
Introduction

Biomolecules cannot be produced without an energy sup-
ply. Growth signaling, driver gene activation, and mTOR ac-
tivation requires ATP for phosphorylation, and translation 
machineries including DNA/RNA synthesis enzymes also re-
quires ATP. Therefore, cancer cells need to have huge supply 
of ATP. What is the major ATP source that cancer cells require 
for biomolecule synthesis? We have at least three theories of 
cancer energy metabolism. First, the Classical Warburg effect 
explains that cancer cells ferments glucose as an ATP source 
via glycolysis (Fig. 1A). Warburg thought that glucose is the 
source of cancer growth through fermentation, instead of oxi-
dative respiration (Warburg, 1956a). Until now, it was widely 
accepted that glucose is the main source of cancer ATP. How-
ever, this only happens when glucose is the only nutrient sup-
ply under hypoxia. The second theory of cancer metabolism 
posits that cancer cells elaborate survival through symbiosis: 
one cancer cell produces lactate with ATP production by con-

suming glucose (Warburg effect), and the neighbor cancer cell 
consumes the secreted lactate to produce ATP through the 
TCA cycle and oxidative phosphorylation (Fig. 1B) (Sonveaux 
et al., 2008; Faubert et al., 2017). Some cancer cells use lac-
tate as a substrate for TCA intermediates through monocar-
boxylate transporters (MCT1/4) and also for ATP production 
(Faubert et al., 2017). Lactate can be converted to pyruvate 
by LDH (lactate dehydrogenase) and further to acetyl-CoA 
through ATP-citrate lyase for fatty acid synthesis (Zaidi et al., 
2012). Therefore, the symbiosis theory may contribute more 
importantly to biosynthesis instead of ATP production (Fig. 
1B). The third theory is that glutamine is converted to gluta-
mate by glutamine synthetase 1, which is further metabolized 
to α-ketoglutarate by glutamate dehydrogenase and con-
sumed for ATP synthesis through TCA cycle under oxidative 
condition (Fig. 1B) (Reitzer et al., 1979; McKeehan, 1982). In 
the glutaminolysis, flux analysis revealed that glutamine was 
significantly used to replenish TCA cycle intermediates for 
anaplerosis and fatty acid synthesis which are considered as 
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biosynthetic precursors (DeBerardinis et al., 2007, 2008) (Fig. 
1B). Interestingly the latter two hypotheses of cancer energy 
metabolism are opposite to the Warburg effect that cancer cell 
consuming oxygen for operation of oxidative phosphorylation 
and TCA cycle as normal cell does. This implies that glutamine 
and lactate can be a part of ATP supply. However, the glucose 
dependent TCA cycle is not likely an operative mechanism, 
because cancer cells under hypoxia induce pyruvate dehy-
drogenase kinase (PDK) that inactivates pyruvate dehydroge-
nase, which causes depletion of TCA cycle intermediates (Kim 
et al., 2006). The major ATP source in cancer cell remains in 
question.

Misunderstanding the cancer energy  
metabolism 

All cancer cells produce lactate from glucose regardless of 
thousands of mutation combinations. We need to look care-
fully this finding that has been discovered by Dr. Warburg. The 
classical Warburg effect implies that there must be common 
metabolic pathways for all type of cancer cells to survive. It 
is a good news for us to find cancer-specific vulnerabilities. 
It is often explained that cancer glycolysis is responsible for 
ATP production and biosynthesis (Warburg, 1956a, 1956b). 
However, although glucose may be used for both biosynthe-
sis and ATP production, cancer cell cannot survive only with 
glycolytic production of ATP. By simple calculation, glycolysis 
does not add up sufficient energy supply in cancer cells. It 
generates 2 molar ATPs, 2 molar NADH, and 2 molar pyru-
vates from 1 molar glucose. However, only 1 molar ATP is left 
after consumption of 2 molar NADH for 2 molar lactate produc-
tion and 1 molar ATP for pentose pathway. It is revealed that 
glucose greatly contributes towards building biomolecules in 

cancer anabolic metabolism instead of ATP production (De-
Berardinis et al., 2008). Cancer cells depends on glycolysis 
for biosynthesis in cancer. In glycolysis, glucose-6-phosphate 
goes into pentose phosphate pathway (Patra and Hay, 2014) 
to produce RNA, DNA, ATP, NADH, FADH2, and coenzyme A 
using pentose ribose-5-phosphate as well as NADPH. 3-phos-
phoglycerate in glycolysis also goes to serine synthesis path-
way (Yang and Vousden, 2016) that converts to glycine, which 
goes into one carbon pathway for producing nucleotides and 
proteins. Therefore, cancer glycolysis is designated for ana-
bolic metabolism instead of energy production (DeBerardinis 
et al., 2008).

