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ARTICLE INFO ABSTRACT

Keywords: Cancer growth requires high amount of nicotinamide adenine dinucleotide phosphate (NADPH)
Triple negative breast cancer to feed the anabolic reactions and preserve the redox balance. NADPH level is largely preserved
Glucose metabolism by the oxidative arm of the pentose phosphate pathway (PPP). Here, we show that prolonged
221]351{ glucose deprivation of triple negative breast cancer MDA-MB-231 cells decreases proliferation
H6PD rate, promotes hexose funneling to glycolysis hampering the PPP. The impairment in PPP activity

Pentose phosphate pathway and the consequent NADPH depletion are partially counterbalanced by enhancing the malic

Redox stress enzyme-1 catalyzed conversion of glutamine-derived malate to pyruvate. However, the use of
these glucose-independent carbons implies the integrity of the two PPPs represented in all
eukaryotic cells, i.e., the well-recognized cytosolic PPP, triggered by glucose-6-phosphate dehy-
drogenase (G6PD) and its reticular counterpart, triggered by hexose-6P-dehydrogenase (H6PD).
This evidence configures the reticular PPP as a mandatory player in the regeneration of NADPH
reductive power by cancer cells.

1. Introduction

The metabolic hallmark of cancer is a shift towards lactate fermentation despite normal oxygen tension [1,2]. The high ATP
requirement associated with cell proliferation combined with the low efficiency of this “Warburg effect” implies a high glycolytic flux
[3] and could therefore limit the availability of hexose to the pentose phosphate pathway (PPP), especially in the harsh tumor
microenvironment.

Nevertheless, the high proliferation rate of cancer cells implies a high demand of NADPH levels for bio-reductive synthesis of
nucleic acids and cell membranes [4]. Indeed, the reduction of ribonucleotides to deoxyribonucleotides requires 0.1 pmol NADPH/cell
per division [4,5]. Similarly, the synthesis of one molecule of palmitic acid (the main component of cell membranes) requires 14
NADPH and only 7 ATP. The same NADPH is the main determinant of glutathione-dependent pathways that regulate intracellular
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redox status to prevent the activation of apoptotic pathways induced by the production of reactive oxygen species (ROS), which are
typical of proliferating cells [6]. Accordingly, PPP is a crucial regulator of cancer cell proliferation, being both the main supplier of
NADPH reducing power and virtually the only generator of ribose-5P required for nucleic acid synthesis [6,7]. In this study, we
therefore wanted to test whether prolonged glucose deprivation is followed by a different response of glycolysis and PPP in the triple
negative breast cancer cell line MDA-MB-231. In addition to well-recognized cytosolic arm triggered by glucose-6P-dehydrogenase
(G6PD), we extended our investigation to another PPP confined within the endoplasmic reticulum (ER) and triggered by
hexose-6-phosphate dehydrogenase (H6PD) [8], whose function in the capacity of cancer cells to proliferate and migrate has been
documented by various laboratories [9-11].

2. Methods
2.1. Cell culture

MDA-MB-231 cells were obtained from ATCC (LGC Standards Srl, Milan, Italy) and cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, Los Angeles, CA USA) with 10 % FBS, 25 mM glucose, 2 mM glutamine, 1 mM pyruvate, 1 % penicillin-streptomycin
(Gibco, Grand Island, NY, USA), at 37 °C with 5 % CO,. Experiments were performed in DMEM medium (plus all other above sup-
plementations) with 25 mM glucose (control, HG) or only 2.5 mM glucose (LG). After 48 h, cells were harvested for the analysis.

