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Most cancer cells exacerbate the pentose phosphate pathway (PPP) to enhance biosynthetic precursors and antioxidant
defenses. Metformin, which is used as a first-line oral drug for the treatment of type 2 diabetes, has been proposed to
inhibit the malignant progression of different types of cancers. However, metformin has shown poor efficacy as single
agent in several clinical trials. Thus, the aim of the present work was to investigate whether the pharmacological inhi-
bition of G6PDH, the first and rate-limiting enzyme of the PPP, by 6-amino nicotinamide (6-AN) potentiates the anti-
tumoral activity of metformin on different human melanoma cell lines. Our results showed that 6-AN has sensitizing
properties to metformin cytotoxicity. The combination of metformin and 6-AN decreased glucose consumption and
lactate production, altered the mitochondrial potential and redox balance, and thereby blocked melanoma cell pro-
gression, directing cells to apoptosis and necrosis. To our knowledge, this is the first study describing the effect of
this combination. Future preclinical studies should be performed to reveal the biological relevance of this finding.
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Introduction

Despite the efforts of new therapeutics development, including BRAF in-
hibitors and immunomodulators (as anti-PDL1 and anti-CTLA-4), metasta-
tic melanoma remains to be the principal life-threating skin cancer [1,2].
Cancer cell metabolism is particularly characterized by the Warburg effect
[3,4] which includes an exacerbation of glucose consumption accompanied
by an increase in lactate production. Thus, cancer cell metabolism appears
as an attractivefield for the development of clinical and pre-clinical therapy
[5,6]. Beyond glycolysis, the second most important fate of intracellular
glucose is the pentose phosphate pathway (PPP). This pathway enables can-
cer cells to adapt to anabolic demands that require rapid DNA, RNA, and
lipid synthesis and to oxidative cellular stress [7,8]. The inhibition of key
enzymes of the PPP, including glucose-6-phosphate dehydrogenase
(G6PDH), strongly affects the malignant proliferation and metastases of
cancer cells both in vitro and in vivo [9]. In many human cancers, G6PDH
is upregulated and correlates with poor prognosis [10]. Interestingly, the
inhibition of G6PDH restores the sensitivity of cancer cells to chemotherapy
[11]. Therefore, the inhibition of the PPP has been proposed as an attractive
therapeutic strategy against cancer.
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Metformin is a biguanide anti-diabetic drug, which is clinically known
as orally well tolerated that has been approved by the Food and Drug Ad-
ministration (FDA). Retrospective epidemiological studies have revealed a
decrease in the incidence of cancer in diabetic patients treated with metfor-
min [12,13]. Metformin modulates cell metabolism at different cell levels
by increasing glycolysis, inhibiting respiratory chain complex I and ulti-
mately inhibitingmTORpathway. This leads to growth arrest and apoptosis
[14,15]. Interestingly, metformin has been shown to decrease cancer cell
viability and tumor growth in different preclinical models [16–18], inhibit
the malignant progression of oral premalignant lesions in chemically-
induced experimental models [19] and diminish tumor growth in human
head and neck squamous cell carcinoma xenografts [19]. However, metfor-
min seems to have low efficacy as monotherapy against a number of differ-
ent tumors, including melanoma [20]. Thus, the potential adjuvant role of
metformin is currently being investigated in several clinical trials
[5,16,21–24] and, high efforts are being made to improve metformin
performance.

Despite the fact that metformin cytotoxicity may be in part mediated by
ROS increase [25,26], the role of the pentose phosphate pathway during
metformin treatment remains to be investigated. In this context, the aim
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of this study was to investigate whether metformin and the G6PDH inhibi-
tor 6-amino nicotinamide (6-AN) synergize to kill malignant melanoma
cells and determine themechanisms underlying this combinatory approach
and its significance regarding the antitumor response against melanoma.

Materials and methods

Cell culture

Cells hM1, hM2, hM4, hM9 and hM10were established frommelanoma
patients of Instituto de Oncología Ángel H. Roffo, Facultad de Medicina,
Universidad de Buenos Aires, as it was previously described [27]. Also,
we used other human melanoma cell lines as A375 (ATCC® CRL-1619™),
SB2 [28] and M8 [29]. Cells were cultured at 37 °C in a humidified atmo-
sphere of 95% air and 5% CO2 with DMEM/F12 medium (Invitrogen,
Carlsbad, CA, USA) containing 10% FBS (Internegocios, Córdoba,
Argentina), 10 mM HEPES (pH 7.4) and antibiotics (60 mg/L Penicillin G,
50 mg/L Streptomycin and 50 mg/L Gentamicin). 3D culture. Multicellu-
lar spheroids were obtained following the procedure of hanging drop cul-
ture [30] from trypsinized monolayers (0.8–1.4 × 104 cell/spheroid).
Viability. Cells were seeded onto 96-well plates at 4–7 × 103 cells/well
24 h before treatments. After 5 days of treatments, cell viability was mea-
sured by acidic phosphatase assay [31] and crystal violet staining [32].
Combination studies. Cells were treatedwith amedium containing a com-
bination of different concentrations of MET (0.1–10 nM) and a fixed con-
centration of 6-AN (50 μM) or a combination of different concentrations
of 6-AN (0.01–100 μM) and a fixed concentration of MET (5 nM). To eval-
uate the possible effect between the combination of 6-AN andMET was de-
termined using both CompuSyn and Combenefit software [33–35]. The
three possibilities: CI < 1, CI = 1, and CI > 1, indicated synergy, additive
effect, and antagonism, respectively.