People often confuse the TCA cycle with oxidative phos-
phorylation because Dr. Warburg mentioned that mitochondria 
in the cancer cell is destroyed. However, mitochondrial mem-
brane potential in cancer cells are more active compared to 
normal cells, although it does produce lactate avoiding TCA 
cycle. The TCA cycle is a charger of electron carrier NAD+ to 
NADH by converting glucose to CO2 by a series of enzymes in 
the normal mitochondria. Oxidative phosphorylation occurs at 
electron transport chain in the mitochondrial membrane using 
NADH from the TCA cycle in the normal cell. One key Achilles’ 
heel dilemma is, when we admit active oxidative phosphoryla-
tion in the cancer cell, we need to admit that cancer cells use 
oxygenated respiration. 

Misunderstanding the mitochondrial function in the cancer 
cell has led to the wrong interpretation of cancer energy me-
tabolism. First, the cancer cell environment provides hypoxic 
condition due to fast growth of tumors and failure of proper 
blood supply. Hypoxia stops the glucose driven TCA cycle by 
HIF (Hypoxia Inducible Factor) induction. HIF triggers induc-
tion of pyruvate PDK inactivating pyruvate dehydrogenase to 
rewire flow of pyruvate to LDH (Kim et al., 2006). Therefore, 
the hypoxia is a critical switch of cancer cell metabolism that 

Fig. 1. Cancer energy metabolism theories. (A) Classical Warburg effect. Cancer cell adopts oxygenated glycolysis. (B) Cancer cell symbiosis. 
The fate of lactate remains to be clarified in the energy metabolism. TCA: tri-carboxylic acid cycle (Kreb’s cycle), ETC: electron transport chain.
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metabolic flow adopts fermentation. Second, mitochondrial 
membrane potential activity is 50% active under 1% oxygen 
(Chandel et al., 1997), which implies that cancer cell mito-
chondrial membrane potential is functionally active. When 
mitochondrial membrane potential is active, oxidative phos-
phorylation requires oxygen to produce ATP. This suggests 
that Warburg’s mitochondrial malfunction theory in cancer 
cell is invalid. We also have observed increased mitochon-
drial membrane potential in cancer cells (Kang et al., 2016b). 
The electron transport chain (ETC) can produce sufficient ATP 
using NADH and FADH2 produced from malate dehydration 
or FAO (fatty acid oxidation) in mitochondria. FAO is carried 
out in energy-demanding heart and skeletal muscle tissues 
as well as in cancer cells (Carracedo et al., 2013). A report 
showed that fatty acid receptor (CD36) is important for tumor 

metastasis model (Pascual et al., 2017). 

A new proposal for cancer energy  
metabolism

Recently, we have reported two independent studies about 
NSCLC metabolism, which describe the increase of cytosolic 
NADH production as an electron source of the cancer cell. 
The cytosolic NADH is transported into mitochondria through 
the MAS, which results in ATP production through the ETC. 
The first study was based upon omics data analysis using 
NSCLC related metabolic enzyme profiling, which suggests 
close association of ALDH in NSCLC (Kang et al., 2016a). 
By mechanism analysis of ALDH contribution, we found that 

