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Abstract: Cancer therapies use different compounds of synthetic and natural origin. However, despite
some positive results, relapses are common, as standard chemotherapy regimens are not fully capable
of completely eradicating cancer stem cells. While vinblastine is a common chemotherapeutic agent
in the treatment of blood cancers, the development of vinblastine resistance is often observed. Here,
we performed cell biology and metabolomics studies to investigate the mechanisms of vinblastine
resistance in P3X63Ag8.653 murine myeloma cells. Treatment with low doses of vinblastine in cell
media led to the selection of vinblastine-resistant cells and the acquisition of such resistance in
previously untreated, murine myeloma cells in culture. To determine the mechanistic basis of this
observation, we performed metabolomic analyses of resistant cells and resistant drug-induced cells in
a steady state, or incubation with stable isotope-labeled tracers, namely, 13C 15N-amino acids. Taken
together, these results indicate that altered amino acid uptake and metabolism could contribute to
the acquisition of vinblastine resistance in blood cancer cells. These results will be useful for further
research on human cell models.

Keywords: vinblastine; drug resistance; vinblastine-resistant cells; metabolomic analyses; murine
myeloma cells

1. Introduction

Current pharmaceutical treatments in anticancer therapies use different compounds of
synthetic and natural origin. However, despite some positive results, relapses are common,
as standard chemotherapy regimens are not fully capable of completely eradicating cancer
stem cells [1]. The phenomenon of drug resistance is a process that confers cancer (stem)
cells resistance and tolerance to anticancer agents. The mechanism of action of drug resis-
tance is complex and influenced by several factors, such as (i) direct drug inactivation [2,3];
(ii) the alteration of the drug target [4]; (iii) drug efflux [5], a mechanism that is dependent
upon mitochondrial ATP levels, which fuel the ATP cassette (ABC) transporter-dependent
systems that are responsible for pumping the drug out of the cell [6]; (iv) activation of the
DNA damage repair mechanisms [7]; (v) inhibition of cell death [8]; (vi) intrinsic cellular
heterogeneity [9]; (vii) metabolically controlled epigenetic effects [10–12]; (viii) or any
combination of these mechanisms [13,14].

Of all the mechanisms described above, the failure of chemotherapies is most com-
monly attributed to two main causes: multidrug resistance (MDR) [15,16], caused by an

Molecules 2023, 28, 2051. https://doi.org/10.3390/molecules28052051 https://www.mdpi.com/journal/molecules

https://doi.org/10.3390/molecules28052051
https://doi.org/10.3390/molecules28052051
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-7680-7404
https://orcid.org/0000-0002-2258-6490
https://orcid.org/0000-0001-8206-6625
https://orcid.org/0000-0001-7782-7960
https://orcid.org/0000-0001-8876-6331
https://doi.org/10.3390/molecules28052051
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules28052051?type=check_update&version=1


Molecules 2023, 28, 2051 2 of 11

overexpression of drug efflux pumps, a family of transporter protein membranes such
as the ABC transporters mentioned above [6], and the existence of tumor activating cells
or cancer stem cells (CSCs) [17], which—especially in blood cancers—are usually charac-
terized by unique metabolic adaptations (e.g., reliance on mitochondrial metabolism as
opposed to a Warburg-like, glycolytic phenotype of highly proliferating cells) [18]. As such,
understanding the mechanism of metabolic adaptation underlying the development of
drug resistance could inform novel or orthogonal therapeutic strategies in clinics.