2.2. Cell viability, cell culture growth and cell cycle analysis

Trypan blue-negative cells were counted to measure the cell growth. Cells were stained with 1 pg/ml propidium iodide (PI) (Enzo
Life Sciences) and analyzed by FACScan Flow Cytometer (Becton Dickinson, Milan, Italy) to evaluate viability. Flow-cytometric
measurements of DNA content were performed for cell cycle analysis. Cells were permeabilized with 0.05 % Triton X-100, stained
20 min with 30 pg/ml PI plus 0.5 mg/ml RNase, and measured on a FACSCalibur flow cytometer (BD Biosciences, San Diego, CA).
Histograms of DNA content in at least 10 thousand cells provided by the same instrument were used to estimate cell cycle phase
distribution. For all analyses, we used the FlowJo software (Version 10.8.1, Becton-Dickinson). Supplementary Fig. 1 reports repre-
sentative gating images of flow cytometry analysis.

2.3. Seahorse analysis

Seahorse XFp Extracellular Flux Analyzer (Agilent Technologies) was used to determine the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR). Cells (4,000 cells/well in XFp plates) were cultured in HG medium; after their adhesion, the
medium was replaced with either HG or LG medium for 48 h. Thereafter Seahorse evaluation was performed according to the man-
ufacturer’s instructions. OCR and ECAR were measured both at baseline and following injections of the ATP-synthase inhibitor Oli-
gomycin A (1.5 pM), the ATP synthesis uncoupler carbonyl cyanide-4-trifluoromethoxyphenylhydrazone (FCCP, 1.25 pM) and the
Complex I + Complex III inhibitors (rotenone + antimycin A, 0.5 pM). Normalization for cell number was performed by crystal violet
staining [12].

Proton efflux rate (PER) was calculated with WAVE software (Version 2.4, Agilent) using ECAR data and the buffer factor of HG and
LG DMEM. PER value (picomol H*x min~!/million cells) was transformed in nanomoles of glucose used through glycolysis (nanomoles
x min~!/million cells) by the equation: Glucose + 2 ADP + 2 Pi — 2 Lactate + 2 ATP + 2H,0 + 2 H*.

2.4. Enzymatic assays

NADP/NADPH ratio and total antioxidant capacity were assessed by a dedicated Kits (ab65349, Abcam, Cambridge, UK and
MAK187, Sigma, St. Louis, MO, USA), following the manufacturer’s instructions. Thiobarbituric acid reactive substances assay was
used to evaluate Malondialdehyde levels [11,13]. Normalization was performed for the total protein concentrations.

2.5. Spectrophotometric assays

Spectrophometric assays were used to quantify the levels of glucose, lactate, pyruvate, ATP and LDH activity in cell lysates (20 pg)
and lactate released in the supernatants. The samples were analyzed following the reduction of NADP (glucose and ATP) and NAD+
(lactate and pyruvate) or NADH oxidation (LDH) at 340 nm. Following solutions were used: Tris-HCl pH7.4 100 mM, MgCI2 0.2 mM,
ATP 2 mM, purified hexokinase plus G6PD (Sigma-Aldrich) (glucose assay); Tris-HCl-pH7.4 100 mM, NAD+ 5 mM, 4 IU of LDH
(Sigma-Aldrich) (lactate detection) [14]; Tris-HCl pH7.4 100 mM, pyruvate 5 mM and NAD+ 0.2 mM (LDH activity) [13]; 50 mM Tris
HCl pH 8.0, 1 mM NADP, 10 mM MgCl2, and 5 mM glucose before and after the addition of 4 pg of purified hexokinase and G6PD (ATP
quantification) [15]. Samples were analyzed spectrophotometrically at 340 nm and were normalized based on total protein content
[14].

