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Abstract: The Pentose Phosphate Pathway (PPP) is one of the key metabolic pathways occurring in
living cells to produce energy and maintain cellular homeostasis. Cancer cells have higher cytoplasmic
utilization of glucose (glycolysis), even in the presence of oxygen; this is known as the “Warburg Effect”.
However, cytoplasmic glucose utilization can also occur in cancer through the PPP. This pathway
contributes to cancer cells by operating in many different ways: (i) as a defense mechanism via the
reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) to prevent apoptosis, (ii) as
a provision for the maintenance of energy by intermediate glycolysis, (iii) by increasing genomic
material to the cellular pool of nucleic acid bases, (iv) by promoting survival through increasing
glycolysis, and so increasing acid production, and (v) by inducing cellular proliferation by the
synthesis of nucleic acid, fatty acid, and amino acid. Each step of the PPP can be upregulated in
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some types of cancer but not in others. An interesting aspect of this metabolic pathway is the shared
regulation of the glycolytic and PPP pathways by intracellular pH (pHi). Indeed, as with glycolysis,
the optimum activity of the enzymes driving the PPP occurs at an alkaline pHi, which is compatible
with the cytoplasmic pH of cancer cells. Here, we outline each step of the PPP and discuss its possible
correlation with cancer.

Keywords: cancer; metabolism; enzyme; pH; redox

1. Introduction

In 1935 and 1936, Otto Warburg showed that pyridine nucleotide diphosphopyridine nucleotide
DPN (currently known as NAD+) functioned as an electron carrier [1–3]. He also demonstrated the
presence of a second enzyme called triphosphopyridine (TPN), currently known as NAP+. He then
discovered the Zwischenferment enzyme (known as glucose-6-phosphate dehydrogenase (G6PDH)) [1,2].
Many decades later, the Pentose Phosphate Pathway (PPP) was introduced to biochemistry.

The PPP has also been termed the phosphogluconate pathway or the hexose monophosphate
shunt. It is a cytoplasmic pathway consisting of two phases: (i) the oxidative phase, followed by (ii) the
nonoxidative phase. This pathway finishes as one of the glycolytic intermediates, e.g., Glyceraldehyde
3-phosphate. The oxidative phase produces two molecules of NADPH, while the nonoxidative phase
produces a building block of nucleic acid.

When glucose enters the cell, glucokinase phosphorylates the free glucose in order to anchor it
inside the cell by forming glucose-6-phosphate. Glucose-6-phosphate has two fates: either (i) to convert
to fructose-6-phosphate via glucose-6-phosphate isomerase and complete the classical glycolytic
pathway, or (ii) to convert to 6-phosphoglucolactone via glucose-6-phosphate dehydrogenase (G6DPH)
and complete the Pentose Phosphate Pathway. We previously discussed how cancer cells recruit or
manipulate the glycolytic pathway [4]. In the current manuscript, we will discuss the latter fate of
glucose-6-phosphate conversion and its effects on cancer (see Figure 1).
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Figure 1. Scheme showing the interaction between glycolysis and PPP.

2. Oxidative Phase

2.1. First Step

Upon glucose fixation, glucose-6-phosphate is converted to 6-phosphoglucolactone via
glucose-6-phosphate dehydrogenase (G6DPH), which requires NADP+ to become NADPH (Figure 1).
This step is irreversible and is catalyzed by G6PDH, which has two subtypes: A and B. While there is
not a strong requirement for Mg+2 (it has not been demonstrated to be an absolute requirement for
the Leuconostoc enzyme), it is slightly stimulated by HCO−3 [5,6]. Indeed, the optimum activity of
G6PDH occurs at an intracellular alkaline pH (pHi) which is compatible with the cytoplasmic pH of
cancer cells [7,8].
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The activity of G6PDH is enhanced by spironolactone [9], and insulin [10]; however, whether
dexamethasone and glucose alone can increase G6PDH activity or not remains controversial [10,11].
It has been shown that high levels of glucose inhibit G6PDH activity [12] and reduce NADPH.
However, such data is controversial, since Sodium Hydrogen Exchanger (NHE) stimulates glycolysis
and, therefore, may act as a transient inhibitor since NADPH can also increase the Pentose Phosphate
Pathway (PPP).

A study by Catanzaro et al. demonstrated G6PDH overexpression in cisplatin-resistant cancer
cells, and that the use of G6PDH competitive inhibitor, 6-aminonicotinamide-AN6, sensitized the cells
to cisplatin [13]. The blockade of G6PDH induced the lapatinib (TK inhibitor)-mediated cytotoxicity
via enhancing autophagy [14]. Moreover, obstructing G6PDH function reversed cisplatin resistance via
interfering with the homeostatic balance of reactive oxygen species (ROS), resulting in less available
NADPH to neutralize ROS [15].