A wide range of natural products (NPs) derived from plants, marine organisms and
microorganisms have been introduced into medical treatments and used to optimize the
development of new potent and tolerated drugs [19]. These molecules, naturally produced
and used by organisms for defensive or adaptive purposes, have been used as healing
agents for thousands of years, and still today continue to be the most important source of
new potential therapeutic preparations [20]; in addition, the increasing interest in and the
large number of NPs presently investigated in laboratories all over the world seem to open
new perspectives for new and accurate pharmaceuticals [21–25]. In a landmark paper in
2020, Newman and Cragg updated and expanded their previous review on the importance
of NPs-based compounds as drug candidates in anticancer therapies, and presented a
broad overview of approved anticancer agents, emphasizing that 80% were of natural
origins and the remainder purely synthetic [26]. Four classes of NPs are currently used in
clinical application for anticancer treatments: vinca alkaloids, epipodophyllotoxin lignans,
diterpenoid taxanes and the quinoline alkaloid derivatives of camptothecin [27]. Vinblas-
tine [28,29], vincristine [30], podophyllotoxin [31], paclitaxel [32] and camptothecin [33]
are the most effective natural anticancer compounds, and can be considered as “pioneer
chemistry” for the development of anticancer agents [34,35]. Such compounds, similar to
many other natural products, can regulate immune function, inhibit cell proliferation, and
even induce cell death by apoptosis, autophagy or ferroptosis [36]. For example, vinblastine
has been originally tested in clinics as a potential therapeutic in the treatment of multiple
myeloma [37], and later became a mainstay in the treatment of other blood cancers (e.g.,
Hodgkin’s lymphoma) [38]. Unfortunately, resistance to vinblastine is observed in the
clinical treatment of patients with multiple myeloma, though the mechanism driving the
acquisition of such resistance is incompletely understood [39,40].

In order to improve the knowledge of drug resistance related to vinblastine use,
we report here the results of our investigations based on the treatment of P3X63Ag8.653
murine myeloma cells by incubation with low concentrations of vinblastine in culture
media [41]. This treatment has led to the selection of vinblastine-resistant cells; in addition,
we cultured previously untreated murine myeloma cells with the culture media of selected
vinblastine-resistant cells, and the induction of drug-resistance occurred. Given the role
of metabolic reprogramming in the acquisition of drug resistance (e.g., via the fueling of
MDR transporters, such as the P-glycoprotein p, Pgp became involved in resistance to
vinblastine) [42], here, we have performed metabolomic analyses of resistant cells and drug
resistant-induced cells at steady states, or incubation with stable isotope-labeled tracers,
namely, 13C 15N-amino acids. The obtained results clearly show the existence of differences
at the metabolic level among the untreated cells (control cells), resistant cells and drug
resistant-induced cells. Our results will inform further investigations aimed at testing the
impact of vinblastine on human cancer cell lines and primary tumors.

2. Results
2.1. Induction of Resistance and MTT Assay

Considering the MTT assay as a reliable tool for measuring cell viability and prolifer-
ation, the assays were performed to check for drug resistance in resistant cells (Res) and
induced cells (Ind), and the results obtained are shown in Figure 1. Before proceeding to
detect lower sensitivity or resistance to vinblastine treatment by the P3X63Ag8.53 cells,
MTT assays were performed to identify the treatment concentration that led to the loss of
viability of half of the cells (EC50) [43,44]. The treatment for 24 h with a concentration of
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20 nM of vinblastine, capable of reducing cell proliferation by 50%, showed 58.19 ± 1.92%
of cell viability in P3X63Ag8.53 (Ctrl+), while in the cells maintained under the same
growth conditions as resistant cells (Ctrl Res) and induced cells (Ctrl Ind), 56.94 ± 2.61%
and 58.64 ± 2.74% of cell viability were detected, respectively. Res cells or those that
received treatment for 7 days with a vinblastine dosage equal to 1/4 of the EC50 value
(5 nM) showed a significant increase in cell viability of 86.09 ± 3.08%. Similarly, Ind cells,
i.e., those grown for 24 h in culture medium from the resistant cells (IM24), but not for
7 days with low dosages of vinblastine, showed 92.69± 2.09% cell viability, thus confirming
that drug resistance was induced in P3X63Ag8653 cells.

Figure 1. Bar graph of cell viability % of P3X63Ag8.53 cells treated with EC50 values of vinblastine
(20 nM). In dark gray, the bar relating to normal untreated cells (Ctrl); in light gray the normal cells
treated with 20 nM of vinblastine (Ctrl+); in green the normal cells grown under the same culture
conditions as Res cells, but without a lower-dosage vinblastine treatment (Ctrl Res); in red the cells
grown for 24 h in Ctrl Res cell culture medium or IM24 (Ctrl Ind); in greenish-blue color the resistant
cells treated for seven days with low doses of vinblastine (Res); in blue the induced cells cultured for
24 h in the cell culture medium Res (Ind). * p < 0.05 significant differences compared with Ctrl+, Ctrl
Ind and Ctrl Res.