Glucose and lactate content in cell culture media

After 48 h of treatments, 5 μL of each supernatant was transferred to a
new 96-well plate. Then, the concentration of glucose and lactate was de-
termined colorimetrically by specific commercial kits (Weiner Lab. and
Cobas Roche, respectively).

Western blotting

(i) Whole-cell extracts were obtained using a lysis and extraction buffer
(50mM tris-HCl (pH 8); 100mM NaCl; 1% Triton; 10mM EDTA; protease
inhibitor 1:10,000). The lysates were centrifuged at 10,000 rpm for
10min at 4 °C, and the supernatant was stored at−20 °C until immunoblot-
ting was performed. Protein content was determined by the Bradford
method. (ii) Immunoblot. Proteins (70–100 μg) from whole-cell extracts
were electrophoresed on SDS-PAGE and transferred to PVDF membranes.
The membrane was blocked with 5% nonfat milk for 1 h, incubated with
the primary antibody overnight at 4 °C and exposed to corresponding sec-
ondary antibody (1:5000) for 1 h at room temperature. The primary anti-
bodies used were GLUT-1 (Abcam 115,730), PCNA (PC10, Cell-Signaling
2586) and PARP (46D11, Cell-Signaling 9532). Densitometry units were re-
ferred to β-actin (8H10D10, Cell-Signaling 3700). The secondary antibod-
ies used were goat anti-rabbit IgG-HRP (Sigma A9169) and goat anti-
mouse IgG-HRP (Santa Cruz sc-2031). (iii) Detection. The chemilumines-
cence was detected using the Image Quant LAS 500 (GE Healthcare Life
Sciences).

Immunofluorescence assay

Immunofluorescence imaging was performed to determine the expres-
sion of the proliferative marker Ki67 of treated melanoma cells for 48 h
and controls. Cells were fixed with fixation solution (2% formaldehyde -
0,2% glutaraldehyde) for 10 min. For immunostaining, the cells were
permeabilized for 30min in 0.1% Triton X–100 and incubated for 1h
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with a blocking solution containing 1% BSA, 0.1% Triton X–100 and
0.3M glycine in PBS. After overnight incubation with primary antibody so-
lution (Ki67, Abcam 15580; γH2AX, 11174 Abcam) at 4°C, the secondary
antibody (1:1000, Abcam 150077) was added for 1 h at room temperature.
To counterstain the nuclei, the coverslips were mounted with Fluoroshield
Mounting Medium with DAPI (Abcam 104139). The images were acquired
with a Nikon Eclipse™ TE2000-5 inverted fluorescence microscope and
photographed with a Nikon DS-Fi1 digital camera at 400 magnification.
The objective used was Nikon Plan Fluor ELWD 40× Ph2 DM.

Measurement of cellular production of reactive oxygen species (ROS) (i.e. intra-
cellular oxidants) and mitochondrial membrane potential

After treatments, cells were harvested and incubated with 0.5 μM 2′,7′-
dichlorodihydrofluorescein diacetate (DCF, Invitrogen) and 50 nM
tetramethylrhodamine, methyl ester (TMRM, Invitrogen) in DMEM-F12
medium without FBS for 30 min. Then, cells were subjected to multiple-
channel flow cytometry on a PARTEC PASS III at the Flow Cytometry Facil-
ity of the IDEHU (Instituto de Estudios de la Inmunidad Humoral, Buenos
Aires, Argentina). The final data were analyzed using the Flowing software
(2.5.1, Finland) and the medium intensity of fluorescence was calculated
(Geometric Mean: Gm).

Determination of granularity or internal complexity of melanoma cells

The cell complexity of control untreated cells was analyzed by physical
parameter by flow cytometry. Side scatter is a measure of the cell refractive
index that depends on the cell granularity or internal complexity.

