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Cancer is a disease characterized by uncontrolled growth. Metabolic demands to sustain rapid prolifera-

tion must be compelling since aerobic glycolysis is the first as well as the most commonly shared charac-

teristic of cancer. During the last decade, the significance of metabolic reprogramming of cancer has been

at the center of attention. Nonetheless, despite all the knowledge gained on cancer biology, the field is not

able to reach agreement on the issue of mitochondria: Are damaged mitochondria the cause for aerobic

glycolysis in cancer? Warburg proposed the damaged mitochondria theory over 80 years ago; the field has

been testing the theory equally long. In this review, we will discuss alterations in metabolic fluxes of can-

cer cells, and provide an opinion on the damaged mitochondria theory.
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INTRODUCTION

As our knowledge on cancer expands, the firm belief that

cancer is a genetic disease is seriously challenged (1). A

rather provocative proposal is rising in the field of oncol-

ogy: Cancer is a metabolic disease. Mitochondrial respira-

tory dysfunction is openly proposed as the origin of cancer

(2).

To avoid unseen impediments under clinical settings, we

have intensively investigated to gain solid insight into how

cancer arises and what could be the genetic and epigenetic

alterations responsible for cancer. Throughout multistage

oncogenesis, cells with the best fitness for survival and pro-

liferation will be selected. Genetic and epigenetic alter-

ations endowing cells for evolutionary fitness will be rapidly

disseminated among descendants. As tumor microenviron-

ments change over the course of cancer progression, these

alterations will vary considerably, reflecting a temporal as

well as spatial complexity of oncogenesis.

With increasing appreciation of the importance of cancer

energy metabolism during oncogenesis, in this review we

will scrutinize recent scientific evidence to properly define

the role of mitochondria in cancer energy metabolism. For

this purpose, detailed underlying molecular mechanisms

utilized by cancer cells during metabolic reprogramming

are beyond the scope of this review. Hence, we will limit

our discussion to a couple of examples by p53 tumor sup-

pressor (TP53) and proto-oncogene c-Myc, and even then

only partially. This review aims to present how cellular

energy metabolism is manipulated by cancer cells in rela-

tion to catabolism and anabolism (Fig. 1), and clarify the

exact nature of mitochondrial involvement in oncogenesis.

Metabolic reprogramming occurs in cancer cells. Otto

Warburg, the Nobel laureate, reported in the 1920s that can-

cer cells had elevated glycolysis even under aerobic condi-

tions (3); the phenomenon is often called the Warburg

effect. Dysfunctional mitochondria have long been the

prime suspect for the Warburg effect (4). Over six decades

ago, Weinhouse, another distinguished biochemist, also

suggested that characteristics of energy metabolism in can-

cer cells could been defined as high glycolytic flux in the

cytosol (5). However, according to Weinhouse, mitochon-

drial respiration in cancer cells is functional (6) but sup-

pressed as a consequence of heightened glycolytic flux in

the cytosol (5). Inhibition of mitochondrial respiration by

addition of glucose to cells is called the reversed Pasteur

effect or, more often, the Crabtree effect. From the view-

point of the Crabtree effect, mitochondria are not guilty of

causing accelerated glycolysis, but are innocent bystanders

(7).
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Over the past five decades, the field of cancer biology

seems to have been unable to reach a definitive conclusion

on the issue of mitochondria in cancer energy metabolism:

culprit or innocent bystander. On the other hand, the seem-

ingly paradoxical preference of cancer cells for glycolysis

has stood strong. Underlying molecular mechanisms by

which cancer cells enhance aerobic glycolysis have been

unraveled and major reprogramming of cellular energy

metabolism is now appreciated as one of the hallmarks of

cancer (8).

Glycolytic flux is increased in cancer cells. As War-

burg observed, cancer cells often take up more glucose into

the cytoplasm compared to non-malignant cells. TP53

decreases expression of glucose transporters at the tran-

scriptional level (9); tumor-associated mutant p53 promotes

the translocation of glucose transporter 1 to the cytoplas-

mic membrane (10). The conversion of glucose to glucose-

6-phosphate is mediated by hexokinases (HK). c-Myc

induces HK2 at the transcriptional level (11,12).

Although both cellular glucose uptake and metabolic acti-

vation of glucose to glucose-6-phosphate could result in

enhanced glycolytic flux, the ultimate commitment of glu-

cose to glycolysis is made during the conversion of fruc-

tose-6-phosphate to fructose-1,6-bisphosphate by phospho-

fructokinase 1 (PFK1). A critical factor controlling this step

is the concentration of fructose-2,6-bisphosphate (F26BP).

