new avenues for future investigations into combination strategies
to maximize therapeutic efficacy.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/nu17071113/s1, Figure S1: (A) Representative images of COLO
800 (left panel), COLO 794 (central panel), and A375 (right panel) under the microscope. (B) Rep-
resentative images of Aloe vera leaves (upper panel) and Rhamnus frangula bark (lower panel)
and chemical structure of Aloe-Emo and F-Emo. (C) Autophagy levels assessed by CYTO-ID® Au-
tophagy detection kit in all three melanoma cell lines under normal conditions or under Aloe-Emo
or F-Emo treatment. (D) Hierarchical clustering heatmap derived from one-way ANOVA of LC-MS
metabolomics data of all three melanoma cell lines under normal conditions or after F-Emo or Aloe-
Emo exposure. E) Representative images of the Western blot analysis of COLO 800, COLO 784, and
A375 (normal or treated) for p-AMPK« (T172), t-AMPK, and -actin (left panel) and their relative
densitometry analyses (right panel); Figure S2: (A,B,C) Hierarchical clustering heatmaps derived
from one-way ANOVA of LC-MS metabolomics data of COLO 800 (A), COLO 794 (B), and A375 (C)
under normal conditions or after F-Emo or Aloe-Emo exposure; Table S1: Intracellular flux values
calculated for COLO 800. Table S2: Intracellular flux values calculated for A375.

Author Contributions: Conceptualization, D.G.; methodology, F.B., M.B. (Marcella Bonanomi), S.M.,
T.A. and E.B.; software, D.G., M.B. (Marcella Bonanomi) and M.B. (Matteo Bonas); validation, EB.,
M.B. (Marcella Bonanomi), S.M., T.A. and E.B.; formal analysis, F.B., M.B. (Marcella Bonanomi),
M.B. (Matteo Bonas) and D.G,; resources, D.G. and D.P,; data curation, D.G.; writing—original draft
preparation, F.B., M.B. (Marcella Bonanomi), S.M., E.B. and D.G.; writing—review and editing, EB.,
M.B. (Marcella Bonanomi), S.M., E.B. and D.G.; visualization, F.B., M.B. (Marcella Bonanomi), S.M.,
E.B. and D.G,; supervision, D.G.; project administration, D.G.; funding acquisition, D.G. and D.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by grants to the ISBE infrastructure, a MIUR initiative for the
Italian Roadmap of European Strategy Forum on Research Infrastructures (ESFRI) for the “National
Biodiversity Future Center (NBFC)” (identification code CN00000033, CUP B83C22002930006) under
NextGenerationEU; Concession Decree No. 1034 from 17 June 2022 that was adopted by the Italian
Ministry of University and Research; and an ELIXIR-IT grant from the Italian Ministry of University
and Research (MIUR) through the empowering project ELIXIRNextGenIT (Grant Code IR0000010).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/nu17071113/s1
https://www.mdpi.com/article/10.3390/nu17071113/s1

Nutrients 2025, 17,1113

17 of 20

Data Availability Statement: Requests can be made to the corresponding author for access to the
data or original analysis files. The data are not publicly available as they are part of an ongoing study
and will be shared upon study completion.

Acknowledgments: The authors thank Elisabetta Napodano, Gloria Campioni, and Nicole Righi for
their technical support and Luigi Lucini for his critical suggestions on bioactive compounds and their
functional roles in plant and food nutrition.

Conflicts of Interest: The authors declare that they have no conflicts of interest and that no commercial
company participated in or contributed to the preparation of the manuscript.