2.2. Metabolomics Analyses Highlight a Significant Up-Regulation of Methionine and Amino Acid
Metabolism in Resistant and Induced-Resistant Cells

Metabolomic analyses of cell pellets and culture media were performed for sensitive
and resistance cells, before or after induction of resistance. Upon the identification and se-
lection of sensitive and resistant cells, untreated cells underwent metabolic characterization
to determine the basal metabolic adaptations that could contribute to resistant mechanisms
(e.g., fueling of MDR systems). The results are tabulated in Supplementary Table S1. Mul-
tivariate analyses of metabolomics data are graphed in Figure 2A–D, including partial
least square–discriminant analyses (PLS-DA) and hierarchical clustering analyses of sig-
nificant metabolites by ANOVA in Ctrl, Res and Ind cells. Res cells were characterized by
significantly higher levels of several amino acids, including alanine, arginine, methionine,
proline and tyrosine. Similar trends were observed in Ind cells, where the major pathways
affected appeared to be methionine and carbon metabolism, with the up-regulation of
several intermediates of this pathway, such as choline, methionine, S-Adenosylmethionine
(SAM), S-Adenosylhomocysteine (SAH) and glutathione disulfide. Of note, SAM is the
major methyl donor for the recovery of oxidized purines (IMP increases in resistant and
induced cells compared to control, as does another purine, guanosine—Figure 2B).

This reaction is coupled with the synthesis of polyamines, such as spermidine and
spermine, both of which are specifically increased in Res and Ind cells (Figure 3). Addi-
tionally, increases in other metabolic intermediates/products of methionine metabolism
(acetyl-methionine and methionine sulfoxide, taurine, cysteine) were observed in Res cells,
but not in Ind cells (Figures 2B and 3). Since the catabolism of arginine to creatinine de-
pends on SAM, it is interesting to note that reductions in ornithine and citrulline were
accompanied by increases in arginine and creatinine in both resistant and induced resistant
cells (Figures 3 and 4).
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Figure 2. Multivariate analyses of metabolomics data from cell extracts and tissue cultures in control,
Res and Ind cells. These analyses include partial least square discriminant analyses (PLS-DA) of cell
extracts (A), hierarchical clustering analysis and a heatmap of the top 40 metabolites by ANOVA (B),
and PLS-DA and a heatmap (top 10) of the media ((C,D), respectively).
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Of all the pathways differentially regulated in both Res and Ind cells, amino acid
metabolism ranked among the most significantly altered factors. Therefore, tracking exper-
iments with stable isotope-labeled amino acids in culture were performed to determine
whether the accumulation of these amino acids in Res and Ind cells was attributable to
increased uptake or decreased consumption for catabolic or anabolic purposes. The results
indicate that none of the amino acids were imported more rapidly by resistant or induced
resistance cells than in controls (Figure 5). The observation of higher steady state amino
acid levels in Res and Ind cells, in the absence of an increased uptake, may potentially be
explained by the decrease in mitochondrial amino acid catabolism in resistant cells. The
quantification of heavy isotopologues of carboxylic acids from the Krebs cycle indicates a
significant increase in succinate and a decrease in malate in resistant (induced) cells com-
pared to controls (Figure 6), indicative of a reduced catabolism and the potential inhibition
of complex II of mitochondria at the level of succinate dehydrogenase.
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determined as % labeled isotopologues of each amino acid relative to the total levels (including
unlabeled endogenous ones).
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Figure 6. Percent accumulation of Krebs cycle labeling of resistant cells, induced resistant cells and
control cells (color legend in the lower left corner of the figure), after incubation with a mix of 13C
15N-labeled amino acids, to determine the catabolism of amino acids over a time interval of 50 h
(x axis). The percentage of labeled carboxylic acids is shown on the y axis, determined as the % of
labeled isotopologues of each intermediate of the Krebs cycle relative to the total levels (including
unlabeled ones, as derived from the catabolism of other substrates).

3. Discussion

Over time, the search for molecules capable of interfering with cancer cells has resulted
in the concomitant observation of cells that survived the treatments. Such results confirm
that despite the promising anticancer properties of many compounds, the incomplete
eradication of tumor cells is a common process, which is driven by the development of
(or positive selection for) clones that are resistant to/tolerant of the anticancer agent. To
shed light on the mechanisms driving such resistance/tolerance, we therefore initiated the
investigation of surviving cells, and the results reported here clearly show the possibility of
inducing vinblastine-resistant murine myeloma cells, and that previously untreated cells
were found to be resistant if grown in IM24 medium.