2.6. Western blot analysis

Cells were lysed in RIPA buffer with protease inhibitors. Western blotting was performed as described previously [14] and the
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following antibodies were used: anti-H6PD (#ab170895, Abcam, Cambridge, UK), anti-G6PD (#ab124738, Abcam, Cambridge, UK),
anti-MCT1 (#76508S, Cell Signaling Technology, Danvers, MA, USA), anti-phospho-PFKFB3 (Ser461) (#PA5-114619, Thermo Fisher
Scientific, Waltham, MA, USA), anti- PFKFB3 (#MA5-32766, Thermo Fisher Scientific, Waltham, MA, USA), and anti-p-actin
(#15G5A11/E2, Thermo Fisher Scientific, Waltham, MO, USA) or GAPDH (Novus biologicals, Bio-Techne, Minneapolis, USA) as the
loading control. HRP—conjugated secondary antibodies were employed (Sigma-Aldrich, St. Louis, USA, 1:10,000 in PBS +0.15 %
tween) and developed by an enhanced chemiluminescence substrate (ECL, Bio-Rad, Hercules, USA). Chemiluminescence system
(Alliance 6.7 WL 20M, UVITEC, Cambridge, UK) and UV1D software (UVITEC, Cambridge, UK) were used for detection and analysis.

2.7. Transfection assay
Cells were transfected with 30 pmol siRNA and 9 pL Lipofectamine RNAiIMAX (Thermo Fisher Scientific) in 6-well plates (200.000
cells/well). G6PD-siRNA (Silencer Select ID s5447, Thermo Fisher Scientific), H6PD-siRNA (Silencer ID s97551, Thermo Fisher Sci-

entific) or Silencer Select Negative Control #2-siRNA (Thermo Fisher Scientific) were used. After 24 h the cells were reseeded in 24
well plates or Seahorse XFp plates and incubated 24 h in the same conditioned medium.

2.8. Real-time polymerase chain reaction

Total RNA was isolated with Quick RNA Miniprep Plus kit (Zymo Research) and cDNA synthesis was performed using SensiFAST
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Fig. 1. Proliferation rate and metabolic response to glucose depletion. (A) Cell numbers of MDA-MB-231in HG (blue) or LG (orange) medium (n =
3). (B) Percent of cell cycle phase in HG (blue) or LG (orange) medium: G1 phase (empty column), S phase (dashed column) (n = 3). (C) Percent of
PI" cells in MDA-MB-231cultured under HG (blue) or LG (orange) condition. (D and E) Medium glucose concentration (n = 3) (D) and % of glucose
uptake (n = 3) (E) in HG and LG cultures after 48 h incubation. (F-J) Lactate release (n = 3) (F), lactate release/glucose consumption ratio (n = 3)
(G), intracellular pyruvate (n = 3) (H), lactate content (n = 3) (I) and extra/intra lactate ratio (n = 3) (J) in MDA-MB-231 cultured in HG (blue) or
LG (orange) medium. (K) Densitometric analyses (left) and a representative Western blot (right) of MCT1, PFKfb3 and pPFKfb3 normalized versus
B-Actin in HG or LG medium (n = 3). (L) Instantaneous glycolytic flux of HG (blue) or LG (orange) cultures. (M and N) LDH activity (n = 3) (M) and
ratio between lactate and pyruvate (n = 3) (N) under HG (blue) or LG (orange) condition. Data are represented as mean + SD. * = p < 0.05; ** = p
< 0.01; *** = p < 0.001; **** = p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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cDNA Synthesis KIT (Bioline, Aurogene). G6PD, H6PD and ME1 genes were quantified in RT-PCR using Sensi FAST SYBR (Bioline).
Gene expressions were analyzed with Q-Gene program and normalized to hypoxanthine-guanine phosophoribosyltransferase (HPRT)
[16]. Specific primers designed by PRIMER 3 software and purchased from TIB MOLBIOL (Genoa, Italy) were used: G6PD: forward
5'-GGCAACAGATACAAGAACGTGA -3, reverse 5'-GCCTCGGCTGCCATAAAT -3'; H6PD: forward 5-GGACCATTACTTAGGCAAGCAG-3'
reverse 5-CAGCATCCACGGTCTCTTTC-3} ME 1: forward 5’ GGATTGCACACCTGATTGTG-3' reverse
5 -TCTTCATGTTCATGGGCAAA-3'; HPRT: forward 5CCTGGCGTCGTGATTAGTG-3, reverse 5-~ACACCCTTTCCAAATCCTCAG-3'.