Abbreviations
The following abbreviations are used in this manuscript:

3PG 3-phospho glycerate
510-MTHFD  5,10-methyltetrahydrofolate
510-MeTHFD  5,10-methyltetrahydrofuran

6-PG 6-phosphogluconate

6-PGDL 6-phosphonoglucono-D-lactone
AC acetic acid

AcCoA acetyl-CoA

ADE adenine

ADO 2-aminoethanethiol dioxygenase
AKG a-ketoglutarate

ALA alanine

AMPK AMP-activated protein kinase
ANOVA Analysis of Variance

ARG arginine

ASN asparagine

ASP aspartate

ATCC American Type Culture Collection
ATP adenosine triphosphate

BSA bovine serum albumin

CcDhpr Cytidine diphosphate

CIS-ACO cis-aconitic acid

CIT citrate

CO, carbon dioxide

CYS cysteine

CYSTA cystathionine

CP carbamoyl phosphate

CTR control

DCFDA dichloro-dihydro-fluoresceine-diacetate
DHAP dihydroxyacetone phosphate
GAP glyceraldehyde phosphate
DMEM Dulbecco’s modified Eagle’s medium
E4P erythrose 4-phosphate

EAA essential amino acid

EMU elementary metabolite unit
F1,6BP fructose 1,6-bisphosphate

FBS fetal bovine serum

FCCP carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone
FOL folate

FUM fumarate

G3P glyceraldehyde 3-phosphate



Nutrients 2025, 17,1113

18 of 20

GLC
GLC.x
GLC-6P
GLN
GLN.x
GLU
GLU.x
GLU 5P
GLY
GLYC-3P
GMP
GSH
GSSG
GUA
HCY
HTAU
IMP
ISOCT
LAC
LAC.x
LB
LC-MS
LDH
LEU
LYS
MAL
MAPK
MET
MFA
NAD
NEAA
NF1
OAA
OCR
OD
ORA
ORN
OXPHOS
P5C
PDH
PFP
PHE
PPP
PRO
PRPP
PYR
RIPA
ROS
RPMI
RU-5P
SAH
SAM
SED-7P

glucose

extracellular glucose
glucose-6-phosphate
glutamine

extracellular glutamine
L-glutamate
extracellular L-glutamate
glutamate-5phosphate
glycine

glycerol 3-phosphate
guanosine monophosphate
glutathione

glutathione disulfide
Guanine

homocysteine
hypotaurine

inosine monophosphate
isocitrate

lactate

extracellular lactate
lower bound

liquid chromatography-mass spectrometry

lactate dehydrogenase

leucine

lysine

malate

mitogen-activated protein kinase
methionine

metabolic flux analysis
nicotinamide adenine dinucleotide
non-essential amino acids
neurofibromin 1

oxaloacetate

oxygen consumption rate
optical density

Over Representation Analysis
ornithine

oxidative phosphorylation
pyrroline-5-carboxylate
pyruvate dehydrogenase
pentafluorophenyl
phenylalanine

pentose phosphate pathway
proline

phosphoribosyl pyrophosphate
pyruvate
Radio-Immunoprecipitation Assay
reactive oxygen species

Roswell Park Memorial Institute
ribulose-5-phosphate
S-adenosyl homocysteine
S-adenosyl methionine
sedoheptulose 7-phosphate
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SER serine

SMPDB Small Molecule Pathway Database
STDERR standard error

SuCC succinate

TAU taurine

TBS Tris-Buffered Saline

TCA tricarboxylic acid

THR threonine

TRP tryptophan

TYR tyrosine

UAC uric acid

UB upper bound

UDP-GLC uridine diphosphate glucose
UHPLC-QTOF  ultra-high-performance liquid chromatography—quadrupole time-of-flight
VAL valine

XYL-5P xylulose 5-phosphate

References

1.  Zhang, X,; Tai, Z.; Miao, F.; Huang, H.; Zhu, Q.; Bao, L.; Chen, Z. Metabolism Heterogeneity in Melanoma Fuels Deactivation of
Immunotherapy: Predict before Protect. Front. Oncol. 2022, 12, 1046102. [CrossRef]

2. Hossain, S.M.; Eccles, M.R. Phenotype Switching and the Melanoma Microenvironment; Impact on Immunotherapy and Drug
Resistance. Int. . Mol. Sci. 2023, 24, 1601. [CrossRef] [PubMed]