Fig. 2. Two experiments related with cancer energy metabolism. (A) ALDH1L1 in one-carbon pathway produces abundant cytosolic NADH 
which generates ATP following to transport to mitochondria via MAS in NSCLC. By combined inhibition of ALDH and mitochondrial complex 
I, xenograft cancer model showed significant regression of tumor growth (Kang et al., 2016b). (B) GLS1 supplies abundant glutamate for 
MAS to produce ATP that is needed for pyrimidine synthesis in NSCLC. By combined inhibition of GLS1 and TYMS, xenograft cancer model 
showed significant regression of tumor growth (Lee et al., 2016a). THF: tetrahydrofolate, GLS1: glutaminase 1, TYMS: thymidylate synthe-
tase, ALDH: aldehyde dehydrogenase, CPSII: carbamoylphosphate synthase II, *: ATP sensitive enzyme, MAS: malate aspartate shuttle, 
ETC: electron transfer complex, BPTES: bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide.
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ALDH contributes vast amount of ATP production following cy-
tosolic NADH production. It has been demonstrated that MAS 
is required for transporting cytosolic NADH into mitochondria 
for oxidative phosphorylation (Fig. 2A) (Kang et al., 2016b). 
Therefore, ALDH inhibition using gossypol, combined with mi-
tochondrial complex I inhibition using phenformin, resulted in 
up to 80% depletion of ATP production in cancer cells, accom-
panied by significant growth regression of NSCLC tumors in 
the animal xenograft model, while normal cells do not have a 
loss of ATP production (Kang et al., 2016b). 

The second study was based on drug screening by random 
combination with conventional drugs and metabolic enzyme 
inhibitors. We found that GLS1 inhibition is very effective to re-
duce growth of NSCLC (Lee et al., 2016b). Furthermore, GLS1 
inhibition with 5-FU resulted in almost total growth regression 
of NSCLC tumor growth in animal xenograft model (Fig. 2B) 
(Lee et al., 2016a). By mechanism analysis, we found that 
GLS1 contributes to the induction of MAS via glutamate sup-
ply. MAS activation provides ATP production, which induces 
carbamoyl phosphate synthetase II for pyrimidine synthesis. 
Therefore, inhibition of GLS1 using BPTES combined with 
5-FU inhibiting thymidylate synthase causes depletion of ATP 
and decrease of pyrimidine synthesis, which resulted in sig-
nificant tumor growth regression (Lee et al., 2016a). 

This is a very provocative challenge in cancer metabolism, 
because Dr. Warburg proposed that cancer cells cannot use 
oxygen as much as normal cell due to mitochondrial malfunc-
tion, which leads to an increase of lactate production instead 
of CO2 production. His idea was established without the con-
cepts of the TCA cycle and oxidative phosphorylation, be-
cause those were discovered later following his discovery. O2 

consumes in oxidative phosphorylation via electron transfer 
chain and CO2 is produced from the TCA cycle by carbohy-
drate dehydration. Cancer cells do not use as much oxygen 
as normal cells to produce lactate when glucose is the only 
nutrient supply. However, under glucose-limited conditions, 
cancer cells may use fatty acids as an energy source through 
fatty acid oxidation (Carracedo et al., 2013). In that case, the 
cancer cells operate oxidative phosphorylation consuming ox-
ygen. ATP production was depleted over 80% in NSCLC cells 
by ALDH inhibition combined with phenformin treatment, while 
the ATP level was not changed in normal cells (Kang et al., 
2016b). By down regulation of ATP production through ALDH 
inhibition using gossypol together with mitochondrial complex 
I inhibition using phenformin, tumor growth was almost totally 
retarded in NSCLC xenograft model (Kang et al., 2016b). This 
is quite a convincing result that the regulation of cancer en-
ergy metabolism may have great benefits in killing cancer cells 
selectively without any harm to normal tissue. 

In our proposed model (Fig. 3), cytosolic NADH as an elec-
tron donor is the key player in ATP production in cancer cells. 
One of major cytosolic NADH production enzymes is ALDH 
that catalyzes aldehyde to carboxylic acid and NADH. Major 
substrates of ALDH is fatty aldehyde, acetaldehyde, retinalde-
hyde, and 10-formyl-tetrahydrofolate in one-carbon pathway. 
In the cancer condition, ROS radicals are abundant that are 
usually involved in the peroxidation process. Fatty acid turns 
into fatty aldehyde under the peroxidation condition, which 
can be further catalyzed to fatty acid with NADH production by 
ALDH. Although it remains to be elucidated that peroxidation 
of fatty acid is increased in cancer cells, knockdown of ALDH 
expression or treatment with ALDH inhibitor significantly de-

Fig. 3. A new proposed model of cancer energy metabolism. Major source of electron may be cytosolic NADH produced by metabolic en-
zymes such as ALDH. ETC: electron transport chain, FAO: fatty acid oxidation, MAS: malate-aspartate shuttle, TCA: tri-carboxylic acid cycle.

