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Abstract  Cancer cure is still a big challenge despite intensive conventional treatment. Unfortunately, many 
unsolved problems e.g. metastasis and drug resistance still exist. Better understanding of cancer biology to identify 
important differences between cancer cells and normal cells seems vital to improve cancer treatment. Tumors 
depend on glycolysis for energy production, exhibit Warburg effect, establish aggressive microenvironment, have 
low antioxidant systems and are under high steady-state ROS conditions. Normal cells differ in all of that. Lactate 
produced through Warburg effect maintains the high steady-state ROS condition in cancer cells and helps cancer 
cells to metastasize and establish their hostile microenvironment. Cancer cells seem sensitive to oxidative stress 
therapy using ROS generating chemotherapy e.g. 3-bromopyruvate (3BP). 3BP is a powerful antiglycolytic that may 
be more promising as a potent anticancer if it is conjugated with polyethylene glycol (PEG). Targeting glycolysis in 
cancer cells seems promising in decreasing their survival and metastasis. Glycolysis double inhibition by 
combination of multiple antiglycolytics e.g. 3BP with citrate was synergistic in cancer treatment. Being analog to 
pyruvate and lactate, 3BP antagonized Warburg effect, antagonized effects of pyruvate and lactate, improved 
sensitivity of chemoresistant cancer cells and targeted cancer cell survival, migration and metastasis. In this review, I 
discuss 3BP-induced oxidative stress and ATP depletion as a promising treatment modality for cancer. 
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1. Introduction 

Better understanding of cancer biology to identify 
important differences between cancer cells and normal 
cells seems vital to improve cancer treatment. Tumors 
depend on glycolysis for energy production, exhibit 
Warburg effect, establish aggressive microenvironment, 
have low antioxidant systems and are under high steady-
state ROS conditions. Normal cells differ in all of that. 
Lactate produced through Warburg effect maintains the 
high steady-state ROS condition in cancer cells and helps 
cancer cells to metastasize and establish their hostile 
microenvironment. Cancer cells seem sensitive to oxidative 
stress therapy using ROS generating chemotherapy e.g.  
3-bromopyruvate (3BP) [1].  

Oxidative stress therapy is a promising therapy to 
cancer cells provided that normal cells do not suffer badly. 
Reactive oxygen species (ROS)-mediated cytotoxicity to 
cancer cells may be utilized as a methodology for treating 
malignant tumors via inducing oxidative stress. Oxidative 
stress therapy aims at overproduction of ROS exclusively 
in cancer cells to avoid harming normal tissues. Long-standing 
endogenous oxidative stress in malignant cells may force 
cancer cells to develop a strong antioxidative system 

which protects malignant cells from oxidative stress 
[2,3,4]. Those antioxidant mechanisms developed by 
cancer cells protect them against ROS, enhance 
chemoresistance, facilitate metastasis and inhibit apoptosis 
in cancer cells [5,6,7]. Moreover, ROS can induce  
activity of antioxidants in cancer cells e.g. NO is  
well-known to be a potent inducer of heme oxygenase-1 
(HO-1), which functions as an antioxidant enzyme to 
protect tumor cells against oxidative stress [8,9,10]. HO-1 
was reported to be up-regulated in many cancer types e.g. 
prostate [11], brain [12] and renal cancers [13]. 

2. EPR Effect and Strategies for 
Oxidative Therapy 
Hydrogen peroxide (H2O2) is cytotoxic to cancer cells 

in a dose-dependent manner. Production of H2O2 is shared 
by many currently used chemotherapeutics e.g. cisplatin 
[14]. Oxidative stress therapy was introduced to utilize 
ROS generating properties exerted by specific enzymes, 
which do so upon acting on their substrates e.g. glucose 
oxidase (GO) and xanthine oxidase (XO). XO-polymer 
conjugates induced powerful generation of free radicals in 
tumor tissues [15]. GO was not preferable as a candidate 
for oxidative stress therapy as its substrate (D-glucose) is 

 



12 American Journal of Medical and Biological Research  

enormously available in the body which makes it difficult 
to control ROS production. 