3. Guo, W.,; Wang, H.; Li, C. Signal Pathways of Melanoma and Targeted Therapy. Signal Transduct. Target. Ther. 2021, 6, 424.
[CrossRef]

4.  Thielmann, C.M.; Chorti, E.; Matull, J.; Murali, R.; Zaremba, A.; Lodde, G.; Jansen, P.; Richter, L.; Kretz, J.; Moller, I; et al.
NF1-Mutated Melanomas Reveal Distinct Clinical Characteristics Depending on Tumour Origin and Respond Favourably to
Immune Checkpoint Inhibitors. Eur. J. Cancer 2021, 159, 113-124. [CrossRef] [PubMed]

5. Avagliano, A.; Fiume, G.; Pelagalli, A.; Sanita, G.; Ruocco, M.R.; Montagnani, S.; Arcucci, A. Metabolic Plasticity of Melanoma
Cells and Their Crosstalk With Tumor Microenvironment. Front. Oncol. 2020, 10, 722. [CrossRef]

6.  Bristot, L].; Kehl Dias, C.; Chapola, H.; Parsons, R.B.; Klamt, F. Metabolic Rewiring in Melanoma Drug-Resistant Cells. Crit. Rev.
Oncol. Hematol. 2020, 153, 102995. [CrossRef]

7. Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; Supuran, C.T. Natural Products in Drug Discovery: Advances and Opportunities.
Nat. Rev. Drug Discov. 2021, 20, 200-216. [CrossRef]

8.  Seigler, D.S. Benzoquinones, naphthoquinones, and anthraquinones. In Plant Secondary Metabolism; Seigler, D.S., Ed.; Springer:
Boston, MA, USA, 1998; pp. 76-93; ISBN 978-1-4615-4913-0.

9. Huang, Q.; Lu, G.; Shen, H.-M.; Chung, M.C.M.; Ong, C.N. Anti-Cancer Properties of Anthraquinones from Rhubarb. Med. Res.
Rev. 2007, 27, 609-630. [CrossRef]

10. Pecere, T.; Gazzola, M.V.; Mucignat, C.; Parolin, C.; Vecchia, ED.; Cavaggioni, A.; Basso, G.; Diaspro, A.; Salvato, B.; Carli, M.;
et al. Aloe-Emodin Is a New Type of Anticancer Agent with Selective Activity against Neuroectodermal Tumors. Cancer Res.
2000, 60, 2800-2804.

11. Gunaydin-Akyildiz, A.; Yanikoglu, R.S.; Gulec, M.; Alim-Toraman, G.O.; Kuran, E.D.; Atasoy, S.; Olgun, A.; Topcu, G. Emodin
and Aloe-Emodin, Two Potential Molecules in Regulating Cell Migration of Skin Cells through the MAP Kinase Pathway and
Affecting Caenorhabditis Elegans Thermotolerance. BMC Mol. Cell Biol. 2023, 24, 23. [CrossRef]

12.  Tran, N.K.S.; Nguyen, N.Q.; Lee, S.; Kim, S.H.; Jeong, D.; Seo, E.; Park, ].].; Cho, J.; Kang, K.S. Anticancer Effects of Aloe-Emodin
from Rheum Undulatum L. through Activation of the P53 Pathway in Human Prostate Cancer Cells. Appl. Biol. Chem. 2024, 67, 102.
[CrossRef]

13. Bonanomi, M.; Salmistraro, N.; Fiscon, G.; Conte, E; Paci, P,; Bravata, V.; Forte, G.L; Volpari, T.; Scorza, M.; Mastroianni, F; et al.
Transcriptomics and Metabolomics Integration Reveals Redox-Dependent Metabolic Rewiring in Breast Cancer Cells. Cancers
2021, 13, 5058. [CrossRef] [PubMed]

14. Antoniewicz, M.R. A Guide to 13C Metabolic Flux Analysis for the Cancer Biologist. Exp. Mol. Med. 2018, 50, 1-13. [CrossRef]