Drug resistance is a complex process that is influenced by several factors. Here, we
show that vinblastine-resistant cells are characterized by metabolic remodeling even prior to
exposure to the chemical, which could impact the cells’ ability to counteract drug-induced
stress and, possibly, promote a possible epigenetic transition, resulting in “Induced” cells.
For example, changes in the extent of methionine uptake and metabolism are suggestive of
potential alterations in methylation reactions, redox maintenance, polyamine synthesis and
coupling to folate metabolism, thereby coordinating nucleotide and redox status [45,46].
Further studies at the transcription or translational level, including epigenetic investiga-
tions, are warranted to follow up on this observation.

One of methionine‘s most important functions is its contribution to intracellular methy-
lation by serving as the sole source of the universal methyl donor S-adenosyl-methionine
(SAM); SAM is a necessary substrate for all methylation reactions, including those that
modulate gene expression (via methylation of DNA, RNA and histones), phospholipid
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integrity, the activity of signaling pathways, the damage repair of isoaspartyl proteins and
the biosynthesis of polyamines [47].

Of note, lactate was one of the top 10 most increased metabolites in Res cell media
compared to Ctrl, suggesting potential glycolytic reprogramming in this group. Since lactate
can function as a signaling molecule, it can regulate gene expression through multiple
mechanisms, including the lactoylation of histone proteins [48].

From metabolomics tracing experiments with stable isotope-labeled amino acids, the
elevated steady state levels of methionine in resistant cells seem not to be explained by
increased uptake. This result is suggestive of the decreased utilization of intracellular
methionine in resistant cells, perhaps as a function of decreased de novo protein synthe-
sis (methionine is the initiator amino acids in all eukaryotic translational processes) or
decreased epigenetic regulation via methylation events (of proteins, DNA or RNA). Alto-
gether, the metabolic changes observed could be driven by (i) the law of mass action, as a
result of the increased consumption of specific amino acids—perhaps to fuel anaplerotic re-
actions to sustain viability/proliferation; (ii) the decreased oxidation of specific amino acids
at the mitochondrial level, consistent with a metabolic reprogramming towards glycolysis;
(iii) epigenetic effects due to a long exposure to the methionine and lactate overproduced
by resistance towards induced cells.

This study shows several limitations. First of all, validation in human myeloma cell
lines and ensuring translatability into pre-clinical animal models in vivo will be necessary,
and is currently underway. Like most single omics studies, tentative interpretations of the
data presented here will require orthogonal validation with complementary approaches,
such as proteomics and transcriptomics, or more targeted analyses (e.g., expression levels
of Pgp for MDR resistance as a function of metabolic adaptations in resistant cells). To
determine whether the observed metabolic changes are correlative to or causative of the
observed resistant/tolerant phenotypes, experiments aimed at mechanistically testing
specific hypotheses (for example, with pharmacological or genetic manipulations) will be
needed. However, the findings described in this study represent the first step towards
understanding the role of metabolic reprogramming in conferring vinblastine resistance,
narrowing the scope of future, more focused investigations.

4. Materials and Methods
4.1. Cell Growth and Maintenance

Cells from a murine myeloma P3X63Ag8.653 cell line (ATCC, Manasass, VA, USA),
derived from the Balb/c strain of mice, were cultured in RPMI-1640 medium supplemented
with 10% of heat-inactivated fetal bovine serum and 2 mM glutamine, and incubated at
37 ◦C in a humidified atmosphere with 5% of CO2. Upon reaching confluence, the cells
were passed into new culture vessels in a 1:10 ratio and the medium was changed every
three days.

4.2. MTT Assay

The use of the activity of the mitochondrial enzyme succinate dehydrogenase as a
detector of cell viability is possible through its ability to reduce the tetrazolium dye MTT, or
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, into its insoluble formazan
crystals. Since a reduction in MTT is correlated with cell metabolic activity, metabolically
active cells are expected to yield high MTT values.