Possible inhibitors of G6PDH include P53 [16], ATP, which inhibits G6PDH both directly [17] and
by increasing the NADPH/NADP+ ratio [18], and Palmitoyl-CoA which also inhibits G6PDH [19].
Moreover, NAD+ increases G6PDH activity [20]. Several nutraceutical products have been shown
to inhibit G6PDH and could be used therapeutically, like Fermented wheat germ extract (FWGE)
(Metatrol®, Avemar®, Polydatin or Piceid (major Resveratrol derivative) [21–23].

Evolutionary Consequences of Population Selected G6PDH Deficiency

Interestingly, G6PDH deficiency is an X-linked recessive hereditary disease [24,25]; this deficiency
is accompanied by several clinical manifestations, as follows:

G6PDH deficiency confers natural resistance against malaria [26]. From an epidemiological
standpoint, G6PDH deficiency is correlated with reduced cancer risk [27–29]. Thus, G6PDH
deficiency represents a natural prevention strategy against tumor development. Such a deficiency
could be explained as follows:
Free radical scavengers such as NADPH are cytoplasmic reducing agents (see below). In other
words, NADPH is a cytoplasmic free radical scavenger. Overproduction of free radicals, reactive
oxygen species (ROS) and reactive nitrogen species (RNS) by NAD(P)H oxidase isoforms and NO
synthase respectively, induces cellular senescence and apoptosis [30], as well as necrosis [31].
Cancer cells induce anti-apoptotic proteins [32] and are devoid of pro-apoptotic protein
expression [33]. Hence, the ratio of the anti-apoptotic/apoptotic proteins is indicative of increased
malignancy [34]. NADPH increases this ratio and, therefore, decreases apoptosis [35,36]. Also,
the pro-apoptotic protein, BCL-2, has anti-oxidant properties [37], which increase the perturbations
of the cellular redox status. So, two questions arise: is it preventive or prompting? And does it
depend on the stage of the tumor?

2.2. Second Step

As shown in Figure 1, 6-phosphoglucono-δ-lactone is converted into 6-phosphogluconate via the
6-phosphogluconolactonase (6PGL) enzyme.

The activity of 6-phosphogluconolactonase enzyme increases sharply as intracellular pHi
increases [38], which is compatible with the cytoplasmic pH of cancer cells.

Epstein Barr virus (EBV) upregulates the expression of 6-phosphogluconolactonase [34], which is
crucial to tumor growth [39]. Furthermore, it has been reported that 6PGL correlates with pancreatic
cancer resistance to Gemcitabine [40].

The inhibitory abilities of an interesting compound, GP269, were tested against 6-phospho-
gluconolactonase (6PGL). While this inhibition was attempting to target Trypanosoma Brucei, this
compound could also be a potential therapeutic tool for breast cancer, since 6PGL was found to be
overexpressed in human epidermal growth factor receptor 2 (HER2) positive breast cancer cells [41,42].
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2.3. Third Step

In the last step of the oxidative phase, 6-phosphogluconate undergoes decarboxylation by the
6-phosphogluconate dehydrogenase (6PGD) enzyme in the presence of NADP+ to produce ribulose
5-phosphate and NADPH (Figure 1). NADPH inhibits 6PGD, so it has a negative mechanism. Again,
the optimum pHi for this enzyme is alkaline [43,44].

Consistent with its association with poor prognoses, 6PGD supports tumor growth [39,45],
metastasis [46], and chemotherapy resistance [47]. Aberrant expression levels of 6PGD were reported
in cervical cancer and were linked to more proliferative and migratory abilities of cancer cells [48].
The deactivation of 6PGD resulted in a reduction of RhoA and Rac1 function, which, in turn, negatively
affected the cancerous behavior of the cervical cancer cells [48]. Like G6PDH, 6PGD was reported
to help in sensitizing cisplatin-resistant cells in both ovarian and lung cancer. In addition, 6PGD
expression was shown to be linked with poor prognoses in breast cancer patients; thus, its inhibition
was suggested to improve breast cancer outcomes [49]. Therefore, 6PGD overexpression is a successful
adaptive (evolutionary) strategy to confer cancer cell survival. Therefore, it will not be surprising
if there is extensive research on 6PGD as a potential target in cancer management [49]. Parietin
(Physcione) is an anti-infectious agent [50] and a 6PGD inhibitor [45,51,52]. Therefore, it has been
suggested that it be administered directly as an anticancer agent, as well as to resensitize resistant
tumors to therapy [51–53]. This applies to solid tumors, but also to hematological malignancies, as
it has been demonstrated that inhibition of 6PG sensitizes leukemia cells to the antimalarial drug,
dihydroartemisinin [52]

3. Nonoxidative Phase

In contrast to the oxidative phase, in this phase, all the reactions are reversible. In accordance
with the steps above, the nonoxidative steps are as follows.