Bromodeoxyuridine labeling

Cells were grown and labeledwith a thymidine analog BrdU for 48 h to-
gether with treatments. The complete medium of monolayer was replaced
with medium containing 40 μM 5-Bromo-2′-deoxyuridine (Sigma), 5 μM
uridine (Sigma) and 0.4 μM 5-fluoro-2′-deoxyuridine (Sigma). After treat-
ments, the cells were fixed with fixation solution (2% formaldehyde -
0,2% glutaraldehyde) for 10 min. Then, samples were digested by Hind
lll on React 2 buffer (Gibco) and Eco Rl on SH buffer (Sigma) for 1 h to cre-
ate single-stranded regions in the DNA and to expose the incorporation of
BrdU to the monoclonal mouse antibody [36]. After this, the samples
were finished as previously described in a conventional immunofluores-
cence assay. Results are expressed as an index of BrdU positive nuclei rela-
tive to total number of nuclei.

Annexin V/propidium iodide labeling

The binding of annexin V to externalized phosphatidylserine was used
as a measurement of the number of apoptotic cells with an FITC Annexin
V Apoptosis Detection Kit II (BD Biosciences) according to the manufactur-
er's instructions. The samples were analyzed by flow cytometry as previ-
ously described and the results are presented as the percentage of cells
that were viable (Annexin V and PI negative), early apoptotic (Annexin V
positive but PI negative), late apoptotic (Annexin V and PI positive) or ne-
crotic cells (Annexin V negative and PI positive).

Acridine orange/ethidium bromide staining

Melanoma cells treated for 72 h were incubated with acridine orange
(10 μg/mL, green) and ethidium bromide (10 μg/mL, red) for 1 min and
staining was evaluated by epifluorescent microscopy (Nikon Eclipse™
E400 fluorescence microscope and photographed with a Nikon Coolpix®
995 digital camera at 400 magnification, objective: Plan Fluor 40× DIC
M). The co-localization of both stains indicates late apoptotic or necrotic
events (orange/red).
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Determination of enzyme activity

Cells were suspended in culture medium and the suspension was frozen
at −20 °C until use (maximum two months). The frozen suspensions were
sonicated at 100 W in 50% cycle at 4 °C using a VibraCell sonicator model
600 W (Sonics &Materials Inc., Newton, USA) for 4 min. After centrifuga-
tion of the homogenate (10,000 ×g, 20 min, 4 °C), the supernatants were
collected and maintained at 4 °C during enzyme assays. Enzyme activity
was measured in a Shimadzu spectrophotometer model UV-160 (Shimadzu
Corporation, Tokyo, Japan). The protocols described by Kitto (1969) and
Alp (1976) were used for the determination of malate dehydrogenase activ-
ity and NADP dependent isocitrate dehydrogenase activity, respectively.
NADP dependent malate dehydrogenase activity was measured according
to Brook's (1978) protocol [37,38]. Glucose 6-P dehydrogenase activity
was determined with Kornberg and Horecker assays (1955).

Statistics

All experiments were performed at least in triplicate and data are
expressed as the mean ± SEM. Differences between groups were analyzed
with one- or two-way ANOVA followed by multiple comparisons Tukey's
test. p < .05 was established as significant. Analyses were made using
INFOSTAT free edition and GraphPad Prism 6 software (GraphPad Soft-
ware Inc., USA).

Results

6-AN potentiated the cytotoxic effects of metformin

The inhibition of glycolysis, the main glucose metabolism pathway, is
known to potentiate the effect of metformin (MET) [25,39,40]. Since glu-
cose is also highly metabolized by the PPP, we investigated whether the in-
hibition of G6PDH, the key enzyme of the PPP, could sensitize melanoma
cells to MET. Eight human melanoma cell lines were treated with 5 mM
of MET, 50 μM of 6-AN, or a combination of both (MET/6-AN). After five
days of treatment, the effect was visualized by crystal violet (CV) staining.
The viability of all the melanoma cell lines evaluated was highly affected
by the combination of MET/6-AN that showed almost negative CV staining
(Fig. 1A). This effect was even observed in the M8 cell line, whose viability
was not affected by the individual treatments. Since spheroids better resem-
ble the tumor architecture, we further evaluated the effect ofMET/6-AN on
melanoma cells growing as multicellular spheroids. After 14 days of treat-
ment, MET/6-AN combination was also effective in decreasing spheroids
size and disaggregating them (Fig. 1B).

To further evaluate this combinatory strategy, we incubated melanoma
cells with a fixed concentration of 6-AN (50 μM) and variable concentra-
tions of MET (0.1–10 mM). After five days of treatment, 1 mM MET was
enough to significantly potentiate the effect of 6-AN in five out of the
eight melanoma cell lines evaluated (62.5%, p < .05; hM1, hM2, hM9,
hM10 and SB2), whereas 2.5 mM MET was necessary for the other three
cell lines (hM4, M8 and A375) (Fig. 1C). The significant changes in the
IC50s values (p < .05, Fig. 1D) demonstrated that 6-AN improved the
in vitro potency of MET.