A practical therapeutic problem soon appeared which 
affected the power of 3BP as an excellent tool for 
oxidative therapy. That was related to the short in vivo 
half-life of 3BP which shortens the oxidative stress effect 
induced by 3BP. The small molecular size of 3BP ( 166.96 
g/mol) does not allow 3BP to accumulate in tumor tissues 
(enhanced permeability and retention effect, EPR effect) 
as MW of 3BP is relatively small and may allow loss of 
infused 3BP through renal clearance [16-17]. EPR effect 
is a molecular size-dependent phenomenon that works 
with a large molecular size of molecules (40 kDa) [18]. 
Solving that problem may occur through conjugating 3BP 
to relatively large-sized molecules (Figure 1). 

Biocompatible macromolecules e.g. polyethylene glycol 
(PEG) can accumulate and persist for a long time in the 
blood vessels of solid tumors because of the high porosity 
of tumor vasculature together with the impaired lymphatic 
clearance system [17]. The EPR effect of macromolecules 
and lipids in solid tumors made a basis for increasing the 
molecular weight of therapeutic proteins and drugs for 
proper prolongation of their effects in vivo. Based on the 
EPR effect, 3BP conjugated to PEG (PEG-3BP) may be 
significantly stronger as a tool for inducing oxidative 
stress therapy than crude 3BP [17]. 3BP PEGylation 
increases the molecular weight and half-life of 3BP.  
PEG-3BP can accumulate in tumor tissues selectively 
where high 3BP plasma level can remain for a long period 
(Figure 1). Targeted delivery of PEG-3BP can be achieved 
for antitumor therapy via enzymatic generation of 
hydrogen peroxide [17]. 

Strategies for ROS-mediated treatment of cancer aim at 
exposing cancer cells directly to ROS generating agents, 
inhibition of protection that may be conferred by 
antioxidants, reducing the cellular-oxidant buffering capacity 
or a combination of all of that. There is a long list of the 
agents that work through oxidative stress pathways e.g. 
arsenic trioxide, anthracyclines, bleomycin, bortezomib 
and cisplatin. All work through ROS generation, while 
ascorbate and diethylmaleate work through depletion of 
antioxidants (GSH depletion). Mercaptosuccinic acid and 
ethacrynic acid act as inhibitors of antioxidant enzymes 
[18]. 

Targeting critical antioxidant enzymes that are up-
regulated in tumors e.g. HO-1 aimed at suppressing the 
antioxidant systems in many tumors. These antioxidative 
systems are important for tumor cells to defend 
themselves against the oxidative stress induced by ROS 
and reactive nitrogen species (RNS). Intra-arterial 
injection of zinc protoporphyrin IX (ZnPP), an inhibitor of 
HO-1, to solid tumors suppressed xenograft tumor growth 
[19]. Conjugation of PEG with ZnPP was reported  
later in which PEG-ZnPP was characterized by high 
water-solubility. PEG-Zn PP formed multimolecular 
associations with molecules larger than 70 kDa in aqueous 
media which improved tumor-targeting efficiency [20]. 
Combination of oxidative stress therapy and PEG-ZnPP 
potentiated the chemotherapeutic response of tumor cells 
by enhancing the oxidative stress effects induced by 
oxidative stress therapy and minimizing the antioxidant 
effects induced by HO-1 [21]. This carries benefits and 
advantages of EPR effect for potentiating oxidative stress 
therapy effect and lowering HO-1 effect. 

 

Figure 1. Enhanced permeability and retention (EPR) effect can be applied to 3BP treatment. Crude 3BP is low in molecular weight and may leak 
through the tumor vascular pores. Conjugation of 3BP with polyethylene glycol (PEG) helps retention of 3BP intravascularly to maintain a prolonged 
effect of 3BP-induced ATP depletion and oxidative stress therapy 
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3. Relationship between Oxidative Stress 
Therapy and Glycolysis Inhibition 

Oxidative stress is closely related to ATP depletion i.e. 
oxidative stress causes significant dose-dependent ATP 
depletion [22] causing cancer cells apoptosis e.g. 3BP 
caused activation of procaspase-3 [23,24]. 