3.1. Fourth Step

3.1.1. Ribose-5 Phosphate Formation

Ribulose-5-phosphate produces Ribose 5-phosphate (R5P) via Ribose-5-phosphate isomerase (Rpi)
(Figure 1). The formation of R5P depends on (i) cell growth [54], (ii) the redox state of the cell [55,56],
and (iii) the metabolic state of the cell [3]. Moreover, Rpi has its optimum activity at an alkaline
pHi [57].

Rpi has two forms: RpiA or RpiB [58,59], with RpiA being mainly expressed in humans [60] and
RpiB mainly detected on lower microorganisms [61–63]. It has been shown that ribose-5-phosphate
isomerase A overexpression promotes and is associated with several types of cancer, including liver,
lung, and breast [64,65]. One of the possible explanations of how Rpi promotes carcinogenesis is
through its activation of ERK and β-catenin pathways [64], and perhaps through the inhibition of LC3
(e.g., alteration of autophagy) [66].

3.1.2. Xylulose 5-Phosphate Formation

Xylulose 5-phosphate (Xu5P) is formed from Ribulose-5-phosphate via the metalloproteinase
enzyme Ribulose 5-Phosphate 3-Epimerase (RPE) (Figure 1), which has optimal activity at a slightly
alkaline pHi [58].

Ribulose 5-Phosphate 3-Epimerase (RPE) has been detected in pancreatic cancer, and its effect
might be through the activation of fructose 2,6 bisphosphate (F-2, 6BP), which activates phosphofructose
kinase 1 (PFK1), and/or K-ras [67–69].

Hydrogen peroxide (H2O2) inactivates RPE, while iron and manganese activate the RPE [70]. It is
known that a high glucose load induces intracellular alkalinity and the Warburg Effect [71]. Also,
in response to higher glucose, Xu5P activates the carbohydrate-responsive, element-binding protein
(ChREBP) [72,73], which is also known as MLX-interacting protein-like (MLXIPL) and, in humans,
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is encoded by the MLXIPL gene [74]. ChREBP protein is overexpressed in cancer, and its attenuation is
accompanied by the activation of P53 and induction of cell cycle arrest [75–77]. Moreover, ChREBP
mediates the activation of L-Pyruvate Kinase (L-PK), which is essential for pyruvate formation [78,79].

3.2. Fifth Step

Here, ribose-5-phosphate and xylulose-5-phosphate interact to form sedoheptulose 7-phosphate
to produce sedoheptulose 7-phosphate and glyceraldehyde 3-phosphate using transketolase enzyme
(TKT) (Figure 1). Glyceraldehyde 3-phosphate is an essential intermediate to induce glycolysis and the
Warburg Effect [4].

Transketolase (TKT) is a thiamine-dependent enzyme [80], again having optimal activity at an
alkaline pHi [81,82]. TKT plays a crucial role in regulating the cellular redox state [83]. TKT expression
is associated with poor prognoses and metastases, while its suppression decreases tumor metastasis [84].
Oxythiamine is an inhibitor of TKT [85]. Moreover, it has been shown that Furosemide (Lasix®) have a
drastic inhibitory effect on TKT, as it induces thiamine deficiency [86].

3.3. Sixth Step

Sedoheptulose 7-phosphate interacts with glyceraldehyde 3-phosphate to produce erythrose
4-phosphate and fructose 6-phosphate via the transaldolase enzyme (TADOL) (Figure 1), which has
optimal activity at alkaline pHi [87,88].

The TADOL enzyme is a rate-limiting enzyme in the nonoxidative PPP [89–91]. Transaldolase 1
gene (TADOL1) is ubiquitously expressed, except in erythrocytes (Red Blood Cells (RBCs)), that might
be challenging, because RBCs rely on the PPP in their metabolism.

It had been shown that the TADOL activity was higher in liver tumor rather than in normal control
rat liver [90]. TADOL is a master regulator of the redox state of the cell, and so its overexpression might
affect not only tumor survival, but also response to therapy. It has been shown that elevated TADOL
expression correlates with a decrease in response to HER2 inhibition in breast cancer patients [92].

Starvation decreased TADOL activity, which is beneficial to the prevention and/or slowing of
cancer development [90,93,94]. Arabinose 5-phosphate is the aldopentose (a metabolic intermediate in
the biosynthesis of lipopolysaccharide) inhibits TADOL [95].

The formation of fructose 1,6-bisphosphate inhibits TADOL activity, which might explain why the
PPP and glycolysis do not occur simultaneously.

Some tissues, such as heart and skeletal muscle, have lower transaldolase protein expression [90];
as such, those tissues tend to have lower susceptibility for tumor growth. While we cannot conclude
that the TADOL could be cancer’s Achilles’ Heel, it might open the window regarding PPP activity
and tissue susceptibility; this might, in turn, reveal why PPP favors carcinogenesis. Also, these tissues
have a higher mitochondrial number compared to other tissues, and so, we propose that PPP activity
might be inversely proportional to mitochondrial metabolism.