Next, we used two different software applications to analyze the extent
of the combinatory effect of MET/6-AN. The Combination Index (CI) de-
scribed by Chou-Talalay was determined by using CompuSyn software.
We found thatMET and 6-AN combination resulted in a CI<1 thus indicat-
ing a synergist effect for all the evaluated cell lines (A375, hM1 and hM4).
This result was also depicted by Loewe curves from Combenefit software,
where blue areas show synergistic combinations as it is shown in Fig. 1E.

MET/6-AN treatment decreased the proliferation index of melanoma cells

Aggressive melanomas are characterized by a high proliferation index.
Thus, we next evaluated Ki67 nuclei by labeling A375, hM1 and hM4 mel-
anoma cells after 48 h of treatments. We found no significant differences
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between controls and any of the MET-treated cell lines evaluated
(Fig. 2A). In addition, inhibition of G6PDH by 6-AN only decreased the
Ki67 rate of the highly sensitive hM1 melanoma cell line from 0.73 to
0.65 (Fig. 2A, p < .05), without affecting the other cell lines. Notably,
the proliferation index was affected by MET/6-AN combination in all cell
lines as shown by the decrease in the number of positive nuclei (white ar-
rows) (Fig. 2A). The quantification of Ki67-positive nuclei indicated that
hM1 presented a highly antiproliferative response towards MET/6-AN
combination, with an almost complete decrease in the Ki67 rate from
0.73 to 0.1 (~90%, Fig. 2B, p < .01). Consistently, the western blotting
assay showed a mildly decrease in the proliferating cell nuclear antigen
(PCNA) content caused by the MET/6-AN treatment, in hM1 (Fig. 2B, p
< .05). Then, we further investigated the proliferation capacity of hM1
cells by the bromodeoxyuridine (BrdU) incorporation rate. In agreement
with the results of Ki67 and PCNA, the proliferation capacity of hM1 was
affected both by 6-AN and MET/6-AN combination, to a higher extent
(Fig. 2C).

MET/6-AN increased late apoptotic/necrotic events

Once we had demonstrated that the MET/6-AN combinatory approach
decreased the proliferation index, wemoved one step forward and used the
double staining acridine orange/ethidium bromide (AO/EB) to allow the
observation of apoptotic/necrotic events. The cell membrane is permeable
to acridine orange (green) whereas ethidium bromide (red) enters only in
late apoptotic or necrotic cells. After 72 h of treatments, A375, hM1 and
hM4 control cells or treated with 6-AN mostly appeared as green-stained
healthy cells (Fig. 3A). In contrast, MET and MET/6-AN treatments in-
creased the number of late apoptotic/necrotic cells as evidenced by the in-
crease in the number of red-stained nuclei and apoptotic bodies (white and
dashed arrows respectively). Interestingly,whereas red nuclei staining after
MET treatment as single agent appeared among apparently green healthy
cells, after the MET/6-AN combination, red nuclei appeared among notori-
ously affected (shrinkage and blebbing) remaining cells. To quantify this
process, melanoma cells were analyzed by Flow cytometry for binding of
annexin V to exteriorized phosphatidylserine. MET/6-AN increased the
number of double-stained positive cells either highly (3- to 4-fold in A375
and hM1, respectively) or mildly (hM4), thus denoting an increase in the
number of late apoptotic events (Fig. 3B). We found no significant increase
in annexin V exposure after MET or 6-AN as monotherapies in any of the
cell lines evaluated.

Next, necrosis was also evaluated by propidium iodide (PI) uptake. hM1
and A375 cell lines exhibited a loss of membrane integrity denoted by an
increase in PI uptake after 48 h of treatment with MET and MET/6-AN.
These results were accompanied by an increase in the number of subG0
events after MET/6-AN treatment in A375 and hM1 but not in hM4
(Fig. 3C).

Finally, we also found an increase in cleaved Poly-(ADP-ribose) poly-
merase, a proapoptotic protein, after MET and MET/6-AN treatment com-
pared to control, especially in hM1 melanoma cells (Fig. 3D).

Effects of MET/6-AN on metabolic parameters

To understandwhichmechanismswere underlying the antiproliferative
and cytotoxic effects of MET/6-AN, we further investigate whether this
combination was affecting glucose consumption and lactate production,
both of which are particularly exacerbated in cancer cells.