4. C6 Glioma as a Model for GBM 
Gliomas especially the aggressive type glioblastoma 

multiforme (GBM) are among the tumors which resist 
current therapeutic modalities. Post-operative survival in 
GBM is still dismal despite aggressive conventional therapy 
due to recurrence of GBM. Interestingly, temozolomide 
(TMZ), one of the current chemotherapeutics for GBM 
exerts its effects through generation of H2O2 [25]. Oxidative 
stress therapy significantly decreased viability and proliferation 
power of C6 glioma cells in a dose- and time-dependent 
manner. Oxidative stress therapy also significantly decreased 
the clonogenic power and anchorage-independent growth 
power of gliomas in a dose-dependent manner which 
confirms the power of oxidative stress therapy as a 
suggested anticancer modality. Both clonogenic power 
and anchorage-independent growth power reflect the 
power of a single cancer cell to start a rapid continuous 
proliferation to form a colony in the former and to grow 
without being attached to a substratum in the latter.  

Taking GBM as an example, current treatment modalities 
for GBM are still not effective e.g. surgical removal of 
tumors followed by radiotherapy and chemotherapy 
(multimodal interventions) did not improve the dismal 
prognosis of patients where the mean patients' survival is 
about 6 to 12 months after the time of diagnosis [26]. 
Much better experimental results in GBM were obtained 
through significantly decreasing lactate extrusion which 
led to decreased invasiveness of GBM cells and increased 
apoptosis, while the survival of tumor-bearing experimental 
animals was significantly prolonged. Interestingly, inhibition 
of lactate efflux using cinnamic acid derivatives sensitized 
glioma cells to radiotherapy through reducing radio-protective 
metabolites e.g. reduced glutathione and taurine [27]. 

Interestingly, it was reported that monotherapy using 
3BP efficiently killed the chemoresistant human GBM cell 
line U373MG in a dose- and time-dependent manner [23]. 
Moreover, 3BP induced necrosis and apoptosis of C6 
glioma cells [22]. 

5. Glycolysis Double and Triple Inhibition 

3BP acts as a functional antagonist to lactate regarding 
its effects on viability of C6 glioma cells upon which both 
3BP and lactate exerted antagonistic effects. Lactate 
protected against 3BP-induced C6 glioma cell death which 
was overcome upon increasing the dose of 3BP [23]. 
Moreover, 3BP was reported to compete with lactate for 
MCT [28]. Lactate protected energetics of C6 glioma  
cells against 3BP-induced ATP depletion. Lactate-induced 
protection of C6 glioma energetics was overcome upon 
treatment with higher doses of 3BP. To elucidate the role 
of lactate on immunity against cancer, pretreatment of 

tumor spheroids with an inhibitor of lactate production 
resulted in an increased cytokine production [29]. 

Serial doses of 3BP exerted a synergistic effect with 
citrate in decreasing viability, migratory power and  
ATP levels in C6 glioma cells. Interestingly, citrate  
had a strong synergistic effect with serial doses of 3BP 
(glycolysis double inhibition). Low dose citrate 
synergized serial doses of 3BP and decreased maximally 
the survival of C6 glioma cells. Migratory power of C6 
glioma cells was significantly suppressed when citrate was 
combined with 3BP. This may be regarded as a de-
energizing effect that caused a stoppage or at least a delay 
in the migratory power of cancer cells, which reflects the 
inhibition exerted by glycolysis double inhibition against 
the migratory power of cancer cells. This may be further 
explained in light of the maximal depletion of ATP levels 
upon using glycolysis double inhibition [23]. 