3.4. Seventh Step

This step could be represented as reinventing the wheel to closely pool glycolytic pathways,
like the fifth and sixth steps. In this step, xylulose 5-phosphate interacts with erythrose 4-phosphate to
produce glyceraldehyde 3-phosphate and fructose 6-phosphate via transketolase (TKT), which has
optimal activity at pHi of 7.5–7.6 [90,96] (Figure 1). For TKT kinetics, see above.

It seems that the net result of the second phase of the PPP (i.e., the nonoxidative phase) is to
support the glycolytic pathway via the provision of two molecules of fructose-6-phosphate and one
of glyceraldehyde-3-phosphate. These molecules are critical intermediates in the glycolytic pathway.
Therefore, in conclusion, the PPP provides the nucleic acid building blocks, maintains the redox state
of the cell and supports cellular energy.
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3.4.1. NADPH and GSH

How does the PPP maintain oxidation-reduction reactions in the cell (i.e., the Redox state of the
cell)? During the first and the third steps (see above), nicotinamide adenine dinucleotide phosphate
(NADP+) is a cofactor in the formation of NADPH; that is, each round of the PPP forms two molecules of
NADPH. NADPH acts as a hydrogen donor to the disulfide bond of the oxidized glutathione (G-S-S-G)
bond to form reduced glutathione GSH, while the NADPH becomes NADP+ via the glutathione
reductase enzyme. Then, GSH donates its H+ to the oxidant, e.g., H2O2, to produce H2O, while the
GSH converts back into the oxidized form, G-S-S-G, via the activity of glutathione peroxidase enzyme.
Therefore, this system acts like a series of gears in that the NADPH gear activates the glutathione
gear and is a scavenger of free radicals “Glutathione Redox Cycle” (Figure 2) [97–100]. Therefore,
the NADP+/NADPH ratio could be expressed indirectly as the GSH/GSSG ratio. If the PPP decreases,
NADPH decreases, resulting in an abundant glutathione ratio in the oxidized form.
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3.4.2. The Overview of PPP and Cancer

Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are double-edged swords.
On the one hand, they lead to aberrant gene expression and genetic instability that are fundamental
processes in the development and progression of cancer [101–104]. Furthermore, ROS and NOS,
at a certain point, are supportive of evolutionary tumor trajectory via supporting angiogenesis and
metastasis, especially during cellular senescence, as they are hallmarks of inflammatory and tumor
microenvironments [105–108]. However, the presence of ROS and RNS is a key determinant in the
apoptosis of cancer cells [109–113]. Therefore, cancer cells robustly adjust to a very fine ratio of the
cellular redox state in order to confer their survival. As a result, we conclude that highly dividing
cells are well equipped for tumor development, while senescent cells are more prone to induce
metastasis, as these cells lack an efficient PPP [39,114]. This inefficiency during senescence is not
accompanied by a decrease in the level of metabolites since metabolites can derive from two sources:
(i) the metabolites of the nonoxidative phase, e.g., ribose 5-phosphate, ribulose, xylulose 5-phosphate
and sedoheptulose 7-phosphate [115], and (ii) those coming from glycolysis rather than the oxidative
phase of the PPP, which reflects the activity of the PPP on the next stage of metastasis and settlement
at the distal site (Mesenchymal Epithelial transition (MET)) [116,117]. In other words, cancer cells
manipulate and escalate the metabolic pathways, and the PPP is one of those pathways to support
their evolutionary fitness.

The Pentose Phosphate Pathway maintains cancer’s redox state, but it also affects cell signaling
during the cell cycle, as well as managing the metabolic pathways, e.g., xylulose 5-phosphate (see
above) [72,117–120].

Necrosis is another cellular death pathway that has a drastic effect on tumorigenesis. That is why
chemotherapy acts via apoptosis and not necrosis [121–125]. However, several mechanisms of drug
resistance are associated with the upregulation of the PPP to prevent the formation of free radicals [126].
The role of the PPP is not confined only to antagonizing the effect of chemotherapeutic agents; it also
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increases the expression and/or activity of the proteins (e.g., Multidrug-resistance-associated protein
(MRP), ATP-binding-cassette (ABC) transporters) that either promote the efflux of anticancer drugs
(e.g., vincristine, doxorubicin, daunorubicin) or block the influx of these agents [127–129].