Independently of cell sensitiveness, the color of the cell culture medium
suggested that 6-AN and MET/6-AN decreased extracellular acidification,
whereas MET increased (Fig. 4A). In agreement, we found that 6-AN signif-
icantly decreased the presence of lactate in the supernatant of all cell lines
(Fig. 4B, gray bars), whereas MET significantly increased in hM4 superna-
tant (Fig. 4B, black bars). The effect of 6-AN was abolished by the presence
of MET in A375 and hM4 but not in hM1, where MET/6-AN combination
also decreased the concentration of lactate in the supernatant (Fig. 4B,
white bars). In addition, the concentration of glucose in the extracellular



Fig. 1. Cytotoxic effect of the combination ofmetformin and 6-aminonicotinamide on eight malignant melanoma cell lines. (A)Melanoma cells were treated with metformin
(MET, 5mM), 6-aminonicotinamide (6-AN, 50 μM) or a combination of bothMET/6-AN (5mM/50 μM). After 5 days of treatment, control and treated cells were subjected to
crystal violet staining. (B)Multicellularmelanoma spheroids after 14 days of treatment (40magnification). (C)Melanoma cells were treatedwith increasing concentrations of
metformin (1; 2.5; 5; 10mM)with orwithout the addition of 6-AN 50 μM for 5 days. After that, cell viability was determined by APH. Results are expressed as a percentage of
cell viability from control cells as means ± SEM of three independent experiments. Statistical analysis was performed with two-way ANOVA using Tukey's multiple
comparisons test to calculate significance (*p < .05, **p < .01 and ***p < .001). (D) The half maximal inhibitory concentration (IC50) of each curve were calculated.
Statistical analysis was performed with the extra sum-of-squares F test to compare if IC50 was different for each data set (***p < .001). (E) Mapped-surface of Loewe
from Combenefit software analysis of MET and 6-AN combinations. The concentrations of each drug are plotted along the horizontal axes, while the percentage of cells
viability is plotted on the vertical axis. A heat map represents the level of synergy (blue color) at each concentration.
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medium was higher, thus indicating less consumption, than control cells
after 6-AN and MET/6-AN treatment in the supernatant of hM1 and
A375, but not in that of hM4 (Fig. 4C). We found comparable results at ex-
tracellular glucose concentration when referring glucose values to the num-
ber of viable cells (Supplementary Fig. S1). In addition, we found also
comparable results by referring lactate values to the number of viable
cells except for MET/6-AN treatment. This effect may be explained by the
fact that we measured the accumulative lactate. As this metabolite was
not present in the fresh medium, we hypothesize that during MET/6-AN
treatment lactate production was almost zero. As Met/6-AN decreased
cell viability, by referring this to viable cells, we increased the value of lac-
tate evenwhen its production was not augmented (Supplementary Fig. S1).
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We further investigated whether the glucose transporter GLUT1 was
being modulated by MET and/or 6-AN treatment. We found that the treat-
ment with 6-AN alone (A375 and hM1) or in combination with MET (hM1)
produced an increase in GLUT1 content. Notably, hM4 presented consider-
ably less GLUT1 content than A375 and hM1 cells, without considerable
changes after the treatments (Fig. 4D).

MET/6-AN increased intracellular oxidants and depolarized mitochondria

One of the most important roles of G6PDH (as the main enzyme of PPP)
is to restitute the concentration of glutathione (the most abundant soluble
antioxidant) from glutathione disulfide by the activity of the enzyme



Fig. 2. Decrease in the proliferative index, cells in S phase and PCNA expression after MET/6-AN treatment. Melanoma cells were treated with metformin (MET, 5 mM), 6-
aminonicotinamide (6-AN, 50 μM) or a combination of both (MET/6-AN). After 48 h of treatment, nuclei were stainedwith DAPI and immuno-stained with (A) amonoclonal
antiKi67 antibody to evaluate the proliferation index or (B) a monoclonal antiBrdU antibody to determine the number of cells in S phase. Images were obtained at 400
magnification. Results are expressed as means ± SEM of three independent experiments. Statistical analysis (A and B) was performed with one-way ANOVA using
Tukey's multiple comparisons test to calculate significance (*p < .05, **p < .01 and ***p < .001 respect to control treated with PBS, ○○○p < .001 respect to MET
5mM and●●●p< .001 respect to 6-AN 50 μM). (C) Representative immunoblot analysis showing the level of PCNA after 48 h treatment of two independent experiments.
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glutathione reductase and NADPH as a cofactor. Thus, after the inhibition
of G6PDH, we expected an increase in the levels of intracellular oxidants.
However, 6-AN as single agent was not enough to significantly increase
the levels of intracellular oxidants (Fig. 5A, gray bars). A similar situation
5

was observed after MET treatment in all cell lines. In contrast, the MET/
6-AN combination increased the levels of intracellular oxidants at 48 h in
A375 and hM1, with a maximum increase after 72 h as observed by the
shift to the right of the green fluorescent abscissa (FL1) and by the