TP53 suppresses glycolysis by transcriptionally upregulating

TP53-induced glycolysis and apoptosis regulator (TIGAR)

that enzymatically degrades F26BP (13). Phosphoglycerate

mutase (PGAM) converts 3-phosphoglycerate to 2-phos-

phoglycerate. TP53 transcriptionally upregulates a ubiquitin

ligase by which PGAM 1 is polyubiquitinated and targeted

for proteasomal degradation (14).

The last step of glycolysis, catalyzed by pyruvate kinase

(PK), converts phosphoenolpyruvate (PEP) to pyruvate.

Among 12 known isoforms, PKM2 is strongly associated

with tumorigenicity (15). The isoform switch of PKM1 to

PKM2 occurs post-transcriptionally through microRNAs

(16-18). In addition, recent studies suggest that PKM2 is

upregulated due to DNA hypomethylation on the PKM

gene (19) and by c-Myc at the transcriptional level (12,20).

If present in excess, pyruvate is enzymatically converted

to lactate by lactate dehydrogenase (LDH). Lactate is then

Fig. 1. Altered metabolic fluxes in cancer cells. Abbreviation: G6P, glucose-6-phosphate; F6P, fructose-6-phosphate; F16BP, fructose-1,6-
bisphosphate; GAP, glyceraldehyde 3-phosphate; BPG, 1,3-bisphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG, 2-phosphoglycerate;
PEP, phosphoenolpyruvate; Cit, citrate; Isocit, isocitrate; α-KG, α-ketoglutarate; Succ-CoA, succinyl-CoA; Succ, succinate; Fum, fumarate;
Mal, malate; OAA, oxaloacetate; HK2, hexokinase 2; PFK1, phosphofructokinase 1; PGAM, phosphoglycerate mutase; PKM2, pyruvate
kinase M2; LDHA, lactate dehydrogenase A; PDH, pyruvate dehydrogenase; PDK, PDH kinase; PC, pyruvate carboxylase; ME1 and 3,
malic enzyme 1 and 3; GLS, glutaminase.



Mitochondria in Cancer Energy Metabolism: Culprits or Bystanders? 325

exported out of the cell via a proton-linked monocarboxyl-

ate transporter (MCT) (21). c-Myc transcriptionally upregu-

lates LDHA (12) and MCT1 (22) that participate in a

tumor-specific lactate shuttle (21).

Pyruvate metabolism is decoupled from glycolytic flux
in cancer cells. Mitochondria serve as hubs where cellular

carbon is traded; the Krebs cycle ensures impartial trades of

cellular carbon according to physiological demands. Some

carbons are completely oxidized to CO2, providing elec-

trons for ATP production, whereas some must return to the

cytosol in different packages for anabolic reactions. In can-

cer, the Krebs cycle seems to favor carbon usage for ana-

bolic reactions.

Pyruvate enters the mitochondrial matrix through a mito-

chondrial pyruvate carrier (MPC) (23,24). MPCs are under-

expressed in many cancers and seem to be involved in the

stemness of cancer cells (25). Since molecular identifica-

tion of MPC genes was only recently accomplished (23,24),

genetic regulation of MPCs, especially by tumor suppres-

sors and oncogenes, will be revealed soon.

To enter the Krebs cycle, pyruvate is oxidatively decarbox-

ylated to acetyl-CoA by pyruvate dehydrogenase (PDH),

the activity of which is inhibited by pyruvate dehydroge-

nase kinase (PDK). Down-regulation of PDH (26) and

upregulation of PDK (27) are correlated with poor progno-

sis of cancer patients. c-Myc upregulates PDK1 at the tran-

scriptional level (11).

Pyruvate also enters the Krebs cycle as oxaloacetate

which condenses with acetyl-CoA to form citrate, which is

the first step in the Krebs cycle. On the other hand, pyru-

vate carboxylase (PC) catalyzes the conversion of pyruvate

to oxaloacetate, consuming one ATP during the reaction. It

is only recently that increased expression and activity of PC

have been shown to serve as the means of major anaple-

rotic input in cancer cells (28,29). Although the promoter of

the PC gene has been analyzed (30), tumor-specific regula-

tion of the PC gene has yet to be investigated at the tran-

scriptional level.