3.4.3. The Possible Crosstalk between the Glycolysis and the Pentose Phosphate Pathway (NAPDH Is
a DoublE-edged Sword)

Generally, the presence of NADPH inhibits G6PDH, thereby blocking the PPP negative feedback
control) and might block the possibility of nucleic acid pooling. Again, this raises an important
question: does NADPH suppress tumor growth? NADPH has a critical role in the completion of the
first phase of glycolysis (preparatory phase). Therefore, NADPH shifts the metabolism from PPP to
glycolysis. The formation of NADPH will increase the formation of NAD+, and therefore, support the
formation of pyruvic acid and lactic acid, which represents an evolutionary advantage [130]. Therefore,
the role of NADPH in cancer is a conundrum.

In aggressive cancer cells, where the metabolic need for nucleotides exceeds that of NADPH,
TKT and TALDO catalyze the reverse reactions and divert glyceraldehyde 3-phosphate and fructose
6-phosphate from glycolysis to the nonoxidative PPP to produce additional ribonucleotides. In this
regard, glycolysis itself acts as a backup for the DNA building blocks. Therefore, the nonoxidative phase
might represent the bridge between phase 1 of the PPP and phase 1 of glycolysis, that could enhance
the metabolic plasticity of cancer cells [131]. An important overlap between these two systems that has,
to our knowledge, been overlooked is that both pathways share an exquisite sensitivity to cytoplasmic,
intracellular pH (pHi), in that all the enzymes that drive both pathways have their optimum activities
at alkaline values (Table 1). This probable parallel regulation by processes that determines pHi
underlines the importance of both metabolic pathways in cancer and of the aforementioned crosstalk
of phase 1 of the two systems in determining the relative usage of one or the other pathways in a
specific cellular context. Indeed, this shared intracellular alkaline optimum of the enzymes that drives
glycolysis and the PPP in cancer cells opens new avenues for possible therapeutic opportunities for
manipulating this pathway via its sensitivity to changes in pHi. Additionally, the formation of fructose
1,6-bisphosphate inhibits TADOL activity, which might further explain why the PPP and glycolysis do
not occur simultaneously.

Table 1. Optimum pHi for each PPP driving enzyme.

Enzyme Optimum pH

Glucose-6-phosphate dehydrogenase (G6PDH) 7.8 [8]

6-phosphogluconolactonase (6PGL) 7.4 [38]

6-phosphogluconate dehydrogenase (6PGD) Range from (7–10) depending on several factors
including the buffer used in the experiment [43]

Ribose-5-phosphate isomerase (RPi) 8.4 [132]

Ribulose 5-Phosphate 3-Epimerase (RPE) 7.25–7.5 [69]

Transketolase (TKT) 7.5–7.6 [82,90,96]

Transaldolase (TADOL) 8 [133]

4. Concluding Remarks

Cancer as a biological system and/or tissue has unusual physiological, biochemical, and biophysical
parameters compared to normal tissues [134]. To maintain viability, cancer has modified several
existing metabolic pathways to fulfill its energy demands with as low a cost as possible [135]. One of
these metabolic pathways that utilize glucose in the cytoplasm is the Pentose Phosphate Pathway
(PPP). In the 1920s, Otto Warburg observed that cancer cells had a higher fermentation rate, and later
concluded that cancer relied on the cytoplasmic utilization of glucose rather than mitochondrial
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utilization. However, cytoplasmic utilization can occur through glycolysis and/or the PPP. In our
previous work, we showed the detailed biochemistry of glycolysis in cancer and its possible therapeutic
opportunities and limitations [4]. Here, we present a study of the PPP pathway that suggests that it has
a higher impact on carcinogenesis than glycolysis, and that cancer might invest in the PPP rather than
glycolysis based on the cellular state and the cell cycle phase, whether it undergoes proliferation or
growth. Both glycolysis and the PPP have mutual intermediates, but the PPP has more ramifications
through its contribution to the synthesis of nucleic acids and maintains the redox state at the optimum
that assures cancer cell survival. Also, the PPP interacts with the mitochondrion and so manipulates
the programmed cell death pathway (apoptosis). Therefore, the PPP is paramount in cancer biology.
Much work is now focusing on targeted diagnostics and therapeutics by selecting definite steps;
however, tumor colonies consist of a heterogeneous population having different modified metabolic
strategies that can confound the diagnosis and therapy of cancer. We have tried here to contribute to
drawing a complete picture of the cancer puzzle to be in a relatively better position for its management
rather than its eradication. Lastly, the described intracellular alkaline optimum of all the enzymes that
drive the PPP in cancer cells (Table 1) opens new avenues for understanding the roles, regulations,
and possible therapeutic opportunities for manipulating this pathway via its sensitivity to the changes
in pHi that is common to cancer cells.
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7. Türkoğlu, V.; Aldemir, S.; Çiftçi, M. Purification and Characterization of Glucose 6-Phosphate Dehydrogenase
from Sheep Liver. Turk. J. Chem. 2003, 27, 395–402.