Fig. 3. Apoptosis/necrosis induced by MET/6-AN treatment. Melanoma cells were treated with metformin (MET, 5 mM), 6-aminonicotinamide (6-AN, 50 μM) or a
combination of both (MET/6-AN). (A) After 72 h of treatments, non-fixed cells were incubated with acridine orange/ethidium bromide (AO/EB) to be evaluated by
epifluorescence microscopy. The arrows on the representative images of AO/EB staining indicate the co-localization of both stains showing late apoptotic or necrotic
events (orange/red). (B) After 48 h treatment, Annexin V antibody and propidium iodide (PI, 5 μg/mL) label was detected by flow cytometry as described in M&M.
Results are expressed as dot plot graph and stacked bar chart with means of three independent experiments. (C) After 48 h treatment, the SubG0 population was
determined. Results are expressed as means ± SEM of two independent experiments. Statistical analysis was performed with one-way ANOVA using Tukey's multiple
comparisons test to calculate significance (*p < .05 and ***p < .001 respect to control treated with PBS, ○○○p < .001 respect to MET 5 mM and ●●●p < .001
respect to 6-AN 50 μM). (D) Representative image of Poly (ADP-ribose) polymerase-1 (PARP1) expression after 48 h of treatments. Values refer to the relative density of
cleaved PARP with the respective β-actin. Results are expressed as means ± SEM of two independent experiments.
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quantification of DCF cell content (by Flow cytometry) from at least four
independent experiments (Fig. 5A). Conversely, hM4 cells did not show
an increase in the levels of intracellular oxidants after the treatments
(Fig. 5A).

Since mitochondria are one of the main sources of intracellular oxidants
and mitochondria depolarization could be involved in melanoma cell
death, we next studied the integrity of the mitochondrial potential after the
treatments. We found that MET did not affect the mitochondrial potential
6

of melanoma cells as monotherapy at any time. Interestingly, the mitochon-
drial potential of A375 remaining cells was significantly increased 72 h
after the 6-AN and MET/6-AN treatment (Fig. 5B). On the other hand, hM1
cells presented an early depolarization at 24 h after theMET/6-AN treatment,
which was not overcome at any of the times evaluated (Fig. 5B). Finally, the
mitochondrial potential of hM4 was not significantly affected by the treat-
ments (Fig. 5B). Nevertheless,MET/6-AN treatment tended to cause earlymi-
tochondrial depolarization in all cell lines.



Fig. 4.Modulation of glycolytic parameters byMET, 6-AN or the combination of both. Melanoma cells were treated with metformin (MET, 5 mM), 6 aminonicotinamide (6-
AN, 50 μM) or a combination of both MET/6-AN (5 mM/50 μM). After 48 h of treatment, control and treated cells were subjected to determination of extracellular: (A) pH,
(B) lactate and (C) glucose. Results are expressed relative to control cells as means ± SEM of three independent experiments. Statistical analysis (A, B and C) was performed
with one-way ANOVA using Tukey's multiple comparisons test to calculate significance (*p< .05, **p< .01 and ***p< .001 respect to control treatedwith PBS,○○○p<
.001 respect toMET 5mMand●●●p< .001 respect to 6-AN 50 μM). (D) Representative image of the expression of glucose transporter 1 (Glut1). Values refer to the relative
density of Glut1 with the respective β-actin of three independent experiments.
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During the flow cytometry assays, wewere also able to observe changes
in cell complexity. Interestingly, we found that not onlyMET/6-AN but also
6-AN as single agent significantly increased cell complexity at 24 h, with a
maximum of effect at 72 h, being the magnitude of the effect of the combi-
nation higher than that of 6-AN as a single agent (Fig. 5C). In addition, hM4
did not increase its intracellular complexity at any time with any treatment,
in concordance with the results regarding the levels of its mitochondrial
and intracellular oxidants.

Metformin and 6-AN inhibitor increased the activity of NADPH producing
enzymes

As cell reductive power should be accurately maintained to normal cell
function, we hypothesized that other NADPH enzymatic sources may be in-
creasing their activities in order to compensate G6PDH inhibition by 6-AN.
Effectively, 6-AN treatment for 48 h increased the activity of NADP-
dependent Malic Enzyme (ME(NADP), 4-fold, p < .001) and Isocitrate De-
hydrogenase IDH enzyme (20-fold, p < .001) (Fig. 6A).Most interestingly,
MET and MET/6-AN treatment also increased (NADP-dependent) IDH ac-
tivity (10-fold and 5-fold, p< .01 and p< .05, respectively). Furthermore,
MET, 6-AN or the combination of MET/6-AN drastically increased NAD de-
pendent ME (ME(NAD), ~100-fold, p < .001).