2.9. Metabolites extraction

MDA-MB-231 cells were seeded in 6well plates, washed with NaCl 0.9 % followed by 500 pl of ice-cold 70:30 acetonitrile:water.
Cells were put 10min at —80 °C, collected by scraping and sonicated 5 s for 5 pulses at 70 % power twice. Cell lysate was centrifuged at
12000g for 10 min and supernatant was collected in a glass insert and dried in a centrifugal vacuum concentrator (Concentrator plus/
Vacufuge plus, Eppendorf) at 30 °C for 2.5 h. Before analysis, 150 pl of H,O was added to the samples.

2.10. Liquid chromatography with tandem mass spectrometry metabolic profiling

The Agilent 1290 Infinity Ultra High Performance LC (UHPLC) system, along with an InfintyLab Poroshell 120 PFP column (2.1 x
100 mm, 2.7 pm; Agilent Technologies), were utilized in liquid chromatography with tandem mass spectrometry (LC-MS). The system
was completed with an electrospray Dual JetStream source that operated in negative mode and a quadrupole-time of flight hybrid mass
spectrometer (Agilent 6550 iFunnel Q-TOF). The MassHunter ProFinder (Agilent) was utilized to analyze and perform isotopic natural
abundance correction on the data, which were normalized based on protein content. The data were obtained from m/z 60-1050 [17].

2.11. Statistical analysis

The data, derived from at least three independent experiments, are displayed as mean + SD. When there were only two conditions
being tested, the t-test was used for statistical analysis; otherwise, one-way analysis of variance (ANOVA) was used, and the multiple
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Fig. 2. Effect of partial glucose depletion on Oxygen usage, energy asset and redox stress. (A) Total OCR in MDA-MB-231 cells under HG (blue) or
LG (orange) condition: ATP-dependent (empty column) and -independent (dashed column) OCR (n = 3). (B) Maximal and mitochondrial (Mito)-
independent OCR under HG (blue) or LG (orange) condition (n = 3). (C-F) ATP intracellular concentration (n = 3) (C), malondialdehyde levels (n =
4) (D), NADPH/NADP ratio (n = 3) (E) and total antioxidant capacity (n = 3) (trolox, F) in HG (blue) or LG (orange) condition. Data are represented
as mean + SD. ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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comparison tool was used to find significant differences across all conditions. GraphPad Prism 9 were used for statistical analyses
(GraphPad, San Diego, CA, USA) and p values < 0.05 was considered statistically significant.

3. Results
3.1. Metabolic reprogramming under glucose depletion

Glucose deprivation slowed down culture growth (Fig. 1A), G1-S transition (Fig. 1B) and impaired cell survival (Fig. 1C). The
tenfold reduction of hexose availability (from 25 to 2.5 mM) decreased the amount of glucose removed from the incubation medium —
and thus glucose consumption —approximately fivefold [to 21 % of HG cultures, Fig. 1D]. However, starved cells increased their
glucose avidity, since the percentual amount of hexose removed from the medium (extraction fraction) increased of 20 % with respect
to HG cultures (Fig. 1E). Lactate release slowed down to an even lesser degree (35 %) (Fig. 1F). Consequently, the net ratio between
released lactate and consumed glucose boosted (>60 %) during starvation (Fig. 1G). This finding was not caused by an increased loss of
the terminal glycolysis product. Indeed, despite the fivefold drop in glucose uptake, the intracellular levels of both pyruvate and lactate
were only slightly decreased in LG with respect to HG cultures (Fig. 1H and I). Therefore, glucose deprivation almost halved the ratio
between extra- and intra-cellular lactate concentration (Fig. 1J) despite the invariant abundance of monocarboxylate transporter 1
(MCT1) (Fig. 1K, and Supplementary Fig. 2A) as a possible index of a preserved metabolite transport across cell membrane [18].