8. Mahmoud, A.I.; Abdel-Hady, M.G.; Ahmed, M.H.S.; Mohamed, A.G.; Mohamed, M.A.-M. Purification and
Characterization of glucose-6-phosphate Dehydrogenase From Camel Liver. Enzym. Res. 2014, 2014, 714054.

9. Pessôa, B.S.; Peixoto, E.B.M.I.; Papadimitriou, A.; Lopes de Faria, J.M.; Lopes de Faria, J.B. Spironolactone
improves nephropathy by enhancing glucose-6-phosphate dehydrogenase activity and reducing oxidative
stress in diabetic hypertensive rat. J. Renin-Angiotensin-Aldosterone Syst. 2012, 13, 56–66. [CrossRef] [PubMed]

10. Manos, P.; Nakayama, R.; Holten, D. Regulation of glucose-6-phosphate dehydrogenase synthesis and
mRNA abundance in cultured rat hepatocytes. Biochem. J. 1991, 276 Pt 1, 245–250. [CrossRef]

11. Salati, L.M.; Adkins-Finke, B.; Clarke, S.D. Free fatty acid inhibition of the insulin induction of
glucose-6-phosphate dehydrogenase in rat hepatocyte monolayers. Lipids 1988, 23, 36–41. [CrossRef]
[PubMed]

12. Zhang, Z.; Apse, K.; Pang, J.; Stanton, R.C. High glucose inhibits glucose-6-phosphate dehydrogenase via
cAMP in aortic endothelial cells. J. Biol. Chem. 2000, 275, 40042–40047. [CrossRef] [PubMed]

13. Catanzaro, D.; Gaude, E.; Orso, G.; Giordano, C.; Guzzo, G.; Rasola, A.; Ragazzi, E.; Caparrotta, L.; Frezza, C.;
Montopoli, M. Inhibition of glucose-6-phosphate dehydrogenase sensitizes cisplatin-resistant cells to death.
Oncotarget 2015, 6, 30102–30114. [CrossRef] [PubMed]

14. Mele, L.; La Noce, M.; Paino, F.; Regad, T.; Wagner, S.; Liccardo, D.; Papaccio, G.; Lombardi, A.; Caraglia, M.;
Tirino, V.; et al. Glucose-6-phosphate dehydrogenase blockade potentiates tyrosine kinase inhibitor effect
on breast cancer cells through autophagy perturbation. J. Exp. Clin. Cancer Res. 2019, 38, 1–13. [CrossRef]
[PubMed]

15. Hong, W.; Cai, P.; Xu, C.; Cao, D.; Yu, W.; Zhao, Z.; Huang, M.; Jin, J. Inhibition of glucose-6-phosphate
dehydrogenase reverses cisplatin resistance in lung cancer cells via the redox system. Front. Pharmacol. 2018,
9, 43. [CrossRef] [PubMed]

16. Jiang, P.; Du, W.; Wang, X.; Mancuso, A.; Gao, X.; Wu, M.; Yang, X. p53 regulates biosynthesis through direct
inactivation of glucose-6-phosphate dehydrogenase. Nat. Cell Biol. 2011, 13, 310–316. [CrossRef]

17. Horne, R.N.; Anderson, W.B.; Nordlie, R.C. Glucose dehydrogenase activity of yeast glucose 6-phosphate
dehydrogenase. Inhibition by adenosine 5’-triphosphate and other nucleoside 5’-triphosphates and
diphosphates. Biochemistry 1970, 9, 610–616. [CrossRef]

18. Levy, H.R.; Daouk, G.H.; Katopes, M.A. Regulation of coenzyme utilization by the dual nucleotide-specific
glucose 6-phosphate dehydrogenase from Leuconostoc mesenteroids. Arch. Biochem. Biophys. 1979, 198,
406–413. [CrossRef]

19. Kawaguchi, A.; Bloch, K. Inhibition of glucose 6-phosphate dehydrogenase by palmitoyl coenzyme A.
J. Biol. Chem. 1974, 249, 5793–5800.

http://dx.doi.org/10.1111/brv.12140
http://www.ncbi.nlm.nih.gov/pubmed/25243985
http://dx.doi.org/10.18632/oncoscience.109
http://www.ncbi.nlm.nih.gov/pubmed/25621294
http://dx.doi.org/10.1021/bi00855a012
http://www.ncbi.nlm.nih.gov/pubmed/4381644
http://dx.doi.org/10.1021/bi00844a034
http://dx.doi.org/10.1177/1470320311422581
http://www.ncbi.nlm.nih.gov/pubmed/21987533
http://dx.doi.org/10.1042/bj2760245
http://dx.doi.org/10.1007/BF02535302
http://www.ncbi.nlm.nih.gov/pubmed/2895410
http://dx.doi.org/10.1074/jbc.M007505200
http://www.ncbi.nlm.nih.gov/pubmed/11007790
http://dx.doi.org/10.18632/oncotarget.4945
http://www.ncbi.nlm.nih.gov/pubmed/26337086
http://dx.doi.org/10.1186/s13046-019-1164-5
http://www.ncbi.nlm.nih.gov/pubmed/30987650
http://dx.doi.org/10.3389/fphar.2018.00043
http://www.ncbi.nlm.nih.gov/pubmed/29445340
http://dx.doi.org/10.1038/ncb2172
http://dx.doi.org/10.1021/bi00805a023
http://dx.doi.org/10.1016/0003-9861(79)90514-9