Since MET and 6-AN were probably affecting NADPH content, we ex-
plored whether NADPH supply could reverse or at least diminish the cyto-
toxic effect of its combination. Interestingly, we found that 50 μM NADPH
was able to significantly reverseMET/6-AN effect on hM4 (Fig. 6C) but not
in A375 nor hM1 cells. Additionally, 50 μM NADH or the combination of
both, NADPH/NADH (50 μM/50 μM) was also able to produce this inhibi-
tory effect only in hM4. Since transportation of NADPH and NADH across
cell membrane remains controversial [41], we investigated the addition
of nicotinamide (NAM), a soluble precursor of its synthesis by the savage
pathway. Irrespectively of the cell line, NAM (5 mM) reversed MET/6-AN
(p < .001). Interestingly, the effect of MET/6-AN was reduced up to the
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effect of MET alone. Moreover, 6-AN but not MET cytotoxic effect was
completely reversed by NAM in hM1 (Fig. 6C).
Discussion

In agreement with previous studies [5,9,42,43], our results support the
idea of bioenergetic modulation as an emerging strategy to treat cancer. In
this aspect, Arbe et al., 2017, and other groups have published exciting re-
sults about the synergistic combination of MET and 2-deoxyglucose (2DG),
a glucose analogous, on felinemammary carcinoma cells and awide variety
of different tumor cells, respectively [25,39,40]. However, only two (hM4
and hM9) out of eight human melanoma cells (25%) have shown a signifi-
cant potentiation after MET and 2DG combination (data not shown, manu-
script in progress). Remarkably, those cells were considered highly
sensitive to glycolysis inhibition by 2DG. In contrast, we didfind a synergis-
tic effect on eight out of eight melanoma cell lines (100% effectiveness,
Fig. 1) by combining MET with 6-AN, an inhibitor of G6PDH [44–46],
the first and limiting enzyme of the PPP, irrespectively of the response of
the monotherapies. These results propose a common or an interrelated
mechanism between MET signaling and the PPP, suggesting NADPH as
one of the molecules involved. Consistent with our results, down-
regulation of ME, another NADPH producing enzyme, increased MET re-
sponse in HNSCC [47]. The PPP is the second most important fate of intra-
cellular glucose after glycolysis, and supplies the requirement of anabolic
precursors [7,8]. Another aspect to take into consideration should be the
fact that G6PDH inhibition induces an increase in its substrate G6P,
which in turn, inhibits hexokinase, a key enzyme of glycolysis. This effect
could explain the decrease observed in lactate production and glucose con-
sumption after 6-AN treatment of melanoma cells (Fig. 4B). In contrast,
MET increased lactate production in hM4 and this effect was not prevented
by the addition of 6-AN. We hypothesized that these different behaviors
among melanoma cell lines may be related to their differences in glycolysis



Fig. 5. Intracellular oxidants, mitochondrial potential and cell complexity after treatment with MET, 6-AN or the combination of both. Melanoma cells were treated with
metformin (MET, 5 mM), 6-aminonicotinamide (6-AN, 50 μM) or a combination of both (MET/6-AN). After 24, 48, or 72 h of treatment, cells were incubated with
(A) DCF (2′,7′-dichlorodihydrofluorescein diacetate, intracellular oxidants) for 20 min, (B) TMRM (tetramethylrhodamine, methyl ester mitochondrial membrane
potential) for 30 min and evaluated by flow cytometry as described in M&M. (C) Cell complexity was determined from the physical parameter SSC (Side scatter) on a dot
plot graph. From each label or SSC, a representative overlay histogram is shown at 48 h of treatment. Results are expressed as means ± SEM of three independent
experiments. Statistical analysis was performed with one-way ANOVA using Tukey's multiple comparisons test to calculate significance (*p < .05, **p < .01 and ***p <
.001 respect to control treated with PBS,○○○p < .001 respect to MET 5 mM and ●●●p < .001 respect to 6-AN 50 μM).
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dependence, being hM4 less glycolytic than hM1 and A375 as suggested by
our compelling results (unpublished data, manuscript in progress).

During MET/6-AN treatment but not MET alone, A375 and hM1 cells
increased the production of reactive oxygen species (ROS) within the first
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48 h. Accordingly with Choi et al., 2014 metformin as monotherapy signif-
icantly increases ROS and decreases GSH levels during glucose deprivation
[26]. We hypothesized that 6-AN not only may be mimicking a glucose-
free-like condition but also decreasing NADPH which in turn affects GSH