The MTT assay was performed to evaluate the effect of vinblastine on cell viability [43].
In total, 2 × 104 cells/well in 100 µL of complete RPMI medium were seeded in a 96-well
micro plate, and after 24 h of incubation different concentrations of vinblastine (from 1 µM
to 0.0009 µM, twice to ten-times diluted) were added. After 24 h, the medium containing
the treatment was removed and 100 µL of MTT solution, at the final concentration of
0.5 mg/mL, was added to each well and incubated in the dark at 37 ◦C for 3 h. The
formazan crystals produced were dissolved in 100 µL of DMSO and the optical density
(OD) measured at 595 nm by a Tecan Sunrise™ (Tecan Group Ltd., Männedorf, Switzerland)
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UV-Vis spectrophotometer. The values were expressed as a percentage of cell viability,
obtained using the following equation:

Cell viability (%) = (OD treated sample / OD untreated sample) × 100

The percent cell viability data, obtained by converting the optical density values as
previously described, were processed with an AAT Bioquest EC50 Calculator (Sunnyvale,
CA, USA) [49] to obtain the concentration at which the vinblastine exerts half of its maxi-
mum response values (EC50). The values were repeated three times and are reported as
mean ± SD.

4.3. Resistant and Induced Cells

In order to induce drug resistance to vinblastine, murine myeloma cells were seeded
at a concentration of 1.5 × 104 cells/mL in a six-well plate and treated for 7 days with
low doses of vinblastine (vinblastine sulfate salt ≥ 97% HPLC purity grade, obtained by
SIGMA Aldrich—product no: V1377), and 5 nM equal to 1/4 of the of EC50 value against
P3X63Ag8.653 cells (20 nM). At the end of the treatment period, 1.5 × 104 Res cells/mL
were collected and seeded in a six-well plate with fresh culture medium to obtain an
Induction Medium (IM24). After 24 h, the IM24 was collected and centrifuged twice at
1500 rpm for 5 min at room temperature. After discarding the pellet (consisting of Res and
cell debris), the resulting medium was used to culture P3X63Ag8.653 cells, and after 24 h
Ind cells were obtained. P3X63Ag8.653 cells cultured under the same conditions as Res and
Ind cells were used as control (Ctrl Res and Ctrl Ind, respectively).

To evaluate resistance to vinblastine 2 × 104 cells/well of Ctrl, Ctrl Res, Ctrl Ind,
Res and Ind were seeded in a 96-well plate, treated for 24 h with 20 nM vinblastine and
subjected to MTT assay to evaluate the percentage of cell viability.

4.4. Ultra-High-Pressure Liquid Chromatography–Mass Spectrometry (MS) Metabolomics and
Tracing Experiments

Approximately 2 × 106 cells were collected and extracted in 1000 µL of ice cold
extraction solution (methanol:acetonitrile:water 5:3:2 v/v/v). Suspensions were vortexed
continuously for 30 min at 4 ◦C. Insoluble material was removed by centrifugation at
18,000× g for 10 min at 4 ◦C, and supernatants were isolated for metabolomics analysis by
UHPLC-MS. Media samples (20 µL) were extracted as described above, in a ratio of 1:25
with the extraction solution.

Analyses were performed using a Vanquish UHPLC coupled online to a Q Exactive
mass spectrometer (Thermo Fisher, Bremen, Germany). Ten microliters of sample extracts
were loaded onto a Kinetex XB-C18 column (150 × 2.1 mm i.d., 1.7µm—Phenomenex). The
samples were analyzed using the 3 min isocratic condition or a 5, 9, and 17 min gradient, as
described [50–52].

Metabolite assignments, amino acids-labeled tracing experiments, isotopologue dis-
tributions, and correction for expected natural abundances of 13C and 15N isotopes were
performed using MAVEN (Princeton, NJ, USA) [53].

4.5. Statistical Analyses

Data were expressed as mean ± standard deviation (SD) from three independent
experiments. Statistical significance between examined samples and control values was
determined using one-way analysis of variance. Graphs and statistical analyses (either
PLSDA, HCA or repeated measures ANOVA) were processed with GENE-E (Broad Institute,
Cambridge, MA, USA), and MetaboAnalyst 5.0 [54].