Metabolites 2020, 10, 285 11 of 16

20. Levy, H.R.; Christoff, M.; Ingulli, J.; Ho, E.M. Glucose-6-phosphate dehydrogenase from Leuconostoc
mesenteroides: Revised kinetic mechanism and kinetics of ATP inhibition. Arch. Biochem. Biophys. 1983, 222,
473–488. [CrossRef]

21. Comín-Anduix, B.; Boros, L.G.G.; Marin, S.; Boren, J.; Callol-Massot, C.; Centelles, J.J.J.; Torres, J.L.L.;
Agell, N.; Bassilian, S.; Cascante, M.; et al. Fermented Wheat Germ Extract Inhibits Glycolysis/Pentose Cycle
Enzymes and Induces Apoptosis through Poly(ADP-ribose) Polymerase Activation in Jurkat T-cell Leukemia
Tumor Cells. J. Biol. Chem. 2002, 277, 46408–46414. [CrossRef] [PubMed]

22. Zhurakivska, K.; Troiano, G.; Caponio, V.; Dioguardi, M.; Arena, C.; Lo Muzio, L.; Zhurakivska, K.; Troiano, G.;
Caponio, V.C.A.; Dioguardi, M.; et al. The Effects of Adjuvant Fermented Wheat Germ Extract on Cancer
Cell Lines: A Systematic Review. Nutrients 2018, 10, 1546. [CrossRef] [PubMed]

23. Mele, L.; Paino, F.; Papaccio, F.; Regad, T.; Boocock, D.; Stiuso, P.; Lombardi, A.; Liccardo, D.; Aquino, G.;
Barbieri, A.; et al. A new inhibitor of glucose-6-phosphate dehydrogenase blocks pentose phosphate pathway
and suppresses malignant proliferation and metastasis in vivo. Cell Death Dis. 2018, 9, 572. [CrossRef]

24. Guindo, A.; Fairhurst, R.M.; Doumbo, O.K.; Wellems, T.E.; Diallo, D.A. X-linked G6PD deficiency protects
hemizygous males but not heterozygous females against severe malaria. PLoS Med. 2007, 4, e66. [CrossRef]
[PubMed]

25. Farhud, D.; Yazdanpanah, L. Glucose-6-phosphate dehydrogenase (G6PD) Deficiency. Iran. J. Public Health
2008, 37, 1–18.

26. Greene, L.S. G6PD deficiency as protection againstfalciparum malaria: An epidemiologic critique of
population and experimental studies. Am. J. Phys. Anthropol. 1993, 36, 153–178. [CrossRef]

27. Cocco, P. Does G6PD deficiency protect against cancer? A critical review. J. Epidemiol. Community Health
1987, 41, 89–93. [CrossRef]

28. Cocco, P.; Dessí, S.; Avataneo, G.; Picchiri, G.; Heinemann, E. Glucose-6-phosphate dehydrogenase deficiency
and cancer in a Sardinian male population: A case-control study. Carcinogenesis 1989, 10, 813–816. [CrossRef]

29. Pisano, M.; Cocco, P.; Cherchi, R.; Onnis, R.; Cherchi, P. Glucose-6-phosphate dehydrogenase deficiency and
lung cancer: A hospital based case-control study. Tumori J. 1991, 77, 12–15. [CrossRef]

30. Kern, J.C.; Kehrer, J.P. Free radicals and apoptosis: Relationships with glutathione, thioredoxin, and the BCL
family of proteins. Front. Biosci. 2005, 10, 1727–1738. [CrossRef]

31. Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.D.; Mazur, M.; Telser, J. Free radicals and antioxidants in
normal physiological functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44–84. [CrossRef]
[PubMed]

32. Certo, M.; Moore, V.D.G.; Nishino, M.; Wei, G.; Korsmeyer, S.; Armstrong, S.A.; Letai, A. Mitochondria
primed by death signals determine cellular addiction to antiapoptotic BCL-2 family members. Cancer Cell
2006, 9, 351–365. [CrossRef] [PubMed]

33. Lowe, S.W.; Lin, A.W. Apoptosis in cancer. Carcinogenesis 2000, 21, 485–495. [CrossRef] [PubMed]
34. Beerheide, W.; Tan, Y.J.; Teng, E.; Ting, A.E.; Jedpiyawongse, A.; Srivatanakul, P. Downregulation of

proapoptotic proteins Bax and Bcl-X(S) in p53 overexpressing hepatocellular carcinomas. Biochem. Biophys.
Res. Commun. 2000, 273, 54–61. [CrossRef] [PubMed]