Studying drug-drug interaction seems mandatory before 
selecting the best drug combinations. Regarding sodium 
fluoride (NaF) (inhibitor of enolase), it was recently 
reported to induce a dose-dependent decrease in viability 
of C6 glioma in millimolar range [23]. NaF is toxic at 
high doses and was reported to be used as a pesticide [30]. 
Fluoride is a component of tooth paste that has a 
bactericidal effect [31]. Low dose of NaF was reported to 
be used with antiglycolytic combination in the treatment 
of a panel of human cancers [32]. Noteworthy, NaF (3 
mM) combination was significant in inducing C6 glioma 
cell death with citrate (3 mM) at low doses of both. NaF 
(3 mM) combination with 3BP (15 µM) was stronger than 
either alone but evident antagonism occurred with serially 
increased doses of 3BP [23]. Glycolysis triple inhibition 
through combining low effective concentrations of three 
glycolysis inhibitors (3BP, citrate and NaF) caused maximal 
C6 glioma cell death. Further studying of glycolysis triple 
inhibition seems important by testing effects of a 
sequential treatment in case of drug antagonism [23]. 
Sequential administration of chemotherapeutics may decrease 
the antagonistic cytotoxicity faced at simultaneous drug 
administration e.g. in treating slowly growing human 
colon carcinoma HT-29 cells using camptothecin  
and etoposide, both were antagonistic at simultaneous 
administration. However, this antagonism significantly 
decreased when both drugs were used sequentially [33]. 

Based on structural similarity and common transportation 
through MCT, both pyruvate and lactate antagonized the 
effects of 3BP significantly in a dose-dependent manner. 
Lactate and pyruvate did not protect against C6 glioma 
cell death induced by NaF or citrate [23].  

6. Glycolysis Inhibitors  
in Treating Human Cancer 

Interestingly, an early study (done by Black et al.) 
reported the use of a combination of glycolytic inhibitors 
in treating many human patients suffering from a panel of 
different types of malignancies e.g. hematological cancer 
and digestive tract cancer. The cancer cases studied were 
advanced stages of cancer in which patients were 
surgically inoperable and could not tolerate radiation 
therapy. In almost all cases, the diagnosis of cancer was 
confirmed by biopsy. Drug treatment used was in the form 
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of NaF, iodoacetic acid (GAPDH inhibitor), malonic acid, 
and sodium azide. Significant objective and subjective 
benefits were observed. Responsive group was in the 
hematological cancer group e.g. Hodgkin’s lymphoma, 
lymphosarcoma and acute myelogenous leukemia. 
Treatment was tolerated in 75% of cases. Side effects 
occurred in the other 25% of cases and were mostly in the 
form of nausea and vomiting [32]. 

Although this study was pioneering in the treatment  
of malignant tumors through targeting glycolysis in  
end-stage cancer patients, it may be useful to appreciate 
that early fruitful effort and mention some comments on it 
as a step towards improving this kind of future trials. 
Firstly, the authors did not report in this study any data 
about drug-drug interactions that may occur among the 
utilized antiglycolytic drugs. It seems necessary to do a 
prior in vitro testing to select the best synergistic 
combinations and to avoid the antagonistic combinations. 
Also, authors used NaF (80 mg) that is toxic in high doses 
[30], which may explain the nausea and diarrhoea. NaF 
interaction with tested agents was not reported. Secondly, 
the targeted enzymes in that study did not include the key 
glycolytic enzymes e.g. Hexokinase II, phosphofructokinase 
and pyruvate kinase. Thirdly, the non-responsive group 
included digestive and genital cancer groups in which the 
4 tested agents were not effective. 3BP that was recently 
introduced as an anticancer agent [34] and was reported to 
be effective in treating digestive cancer both for in vitro 
and in vivo studies e.g. 3BP was powerful in advanced 
HCC [35], colon cancer [36] and pancreatic cancer [37]. 
Similar future studies utilizing 3BP are expected to 
improve the treatment response in the non-responsive 
digestive cancer group. Fourthly, sodium azide is not a 
glycolytic inhibitor but is an inhibitor of oxidative 
phosphorylation. Sodium azide was reported to cause an 
irreversible loss of cytochrome c oxidase activity via 
holoenzyme dissociation [38]. Also, malonic acid is an 
inhibitor of succinate dehydrogenase (an enzyme of Krebs 
cycle) [39]. Both oxidative phosphorylation and Krebs cycle 
are mitochondrial energy generating pathways that are less 
critical than glycolysis inhibition in cancer cells. This may 
explain the lack of response in some treatment groups. 

7. Conclusion 

3BP seems to be promising as a general anticancer 
agent for future treatment of cancer disease. 3BP-induced 
oxidative stress therapy and ATP depletion seems safe and 
less toxic towards normal cells. We hope that oxidative 
stress therapy can be a new promising line of treatment for 
cancer patients. 
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