Since the readout of this evaluation might have been contaminated by the different growth rates of HG and LG cultures during the
48 h of experiment, we assessed the instantaneous glycolytic flux using the Seahorse technology. The normalized proton efflux rate of
LG cultures was even more preserved with respect to the biochemical assay and indicated an only halved lactate release despite the
tenfold decrease in glucose availability (Fig. 1L).
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Fig. 3. Role of PPP in cell under glucose shortage. (A) H6PD and G6PD mRNA expression in MDA-MB-231grown under HG (blue) or LG (orange)
condition (n = 3). (B and C) H6PD (B) and G6PD (C) mRNA expression under control (Ctrl), control siRNA (siCtrl), siRNA H6PD (siH6PD) or siRNA
G6PD (siG6PD) in HG (blue) or LG (orange) condition, expressed as percentual of relative control (n = 3). (D) Cell numbers at 24 and 48 h of HG
(left) and LG (right) condition under control (Ctrl, blue), control siRNA (siCtrl, purple), siRNA H6PD (siH6PD, brown) or siRNA G6PD (siG6PD,
orange) (n = 3). (E) Percent of cell in cell cycle phase in HG (blue) or LG (orange) medium: G1 phase (empty column) and S phase (dashed column)
(n = 3). (F-J) Percent of PI positive cells (n = 4) (F), glucose consumption (n = 3) (G), lactate release (n = 3) (H), intracellular pyruvate (n = 3) (I)
and intracellular lactate (n = 3) (J) in MDA-MB-231 cells silenced for H6PD and G6PD in all experimental conditions under HG (blue) or LG (orange)
medium, expressed as percentual of relative control. Data are represented as mean + SD. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** =p <
0.0001 versus corresponding control when alone, or between H6PD and G6PD siRNA when combined with the comparison line. # = p < 0.05; ###
= p < 0.001; #### = p < 0.0001 versus corresponding condition in HG cultures. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Accordingly, input (glucose) and output (lactate) balance indicated that the metabolic response to glucose depletion was char-
acterized by an apparently paradoxical increase in the hexose channeling to the aerobic glycolysis.

Interestingly, the total expression of the 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKfb3), an allosteric regulator
of glycolysis, was decreased under LG condition (Fig. 1K, and Supplementary Fig. 2). Starved cells, however, had a higher ratio of its
phosphorylated to total free form, suggesting an activation of glycolytic flux. These data were opposed to lactate dehydrogenase (LDH)
(Fig. 1M), the decrease of whose catalytic function agreed with the stability of lactate/pyruvate ratio (Fig. 1N).

3.2. Oxygen usage, energy asset and redox stress

Hypothetically, the preferential glucose channeling to glycolysis could reflect a respiratory impairment directly caused by glucose
shortage. Nevertheless, starvation did not significantly modify both ATP-dependent and -independent OCR (Fig. 2A), as well as
maximal and non-mitochondrial oxygen usage (Fig. 2B). Obviously, the scarce glucose availability, combined with its incomplete
degradation maximal and mitochondrion-independent to lactate and the invariant mitochondrial respiration eventually decreased the
ATP level in LG cultures (Fig. 2C). Moreover, the prolonged hexose deprivation did not result in the expected oxidative damage, since
malondialdehyde levels were lower in LG with respect to HG cultures (Fig. 2D). On the other hand, the decreased access of glucose-6P
to PPP was robustly confirmed by the marked decrease of both NADPH/NADP ratio (Fig. 2E) and total antioxidant capacity (Fig. 2F)
induced by the prolonged glucose shortage.

Thus, the observed oxidative phosphorylation (OXPHOS) invariance, combined with the preferential glucose channeling to lactate
of starved cells, mismatched the common assumption considering a large dependence of Krebs cycle activity on the glucose-derived
pyruvate.

3.3. The role of PPP in the metabolic response to glucose shortage

To explain the enhanced glucose channeling to lactate fermentation associated with a significant deceleration of proliferating
activity, we hypothesized that the cell proliferation was not directly inhibited by the energy depletion and rather reflected the
decreased availability of the mandatory cofactor for nucleic acids synthesis, cell membranes production and redox equilibrium, i.e.,
NADPH.