5. Conclusions

Over time, in our search for molecules capable of interfering with cancer cells, we
observed cells surviving drug treatment, thus confirming the development of (or positive
selection for) clones that are resistant to/tolerant of the anticancer agent. The phenomenon
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of drug resistance gives cancer resistance and tolerance to anticancer agents. To improve the
knowledge about drug resistance linked to the use of vinblastine, a natural product widely
used in clinical applications for cancer therapy, as a first step we conducted investigations
on murine myeloma cells. We obtained vinblastine-resistant cells and observed the ability
of their culture medium to induce vinblastine resistance in myeloma cells never before
cultured in the presence of vinblastine. Further, the metabolomic analysis clearly showed
that some metabolites produced higher amounts in both resistant and induced cells, and
confirmed a process of reprogramming the metabolism of murine myeloma cells kept in
culture in the presence of vinblastine (resistant cells), and in murine myeloma cells not
treated with vinblastine and cultured in a culture medium taken from resistant cells. Our
results will be useful for further investigations of human cancer cells.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28052051/s1, Table S1: Metabolomics analyses of cells.
Table S2: Metabolomics analyses of culture medium.
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Source of Bioactive Compounds and Potential Remedy for the Treatment of Certain Skin Diseases. Curr. Pharm. Des. 2020,
26, 2859–2875. [CrossRef] [PubMed]

25. Gregory, J.; Vengalasetti, Y.V.; Bredesen, D.E.; Rao, R.V. Neuroprotective Herbs for the Management of Alzheimer’s Disease.
Biomolecules 2021, 11, 543. [CrossRef] [PubMed]

26. Newman, D.J.; Cragg, G.M. Natural Products as Sources of New Drugs over the Nearly Four Decades from 01/1981 to 09/2019. J.
Nat. Prod. 2020, 83, 770–803. [CrossRef]

27. Pan, L.; Chai, H.; Kinghorn, A. Discovery of new anticancer agents from higher plants. Front. Biosci. 2012, 4, 142–156. [CrossRef]
28. Noble, R.H.; Cutts, J.H.; Beer, C.H. Further biological activities of vincaleukoblastine—An alkaloid isolated from Vinca rosea (L.).

Biochem. Pharm. 1958, 1, 1347–1348. [CrossRef]
29. Neuss, N.; Gorman, M.; Boaz, H.E.; Cone, N.J. Vinca alkaloids. XI. Structures of leurocristine and vincaleukoblastine. J. Am. Chem.

Soc. 1962, 84, 1509–1510. [CrossRef]
30. Svoboda, G.H. Alkaloids of Vinca rosea (Catharanthus roseus). IX. Extraction and characterization of leurosidine and leurocristine.

Lloydia 1961, 24, 173–178.
31. Hartwell, J.L.; Schrecker, A.W. Components of podophyllin. V. The constitution of podophyllotoxin. J. Am. Chem. Soc. 1951,

73, 2909–2916. [CrossRef]
32. Wani, M.C.; Taylor, H.L.; Wall, M.E.; Coggon, P.; McPhail, A.T. Plant antitumor agents. VI. Isolation and structure of taxol, a novel

antileukemic and antitumor agent from Taxus brevifolia. J. Am. Chem. Soc. 1971, 93, 2325–2327. [CrossRef]
33. Wall, M.E.; Wani, M.C.; Cook, C.E.; Palmer, K.H.; McPhail, A.T.; Sim, G.A. Plant antitumor agents. I. The isolation and structure of

camptothecin, a novel alkaloidal leukemia and tumor inhibitor from Camptotheca acuminata. J. Am. Chem. Soc. 1966, 88, 3888–3890.
[CrossRef]

34. Cragg, G.M.J.; Newman, D.; Yang, S.S. Natural Product Extracts of Plant and Marine Origin Having Antileukemia Potential. The
NCI Experience. J. Nat. Prod. 2006, 69, 488–498. [CrossRef]

35. Rayan, A.; Raiyn, J.; Falah, M. Nature is the best source of anticancer drugs: Indexing natural products for their anticancer
bioactivity. PLoS ONE 2017, 11, e0187925. [CrossRef]

36. Zhou, Y.; Shen, Y.; Chen, C.; Sui, X.; Yang, J.; Wang, L.; Zhou, J. The crosstalk between autophagy and ferroptosis: What can we
learn to target drug resistance in cancer? Cancer Biol. Med. 2019, 16, 630–646. [CrossRef]

37. Costa, G.; Carbone, P.P.; Gold, G.L.; Owens, A.H., Jr.; Miller, S.P.; Krant, M.J.; Bono, V.H., Jr. Clinical trial of vinblastine in multiple
myeloma. Cancer Chemother. Rep. 1963, 27, 87–89.