Cytosolic NADH theory

Biomol  Ther 26(1),  39-44 (2018)



www.biomolther.org

Kim.   Shutting Power off Cancer Factory

43

creased cytosolic NADH and mitochondrial ATP production 
in cancer cells (Kang et al., 2016b). Cytosolic NADH trans-
ports into mitochondria through MAS, which is constituted 
with malate-α-ketoglutarate antiporter, glutamate-aspartate 
antiporter, MDH1/2 and GOT1/2. Alternatively, it has been 
demonstrated that GOT or MDH knockdown or inhibition mim-
ics decrease of NADH/ATP induced by ALDH inhibition, which 
can be rescued also by malate treatment. Glutamate as a 
core component of MAS is supplied from glutamine by GLS1. 
Therefore GLS1 knockdown significantly reduced NADH and 
ATP production in cancer cells (Lee et al., 2016a). Previously, 
it was also mentioned that tumor cells significantly depend 
on cytosolic NADH for ATP production through MAS (Green-
house and Lehninger, 1977). Although an abundant growth 
signal drives mega-translation in cancer cells, it happens only 
when abundant ATP production is supplied to the cancer cells 
(Fig. 3).

Possible therapeutic approach by  
regulation of cancer energy metabolism

Fast growth of tumor needs efficient ATP supply as well as 
abundant biomolecules. All recent targeted drugs ultimately 
aim at cancer translation (anabolism) suppression through 
inhibiting signaling molecules (Fig. 4A). But blocking signal 
pathways always induce signal rewiring to promote transla-
tion. Although mTOR was a conceptually perfect target for 
blocking cancer translation, cancer cells evade blocking a 
biomolecule supply through recycling cell compartments via 
autophagy (Wu et al., 2013). 

Continuous growth signaling cannot reach the next level 
when ATP is not properly supplied in cancer cells, because 
all kinases requires ATP as a substrate. Therefore, cancer 
growth should be turned down when the major ATP supplier is 

blocked. As an alternate approach, targeting ATP supply was 
attempted by blocking glycolysis and/or inhibiting mitochon-
drial complex I. Blocking glycolysis using hexokinase inhibi-
tor 2-deoxyglucose, combined with blocking oxidative phos-
phorylation using mitochondrial complex I inhibitor metformin 
(Cheong et al., 2011), resulted in delayed tumor growth. How-
ever, hexokinase inhibitor such as 2-DG and 3-bromopyruvate 
have been discontinued in clinical trials. We need to find effec-
tive targets responsible for energy supply, as well as develop 
effective inhibitors against them.

Recently we have demonstrated that ALDH inhibition us-
ing gossypol combined with mitochondrial complex I inhibi-
tion using phenformin resulted in up to 80% ATP depletion 
in NSCLC, which induced significant tumor regression in the 
cancer xenograft model (Kang et al., 2016b). This warrants 
that a key molecule regulating cancer energy metabolism can 
be a therapeutic target. We found three major spots including 
mitochondrial complex I, malate-aspartate shuttle, and cyto-
solic NADH producing enzymes such as glutamate dehydro-
genase, alcohol dehydrogenase, LDH and ALDH (Fig. 4B). 

Conclusions

The three major cancer metabolic theories, the “Classic 
Warburg Effect”, the more recent “Cancer Cell Symbiosis” 
and “Glutaminolysis,” are based on biosynthesis as promo-
tion of cancer cell proliferation. I proposes a new theory that 
NADH production in the cytosol using carbohydrate, fatty acid, 
glutamine and NADH transportation to mitochondria via MAS 
plays a key role of ATP production through the mitochondrial 
electron transport complex in the cancer cell (Fig. 3). Further 
studies of these hot-spots may lead us to answer the question 
of how we can cure cancer.

Fig. 4. Anti-cancer therapeutic approach. (A) Targeting cancer translation by targeting signaling molecules such as receptor tyrosine ki-
nases and mTOR. (B) Targeting cancer energy metabolism by regulating energy supplies such as cytosolic NADH producing enzymes, ETC 
and MAS. ETC: electron transport chain, MAS: malate-aspartate shuttle.
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