A B C

150~ 150 150+

o
<

*hkk
*kkk

NADPH/NADP
(% of relative control)
ATP
(% of relative control)
trolox
(% of relative control)

> QX0 O Q Q0 L QX0 O Q
S L L L F L [y
a\g@(}’ a\Q@(}’ 9.\696

Q Qo Qo
_ s SESL FELL  FELL
)

S & & & S & & &

250 1.5 30
it

Fhkk

200

N
i

150+ i

o
<

Pyruvate/Malate
5
T

Malondialdehyde
(% of relative control
ME1 relative mRNA level

504

ek
ek

Q Q> Q Q> Q Q Q. D

Fig. 4. Effect of H6PD and G6PD siRNA on energy asset, redox stress and NADPH regeneration. (A-D) NADPH/NADP ratio (n = 3) (A), ATP
intracellular concentration (n = 3) (B), total antioxidant capacity (n = 3) (C) and malondialdehyde levels (n = 4) (D) under control (Ctrl), control
siRNA (siCtrl), siRNA H6PD (siH6PD) or siRNA G6PD (siG6PD) in HG (blue) or LG (orange) medium, data are expressed as percentual of relative
control. (E and F) mRNA ME1 expression (n = 3) (E) and Pyruvate/Malate ratio (n = 3) (F) under the same experimental conditions as A. Data are
represented as mean =+ SD. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001 versus corresponding control. ## = p < 0.001; ### =
p < 0.001; #### = p < 0.0001 versus corresponding condition in HG cultures. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)



S. Carta et al. Heliyon 10 (2024) e38718

In order to confirm this theory, we estimated how the two PPP-triggering enzymes, G6PD and H6PD, were affected by a glucose
shortage. At RT-PCR, starvation downregulated the gene expression of H6PD, while leaving unaltered the G6PD one (Fig. 3A). We thus
verified the contribution of PPP in the metabolic response to glucose shortage evaluating the effect of both G6PD and H6PD gene
silencing. Reproducing the Western Blot analysis (Supplementary Fig. 3), RT-PCR confirmed the effectiveness of siRNA and docu-
mented that downregulating either enzyme did not affect the expression of its counterpart, in agreement with previous studies [11]
(Fig. 3B and C).

Overall, the downregulation of either PPP comparably decreased the growth of HG cultures. By contrast, it was less effective in LG
ones whose growth was significantly inhibited only by G6PD silencing (Fig. 3D). G1-S transition was inhibited by H6PD silencing only
in HG cultures, while LG ones were insensitive to the downregulation of both cytosolic and reticular PPP (Fig. 3E). The prevalence of PI
positive cells was increased only by H6PD siRNA in HG cultures (Fig. 3F). Accordingly, these analyses indicated that proliferating
activity of HG cultures required a preserved function of both reticular and cytosolic PPP as opposed to the LG ones that were more
strictly dependent upon the function of the G6PD-triggered pathway.

This biological response was only partially reproduced by the metabolic pattern. Indeed, both G6PD and H6PD gene silencing
significantly increased glucose consumption (Fig. 3G) and lactate release (Fig. 3H), regardless medium composition. On the other
hand, both siRNAs markedly increased the cell content of both pyruvate and lactate with only a modest interference by the glucose
shortage (Fig. 31 and J).

3.4. PPP control of glucose-independent NADPH regeneration

The NADPH/NADP ratio was decreased by the inhibition of cytosolic or reticular PPP to a comparable level in HG and LG cultures
(Fig. 4A). A similar response characterized the energy asset (Fig. 4B) and the antioxidant capacity (Fig. 4C). By contrast, the worsening
of oxidative damage induced by both siRNAs was partially prevented by starvation (Fig. 4D). This observation thus suggested that LG
cultures activated pathways able to compensate the impairment in NADPH regeneration caused by the decreased PPP activity due to
the combination of glucose shortage and its preferential channeling to glycolysis. In agreement with this concept, Murai and coworkers
reported that starved cells largely utilize the reaction catalyzed by malic enzyme 1 (ME1) to regenerate the NADPH reductive power
[19] through the NADP dependent decarboxylation of glutamate-derived malate to pyruvate [20].