38. Meynard, L.; Galtier, J.; Favre, S.; Debus, L.; Lascaux, A.; Dilhuydy, M.S.; Gros, F.X.; Sauvezie, M.; Milpied, N.;
Bouabdallah, K.; et al. Vinblastine for elderly and frail patients with Hodgkin lymphoma. Leuk. Lymphoma 2020, 61, 3239–3242.
[CrossRef]

39. Nass, J.; Efferth, T. Drug targets and resistance mechanisms in multiple myeloma. Cancer Drug Resist. 2018, 1, 87–117. [CrossRef]
40. Abdi, J.; Chen, G.; Chang, H. Drug resistance in multiple myeloma: Latest findings and new concepts on molecular mechanisms.

Oncotarget 2013, 4, 2186–2207, Erratum in Oncotarget 2015, 6, 7364. [CrossRef]
41. Amaral, M.V.S.; De Sousa Portilho, A.J.; Da Silva, E.L.; De Oliveira Sales, L.; Da Silva Maués, J.H.; Amaral De Moraes, M.E.;

Aquino Moreira-Nunes, C. Establishment of Drug-resistant Cell Lines as a Model in Experimental Oncology: A Review. Anticancer.
Res. 2019, 39, 6443–6455. [CrossRef]

42. Taylor, J.C.; Ferry, D.R.; Higgins, C.F.; Callaghan, R. The equilibrium and kinetic drug binding properties of the mouse P-gp1a
and P-gp1b P-glycoproteins are similar. Br. J. Cancer 1999, 81, 783–789. [CrossRef] [PubMed]

http://doi.org/10.1038/nrc3599
http://www.ncbi.nlm.nih.gov/pubmed/24060863
http://doi.org/10.3390/cancers6031769
http://doi.org/10.1146/annurev.med.53.082901.103929
http://doi.org/10.1038/nrc706
http://doi.org/10.1517/17425255.3.6.805
http://doi.org/10.1016/j.molmed.2020.10.001
http://doi.org/10.1155/2015/242070
http://doi.org/10.1080/14786419.2017.1356838
http://doi.org/10.3390/molecules21101321
http://doi.org/10.2174/2215083804666180402133152
http://doi.org/10.1016/j.biotechadv.2018.02.002
http://doi.org/10.2174/1381612826666200417160049
http://www.ncbi.nlm.nih.gov/pubmed/32303169
http://doi.org/10.3390/biom11040543
http://www.ncbi.nlm.nih.gov/pubmed/33917843
http://doi.org/10.1021/acs.jnatprod.9b01285
http://doi.org/10.2741/s257
http://doi.org/10.1016/0006-2952(59)90123-6
http://doi.org/10.1021/ja00867a049
http://doi.org/10.1021/ja01150a143
http://doi.org/10.1021/ja00738a045
http://doi.org/10.1021/ja00968a057
http://doi.org/10.1021/np0581216
http://doi.org/10.1371/journal.pone.0187925
http://doi.org/10.20892/j.issn.2095-3941.2019.0158
http://doi.org/10.1080/10428194.2020.1797009
http://doi.org/10.20517/cdr.2018.04
http://doi.org/10.18632/oncotarget.1497
http://doi.org/10.21873/anticanres.13858
http://doi.org/10.1038/sj.bjc.6690764
http://www.ncbi.nlm.nih.gov/pubmed/10555746


Molecules 2023, 28, 2051 11 of 11

43. Garzoli, S.; Laghezza Masci, V.; Ovidi, E.; Turchetti, G.; Zago, D.; Tiezzi, A. Chemical Investigation of a Biologically Active Schinus
molle L. Leaf Extract. J. Anal. Methods Chem. 2019, 2019, 8391263. [CrossRef] [PubMed]

44. Ovidi, E.; Masci, V.L.; Taddei, A.R.; Paolicelli, P.; Petralito, S.; Trilli, J.; Mastrogiovanni, F.; Tiezzi, A.; Casadei, M.A.;
Giacomello, P.; et al. Chemical Investigation and Screening of Anti-Proliferative Activity on Human Cell Lines of Pure and
Nano-Formulated Lavandin Essential Oil. Pharmaceuticals 2020, 13, 352. [CrossRef] [PubMed]