35. Lee, J.K.; Edderkaoui, M.; Truong, P.; Ohno, I.; Jang, K.; Berti, A.; Pandol, S.J.; Gukovskaya, A.S. NADPH
Oxidase Promotes Pancreatic Cancer Cell Survival via Inhibiting JAK2 Dephosphorylation by Tyrosine
Phosphatases. Gastroenterology 2007, 133, 1637–1648. [CrossRef] [PubMed]

36. Zou, X.; Feng, Z.; Li, Y.; Wang, Y.; Wertz, K.; Weber, P.; Fu, Y.; Liu, J. Stimulation of GSH synthesis to prevent
oxidative stress-induced apoptosis by hydroxytyrosol in human retinal pigment epithelial cells: Activation
of Nrf2 and JNK-p62/SQSTM1 pathways. J. Nutr. Biochem. 2012, 23, 994–1006. [CrossRef] [PubMed]

37. Cai, J.; Jones, D.P. Superoxide in apoptosis. Mitochondrial generation triggered by cytochrome c loss.
J. Biol. Chem. 1998, 273, 11401–11404. [CrossRef]

38. Bauer, H.P.; Srihari, T.; Jochims, J.C.; Hofer, H.W. 6-Phosphogluconolactonase. Purification, Properties and
Activities in Various Tissues. Eur. J. Biochem. 1983, 133, 163–168. [CrossRef]

39. Sukhatme, V.P.; Chan, B. Glycolytic cancer cells lacking 6-phosphogluconate dehydrogenase metabolize
glucose to induce senescence. FEBS Lett. 2012, 586, 2389–2395. [CrossRef]

40. Mori-Iwamoto, S.; Kuramitsu, Y.; Ryozawa, S.; Mikuria, K.; Fujimoto, M.; Maehara, S.-I.; Maehara, Y.;
Okita, K.; Nakamura, K.; Sakaida, I. Proteomics finding heat shock protein 27 as a biomarker for resistance of
pancreatic cancer cells to gemcitabine. Int. J. Oncol. 2007, 31, 1345–1350. [CrossRef]

http://dx.doi.org/10.1016/0003-9861(83)90546-5
http://dx.doi.org/10.1074/jbc.M206150200
http://www.ncbi.nlm.nih.gov/pubmed/12351627
http://dx.doi.org/10.3390/nu10101546
http://www.ncbi.nlm.nih.gov/pubmed/30347664
http://dx.doi.org/10.1038/s41419-018-0635-5
http://dx.doi.org/10.1371/journal.pmed.0040066
http://www.ncbi.nlm.nih.gov/pubmed/17355169
http://dx.doi.org/10.1002/ajpa.1330360609
http://dx.doi.org/10.1136/jech.41.2.89
http://dx.doi.org/10.1093/carcin/10.5.813
http://dx.doi.org/10.1177/030089169107700103
http://dx.doi.org/10.2741/1656
http://dx.doi.org/10.1016/j.biocel.2006.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16978905
http://dx.doi.org/10.1016/j.ccr.2006.03.027
http://www.ncbi.nlm.nih.gov/pubmed/16697956
http://dx.doi.org/10.1093/carcin/21.3.485
http://www.ncbi.nlm.nih.gov/pubmed/10688869
http://dx.doi.org/10.1006/bbrc.2000.2891
http://www.ncbi.nlm.nih.gov/pubmed/10873563
http://dx.doi.org/10.1053/j.gastro.2007.08.022
http://www.ncbi.nlm.nih.gov/pubmed/17983808
http://dx.doi.org/10.1016/j.jnutbio.2011.05.006
http://www.ncbi.nlm.nih.gov/pubmed/21937211
http://dx.doi.org/10.1074/jbc.273.19.11401
http://dx.doi.org/10.1111/j.1432-1033.1983.tb07442.x
http://dx.doi.org/10.1016/j.febslet.2012.05.052
http://dx.doi.org/10.3892/ijo.31.6.1345


Metabolites 2020, 10, 285 12 of 16

41. Tran, A.T.; Sadet, A.; Calligari, P.; Lopes, P.; Ouazzani, J.; Sollogoub, M.; Miclet, E.; Abergel, D. Targeting the
Pentose Phosphate Pathway: Characterization of a New 6PGL Inhibitor. Biophys. J. 2018, 115, 2114–2126.
[CrossRef] [PubMed]

42. Choi, J.; Kim, E.S.; Koo, J.S. Expression of pentose phosphate pathway-related proteins in breast cancer.
Dis. Markers 2018, 2018, 9369358. [CrossRef] [PubMed]
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