Fig. 6. Increased activity of NADPH producing enzymes byMET and 6-AN treatments. Melanoma cells were treated with metformin (MET, 5 mM), 6-aminonicotinamide (6-
AN, 50 μM) or a combination of both (MET/6-AN). After 48 h of treatment, cells were lysed, and enzyme activity was measured as described in M&M. (A) Results are
expressed as mean activity ± SEM of two independent experiments. Statistical analysis was performed with one-way ANOVA using Tukey's multiple comparisons test to
calculate significance (*p < .05, **p < .01 and ***p < .001 respect to control treated with PBS, ○○○p < .001 respect to MET 5 mM, ■■■p < .001 respect to MET/6-
AN). (B) Representative image of the effect of MET and 6-AN effect. (C) Melanoma cells were treated with metformin (MET, 5 mM), 6-aminonicotinamide (6-AN, 50 μM)
and a combination of both (MET/6-AN) with or without the addition of Nicotinamide Adenine Dinucleotide Phosphate Hydrate (NADPH, 50 μM). After 5 days of
treatment, control and treated cells were subjected to the acid phosphatase assay as described in M&M. Results are expressed as means ± SEM of four independent
experiments. Statistical analysis was performed with two-way ANOVA using Tukey's multiple comparisons test to calculate significance (***p < .001).
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levels and the antioxidant capacity even at high glucose condition (all the
experiments have been performed under high glucose condition). In accor-
dance, we found that MET and 6-AN increased IDH activity probably to ab-
rogate oxidative stress.Moreover, the inhibition of G6PDH, themain source
of NADPH, promoted both IDH (NADP-dependent) and ME (NADP-depen-
dent) activity increase (Fig. 6A and B). Probably, by means of these com-
pensatory activities, 6-AN-treated melanoma cells did not present ROS
increase (Fig. 4B). In contrast, the increase in the activities of IDH(NADP)
and ME(NADP) was not enough for reversing the reductive power impair-
ment displayed by MET, thus promoting almost 50% of A375 cells death.
This disability was even worst during MET/6-AN combination, thus pro-
moting over 80% of A375 cells death (Figs. 1, 6A and B). Oxidative stress
was accompanied by a hyperpolarization of the mitochondria in remaining
A375 cells probably in an attempt to resist cell death, as it has been previ-
ously reported to other antitumor therapies [49]. In contrast with A375,
the mitochondrial potential of hM1 significantly decreased and did not hy-
perpolarize during the time evaluated. Simultaneously, this effect was ac-
companied by an increase in intracellular complexity in both cell lines,
probably due to an autophagy process as previously described during the
combination of MET and 2DG by Arbe et al., 2017 [25] and others [40]. In-
deed, our preliminary results in canine and feline melanoma cells and
human glioblastoma cells also support this hypothesis (data not shown).
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Ki67 immunostaining and BrdUr assay allowed observing that MET/6-
AN decreased the proliferation index in all cell lines, especially in hM1,
where 6-AN had also a low but significant effect as a monotherapy
(Fig. 2). We also found that hM1 displayed a higher γH2AX immunostain-
ing than A375 (Supplementary Fig. S2). Among its different activities,
PARP may be displaying a protective role (as part of the DNA repair re-
sponse) during the cytotoxic effect of MET/6-AN, especially in hM1 cells,
where not only cleaved PARP but also its full-length protein was higher
than in the other tested cells (Fig. 3D). Furthermore, hM1 presented the
highest Annexin V positivity in agreement with the increase in cleaved
PARP levels (Fig. 3). On the other hand, MET/6-AN was also a cytotoxic
treatment that promoted both apoptotic and necrotic events (Figs. 2 and
3). However, flow cytometry analysis of cell death denoted a notorious in-
crease in late apoptotic but not in necrotic events. This indicates that cells
from AO/BET staining and those shown as SubG0 population (Fig. 5B red
and C respectively) were probably secondary to apoptotic processes. Taking
into account the differences between hM4 and the other twomelanoma cell
lines after MET/6-AN treatment in terms of ROS production, mitochondrial
potential and cell complexity, our results suggest that the particular behav-
ior of hM4 could be due to a less glycolytic phenotype as it has been sug-
gested above. Although this hypothesis remains to be fully investigated,
we found that hM4 presented less glucose consumption and GLUT1



Fig. 7. Suggested metabolic changes displayed by MET in combination with 6-AN. Inhibition of G6PDH enhances MET cytotoxicity probably through decreasing cell
reductive capacity. While MET alone increases glucose consumption and lactate production, MET/6-AN combination blocks this compensatory mechanism. In addition,
during MET treatment, the induction of IDH(NADP) activity favors to decrease oxidative stress. In contrast, MET/6-AN treated cells may not overcome redox imbalance
driving melanoma cells to increased apoptosis and necrosis.
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content, which were not altered by the 6-AN or MET/6-AN treatment
(Fig. 4C and D).

As it has been recently reviewed by Jaune and Rocchi [50], MET antitu-
mor activity is being extensively evaluated (more than 300 clinical trials,
ClinicalTrials.gov) in different types of cancer. Less is knownabout the ther-
apeutic opportunities of inhibiting the PPP [9].

Here, we demonstrate, for the first time, that G6PDH inhibition potenti-
ates MET cytotoxicity leading to increased apoptotic/necrotic events, de-
creased growth and survival of melanoma cells, accompanied by a redox
imbalance probably due to a large reductive power impairment (Fig. 7).
Ourwork suggests that G6PDH inhibition represents a potential therapeutic
strategy to potentiate MET antitumoral effects in melanoma.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tranon.2020.100842.
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