45. Sanderson, S.M.; Gao, X.; Dai, Z.; Locasale, J.W. Methionine metabolism in health and cancer: A nexus of diet and precision
medicine. Nat. Rev. Cancer 2019, 19, 625–637. [CrossRef]

46. D’Alessandro, A.; Hansen, K.C.; Eisenmesser, E.Z.; Zimring, J.C. Protect, repair, destroy or sacrifice: A role of oxidative stress
biology in inter-donor variability of blood storage? Blood Transfus. 2019, 17, 281–288. [CrossRef]

47. Reisz, J.A.; Nemkov, T.; Dzieciatkowska, M.; Culp-Hill, R.; Stefanoni, D.; Hill, R.C.; Yoshida, T.; Dunham, A.; Kanias, T.;
Dumont, L.J.; et al. Methylation of protein aspartates and deamidated asparagines as a function of blood bank storage and
oxidative stress in human red blood cells. Transfusion 2018, 58, 2978–2991. [CrossRef]

48. San-Millan, I.; Brooks, G.A. Reexamining cancer metabolism: Lactate production for carcinogenesis could be the purpose and
explanation of the Warburg Effect. Carcinogenesis 2017, 38, 119–133. [CrossRef]

49. Quest Graph. EC50 Calculator. Available online: https://www.aatbio.com/tools/ec50-calculator (accessed on 5 November 2019).
50. Nemkov, T.; Hansen, K.C.; D’Alessandro, A. A three-minute method for high-throughput quantitative metabolomics and

quantitative tracing experiments of central carbon and nitrogen pathways. Rapid Commun. Mass Spectrom. 2017, 31, 663–673.
[CrossRef]

51. Reisz, J.A.; Zheng, C.; D’Alessandro, A.; Nemkov, T. Untargeted and Semi-targeted Lipid Analysis of Biological Samples Using
Mass Spectrometry-Based Metabolomics. Methods Mol. Biol. 2019, 1978, 121–135. [CrossRef]

52. Nemkov, T.; Reisz, J.A.; Gehrke, S.; Hansen, K.C.; D’Alessandro, A. High-Throughput Metabolomics: Isocratic and Gradient Mass
Spectrometry-Based Methods. Methods Mol. Biol. 2019, 1978, 13–26. [CrossRef]

53. Clasquin, M.F.; Melamud, E.; Rabinowitz, J.D. LC-MS data processing with MAVEN: A metabolomic analysis and visualization
engine. Curr. Protoc. Bioinform. 2012, 37, 11–14. [CrossRef]

54. Pang, Z.; Chong, J.; Zhou, G.; de Lima Morais, D.A.; Chang, L.; Barrette, M.; Gauthier, C.; Jacques, P.E.; Li, S.; Xia, J. MetaboAnalyst
5.0: Narrowing the gap between raw spectra and functional insights. Nucleic Acids Res. 2021, 49, W388–W396. [CrossRef]
[PubMed]

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.

http://doi.org/10.1155/2019/8391263
http://www.ncbi.nlm.nih.gov/pubmed/31467769
http://doi.org/10.3390/ph13110352
http://www.ncbi.nlm.nih.gov/pubmed/33138099
http://doi.org/10.1038/s41568-019-0187-8
http://doi.org/10.2450/2019.0072-19
http://doi.org/10.1111/trf.14936
http://doi.org/10.1093/carcin/bgw127
https://www.aatbio.com/tools/ec50-calculator
http://doi.org/10.1002/rcm.7834
http://doi.org/10.1007/978-1-4939-9236-2_8
http://doi.org/10.1007/978-1-4939-9236-2_2
http://doi.org/10.1002/0471250953.bi1411s37
http://doi.org/10.1093/nar/gkab382
http://www.ncbi.nlm.nih.gov/pubmed/34019663

	Introduction 
	Results 
	Induction of Resistance and MTT Assay 
	Metabolomics Analyses Highlight a Significant Up-Regulation of Methionine and Amino Acid Metabolism in Resistant and Induced-Resistant Cells 

	Discussion 
	Materials and Methods 
	Cell Growth and Maintenance 
	MTT Assay 
	Resistant and Induced Cells 
	Ultra-High-Pressure Liquid Chromatography–Mass Spectrometry (MS) Metabolomics and Tracing Experiments 
	Statistical Analyses 

	Conclusions 
	References