15. Antoniewicz, M.R;; Kelleher, ] K.; Stephanopoulos, G. Elementary Metabolite Units (EMU): A Novel Framework for Modeling
Isotopic Distributions. Metab. Eng. 2007, 9, 68-86. [CrossRef] [PubMed]

16. Antoniewicz, M.R,; Kelleher, ].K.; Stephanopoulos, G. Determination of Confidence Intervals of Metabolic Fluxes Estimated from

Stable Isotope Measurements. Metab. Eng. 2006, 8, 324-337. [CrossRef] [PubMed]


https://doi.org/10.3389/fonc.2022.1046102
https://doi.org/10.3390/ijms24021601
https://www.ncbi.nlm.nih.gov/pubmed/36675114
https://doi.org/10.1038/s41392-021-00827-6
https://doi.org/10.1016/j.ejca.2021.09.035
https://www.ncbi.nlm.nih.gov/pubmed/34742158
https://doi.org/10.3389/fonc.2020.00722
https://doi.org/10.1016/j.critrevonc.2020.102995
https://doi.org/10.1038/s41573-020-00114-z
https://doi.org/10.1002/med.20094
https://doi.org/10.1186/s12860-023-00486-1
https://doi.org/10.1186/s13765-024-00956-w
https://doi.org/10.3390/cancers13205058
https://www.ncbi.nlm.nih.gov/pubmed/34680207
https://doi.org/10.1038/s12276-018-0060-y
https://doi.org/10.1016/j.ymben.2006.09.001
https://www.ncbi.nlm.nih.gov/pubmed/17088092
https://doi.org/10.1016/j.ymben.2006.01.004
https://www.ncbi.nlm.nih.gov/pubmed/16631402

Nutrients 2025, 17,1113 20 of 20

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Young, ].D. INCA: A Computational Platform for Isotopically Non-Stationary Metabolic Flux Analysis. Bioinformatics 2014, 30,
1333-1335. [CrossRef]

Shen, F,; Ge, C.; Yuan, P. Aloe-Emodin Induces Autophagy and Apoptotic Cell Death in Non-Small Cell Lung Cancer Cells via
Akt/mTOR and MAPK Signaling. Eur. ]. Pharmacol. 2020, 886, 173550. [CrossRef] [PubMed]

Yu, L.; Zhao, Y.; Zhao, Y. Advances in the Pharmacological Effects and Molecular Mechanisms of Emodin in the Treatment of
Metabolic Diseases. Front. Pharmacol. 2023, 14, 1240820. [CrossRef]

Trachootham, D.; Alexandre, J.; Huang, P. Targeting Cancer Cells by ROS-Mediated Mechanisms: A Radical Therapeutic
Approach? Nat. Rev. Drug Discov. 2009, 8, 579-591. [CrossRef]

Warburg, O. On the Origin of Cancer Cells. Science 1956, 123, 309-314. [CrossRef]

Li, T; Shi, L.; Liu, W.; Hu, X,; Hui, Y.; Di, M.; Xue, S.; Zheng, Y.; Yao, M.; Li, C,; et al. Aloe-Emodin Induces Mitochondrial
Dysfunction and Pyroptosis by Activation of the Caspase-9/3/Gasdermin E Axis in HeLa Cells. Front. Pharmacol. 2022, 13, 854526.
[CrossRef] [PubMed]

Lin, L.; Liu, Y.; Fu, S.; Qu, C.; Li, H.; Ni, J. Inhibition of Mitochondrial Complex Function—The Hepatotoxicity Mechanism of
Emodin Based on Quantitative Proteomic Analyses. Cells 2019, 8, 263. [CrossRef] [PubMed]

Song, P.; Kim, ]J.H.; Ghim, J.; Yoon, ].H.; Lee, A.; Kwon, Y.; Hyun, H.; Moon, H.-Y; Choi, H.-S.; Berggren, P.-O.; et al. Emodin
Regulates Glucose Utilization by Activating AMP-Activated Protein Kinase*. J. Biol. Chem. 2013, 288, 5732-5742. [CrossRef]
[PubMed]