MEL1 gene expression was not affected by glucose shortage, while it was selectively inhibited by H6PD siRNA in both HG and LG
conditions (Fig. 4E). We thus adopted a metabolomic approach to estimate the pyruvate/malate ratio. At this evaluation, the behavior
of cell pyruvate content nicely reproduced the biochemical assay, showing an only slight decrease in LG cultures with respect to the HG
ones (data not shown). By contrast, glucose shortage caused a profound depletion of malate leading to a >15fold increase of pyruvate/
malate ratio (Fig. 4F). This striking response was virtually abolished by silencing either H6PD or G6PD (Fig. 4F) indicating a
mandatory role for the simultaneous integrity of both cytosolic and reticular PPP to allow the response of ME1 catalyzed reaction to
glucose shortage.

4. Discussion

In the present study, input/output analysis and instantaneous PER monitoring documented that decreasing glucose availability
enhanced hexose channeling to glycolysis. The energy loss resulting from scarce fuel availability and its inefficient utilization did not
accelerate OXPHOS despite preserved mitochondrial function. This behavior suggests that glucose metabolism in our model of triple-
negative breast cancer cells is not only modulated by energy supply.

Combined with the metabolic response to G6PD and H6PD siRNA, this observation configures NADPH levels as a primary regulator
of anabolic functions and thus of energy requirements in cancer. The present data extend the recognized importance of PPP as a
primary promoter of cancer cell proliferation and survival [21] by showing that the integrity of the G6PD-triggered cytosolic pathway
must be complemented by the activity of its reticular counterpart to ensure the regeneration of NADPH reductive power, even when
provided by ME1 activity from glucose-independent sources.

4.1. Cooperation of cytosolic and reticular PPP in NADPH regeneration

Despite the apparent decrease in PPP activity caused by the combination of prolonged glucose shortage and its preferential
channeling into glycolysis, LG cultures did not suffer from the oxidative damage typical of cells subjected to glucose deprivation [22].
By contrast, malondialdehyde levels were comparably increased by silencing either the G6PD or H6PD gene regardless of the
composition of the medium. A similar response characterized the NADPH/NADP ratio. These data thus indicate that redox balance and
NADPH levels cannot be preserved by the G6PD-triggered PPP alone and rather require the simultaneous function of the usually
neglected reticular H6PD-triggered shunt.

Extensive literature previously documented that PPP is not the only source of NADPH-reducing power in cancer cells [6].
Folate-dependent one-carbon metabolism [23] is activated during high proliferative activity [24]. Similarly, starvation was found to
accelerate the reaction catalyzed by ME1 [19], in contrast to isocitrate dehydrogenase-1, which accelerates NADP reduction only in the
presence of high lactate concentration [20]. In the present study, prolonged glucose shortage markedly increased the pyruvate/malate
ratio. This response would thus imply a metabolic shift able to regenerate NAPDH using other metabolites, most likely represented by
the glutamine-derived produced in the mitochondria, transferred to the cytosol and thus converted to pyruvate by the
NADP-dependent ME1-catalyzed reaction [25].



S. Carta et al. Heliyon 10 (2024) e38718

The role of glutaminolysis in cancer response to starvation has been already described [26]. Nevertheless, the present data first
demonstrate the dependence of this metabolic shift on the simultaneous integrity of both G6PD- and H6PD-triggered PPPs. In other
words, they configure the crosstalk between both oxidative arms and ME1 catalysis as a two-way communication system in which the
role of ME1 in promoting the decarboxylation of 6P-gluconate to ribulose-5P [27] parallels the obligatory role of PPP activity in
promoting the decarboxylative conversion of malate to pyruvate.