Martinez-Reyes, I.; Chandel, N.S. Mitochondrial TCA Cycle Metabolites Control Physiology and Disease. Nat. Commun. 2020,
11, 102. [CrossRef]

Paudel, B.B.; Lewis, J.E.; Hardeman, K.N.; Hayford, C.E.; Robbins, C.J.; Stauffer, PE.; Codreanu, S.G.; Sherrod, S.D.; McLean,
J.A; Kemp, M.L,; et al. An Integrative Gene Expression and Mathematical Flux Balance Analysis Identifies Targetable Redox
Vulnerabilities in Melanoma Cells. Cancer Res. 2020, 80, 4565-4577. [CrossRef]

Wang, H.; Fan, M,; Liu, S.; Qu, M.; Hou, X.; Hou, J.; Xu, Y.; Shang, X,; Liu, C.; He, M.; et al. Redox Homeostasis of One-Carbon
Metabolism-Dependent Reprogramming Is Critical for RCC Progression under Exogenous Serine/Glycine-Deprived Conditions.
BMC Cancer 2024, 24, 1515. [CrossRef]

Ducker, G.S.; Rabinowitz, J.D. One-Carbon Metabolism in Health and Disease. Cell Metab. 2017, 25, 27-42. [CrossRef]

Becker, A.L.; Indra, A.K. Oxidative Stress in Melanoma: Beneficial Antioxidant and Pro-Oxidant Therapeutic Strategies. Cancers
2023, 15, 3038. [CrossRef]

Peppicelli, S.; Kersikla, T.; Menegazzi, G.; Andreucci, E.; Ruzzolini, J.; Nediani, C.; Bianchini, F.; Calorini, L. The Critical Role
of Glutamine and Fatty Acids in the Metabolic Reprogramming of Anoikis-Resistant Melanoma Cells. Front. Pharmacol. 2024,
15,1422281. [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/10.1093/bioinformatics/btu015
https://doi.org/10.1016/j.ejphar.2020.173550
https://www.ncbi.nlm.nih.gov/pubmed/32926915
https://doi.org/10.3389/fphar.2023.1240820
https://doi.org/10.1038/nrd2803
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.3389/fphar.2022.854526
https://www.ncbi.nlm.nih.gov/pubmed/35662735
https://doi.org/10.3390/cells8030263
https://www.ncbi.nlm.nih.gov/pubmed/30897821
https://doi.org/10.1074/jbc.M112.441477
https://www.ncbi.nlm.nih.gov/pubmed/23303186
https://doi.org/10.1038/s41467-019-13668-3
https://doi.org/10.1158/0008-5472.CAN-19-3588
https://doi.org/10.1186/s12885-024-13304-4
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.3390/cancers15113038
https://doi.org/10.3389/fphar.2024.1422281

	Introduction 
	Materials and Methods 
	Cell Culture 
	Cell Proliferation Analysis 
	Oxygen Consumption Rate Analysis 
	ROS Level Measurements 
	Autophagy 
	Metabolites Quantification in the Media Samples 
	Metabolite Extraction from Cell Culture 
	LC-MS Metabolic Profiling 
	Metabolomics Statistical Data Analysis 
	13C Metabolic Flux Analysis 
	Lactate Dehydrogenase and Pyruvate Dehydrogenase Quantification 
	Western Blot Analysis 
	Statistical Data Analysis 

	Results 
	Melanoma Cancer Cell Lines: A Model of Cancer Metabolic Heterogeneity 
	Emodin and Aloe-Emodin Inhibit Energetic Metabolic Pathways Essential for Melanoma Cell Proliferation 
	Emodin and Aloe-Emodin Inhibit Mitochondrial Activity and Alter the Cellular Redox Balance 
	Metabolic Pathway Activation to Support Redox Homeostasis 

	Discussion 
	Conclusions 
	References