4.2. H6PD-triggered reticular PPP and starvation-induced cell death

The increased prevalence of PI + cells observed in H6PD-siRNA cultures extends the role of the reticular PPP in the preservation of
cell viability during prolonged starvation. Jeon and coworkers [28] previously reported that 2-deoxyglucose (2DG) limited the
incidence of induced cell death in starved cancer cells through mechanisms different from other glycolysis-inhibitor 5-thioglucose and
associated with the appearance of 2-deoxygluconate-6P. Although in that study, this metabolite was considered the product of the
G6PD-catalyzed reaction, this enzyme has been found unable to process both 2DG and 2DG-6P [9], which are instead substrates for
H6PD. In agreement with this previous study, our data suggest the importance of reticular PPP in maintaining NADPH regeneration,
either directly (with its oxidative arm) or indirectly (upregulating the expression of ME1), in the metabolic response to prolonged
glucose deprivation, in contrast to the relatively low ineffectiveness of G6PD siRNA.

4.3. Limitations

The major limitation of the current study is that our findings are based on the in-vitro model of human triple-negative breast cancer.
Therefore, more research is required to analyze the function of glucose and ER-PPP in different cancer cell lines or tumor organoid
cultures, as a possibly more accurate model to mimic the characteristics of the original tumor.

As a second limitation, we did not attempt to selectively measure the NADPH/NADP™ ratio in the cytosol and the ER lumen. This
task is extremely complex in living cells and it has been only pursued in isolated microsomes [29]. Nevertheless, both HG and LG
cultures showed a similar decrease in NADPH/NADP™ ratio after either G6PD or H6PD silencing. Accordingly, these data confirm the
relevant role of ER PPP in preserving the redox balance of the pyridine nucleotide of the selected cancer cells.

The awareness of the intense stress caused by the scarce glucose availability generated a wide literature evaluating the metabolic
response of different cancer cells to glucose deprivation. Nevertheless, modeling the response of both glycolysis and PPP to glucose
shortage is hampered by the wide variability of incubation time and medium content of other factors such as glutamine and fetal
bovine serum (FBS). Here, the wide sets of evaluations were only applied to characterize lowering glucose concentration to levels close
to those most likely encountered in vivo. This value was fixed at 2.5 mM because the chaotic vascularization coupled with the high
rates of glucose consumption by the populating cells lower by 3-10 folds glucose availability in cancer with respect to normal tissues
[30,31]. Moreover, the disordered nature of tumor microcirculation results in a heterogeneous nutrient distribution that, in the vital
area of a breast tumor model, ranges from 1 to 5 pMol per gram of tissue (and thus approximately 1-5 mM) according to the distance
from the closest capillary [32]. A detailed comprehension of MDA-MB-231 metabolic patterns would have implied drawing a
concentration-response curve. However, even such a vast experimental protocol would have been severely flawed by the impossibility
of accounting for signaling elicited by cells exposed to largely different glucose levels in a relatively small microenvironment.

5. Conclusion

Here we show that a prolonged incubation of MDA-MB-231 cancer cells to glucose levels close to those encountered in vivo en-
hances the hexose channeling to glycolysis. The consequent impairment in PPP activity does not result in significant oxidative damage,
because of a missing acceleration of OXPHOS activity. Glucose shortage activates the ME1-catalyzed reaction, most likely utilizing
glutamate-derived malate for the NADP-dependent decarboxylative conversion into pyruvate.

While the underlying mechanisms remain unclear, the current data show that the use of glucose-independent carbons for NADP
reduction compulsorily asks for the integrity of both the recognized G6PD-triggered PPP in the cytosol and its counterpart confined
within the endoplasmic reticulum. In other words, the hitherto unconsidered H6PD reproduces the G6PD role in allowing the
regeneration of NADPH levels needed for the bio-reductive synthesis and the redox control of cancer cells.
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