Glutaminolytic and glycolytic fluxes are coupled in
cancer cells. Cancer cells use glutamate as another import-

ant carbon source for anaplerosis. Glutamine enters cells via

a sodium-dependent neutral amino acid transporter, alanine-

serine-cysteine transporter 2 (ASCT2). While carriers in the

cytoplasmic membrane for glutamine uptake have been

extensively studied, the exact molecular nature of the mito-

chondrial glutamine carrier still remains elusive (31). Once

in the mitochondrial matrix, deamination of glutamine is

mediated by glutaminase (GLS). Expression of ASCT2 and

GLS increases during multistep carcinogenesis (32). While

ASCT2 is a direct transcriptional target of n-Myc in neuro-

blastoma cells (33), c-Myc increases GLS expression by

transcriptional suppression of microRNAs (34).

Carbons from glutamate enter the Krebs cycle as α-keto-

glutarate (α-KG). Through stepwise oxidation in the Krebs

cycle, glutamate can be completely oxidized to CO2 provid-

ing hydrogen/electrons for mitochondrial oxidative phos-

phorylation (OXPHOS). Instead, carbons from glutamate

can leave the Krebs cycle as malate and be transported out

to the cytosol via pyruvate/malate shuttle. Oxidative decar-

boxylation of malate to pyruvate can be catalyzed by malic

enzyme 1 (ME1) producing NADPH. Thomson and col-

leagues proposed that cancer cells would preferentially

employ the glutaminolytic pathway to supply cytosolic

NADPH for anabolic reactions (35). As in aerobic glycoly-

sis of cancer cells, pyruvate is then reduced to lactate and

transported out of the cell. Hence, similarly to aerobic gly-

colysis of cancer cells, glutaminolysis can be defined as an

energy-producing pathway in which glutamine is oxidized

via parts of the Krebs cycle and then partially oxidized car-

bons are removed from the cell as lactate.

Glutaminolytic flux is increased in some cancers (31).

Moreover, experimental data suggest that cancer cells uti-

lize glutamate not for energy production but for anabolic

reaction. Intermediates in the Krebs cycle can serve as

building blocks for macromolecules necessary for growth

and proliferation. According to a recent study (36), in pro-

liferating cells, the physiological significance of glutamino-

lysis is to provide nitrogen for de novo synthesis of

nucleobases. Glutamine and aspartate provide nitrogen to

pyrimidine and purine bases of nucleotides. When meta-

bolic pathways in tumor spheroids were simultaneously

analyzed by intracellular metabolite profiles (37), glutami-

nolysis was active but cytosolic ME1 was not. These points

suggest that glutamate enters the Krebs cycle as α-KG, is

sequentially oxidized to oxaloacetate and then leaves the

mitochondria, after amination, as aspartate via the malate/

aspartate shuttle. Indeed, a study reports that cancer cells

actively synthesize several amino acids including aspartate

(37).

In contrast, carbons from glutaminolysis leave the Krebs

cycle as citrate and are transported out to the cytosol via

citrate carriers. In the cytosol, citrate may serve as a carbon

source for de novo synthesis of fatty acids. In fact, gluta-

mine contributes as much as glucose to the production of

lipogenic acetyl-CoA in brown adipocytes (38). In 1984,

Parlo and Coleman reported that hepatomas accumulate

excess amounts of cholesterol in the mitochondrial mem-

branes via de novo cholesterogenesis using lipogenic acetyl-

CoA originating from mitochondrial citrate (39).

Under specific experimental conditions such as hypoxia

(40,41) or impaired mitochondrial OXPHOS (42), gluta-

mate can be converted to citrate for de novo fatty acid syn-

thesis. NADP+-dependent isocitrate dehydrogenases (IDHs),

for example cytosolic IDH1 (40,42) and mitochondrial IDH2

(41), catalyze CO2-dependent reductive carboxylation of

α-KG to isocitrate. Then, aconitase converts isocitrate to
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citrate for lipogenesis. Hence, glutaminolysis by reductive

carboxylation operates through the backward pathway of

the truncated Krebs cycle (7,43).

PFK1 fine-tunes metabolic fluxes in cancer cells. Can-

cer cells demand more ATP, NADPH and intermediates

from the Krebs cycle for anabolic reactions to ensure their

uncontrollable proliferation (7). Hence, catabolic degradation

of glucose and glutamine increase to meet their demands

for macromolecules. Furthermore, cellular metabolic fluxes

must be modulated to meet their demands for de novo syn-

thesis of nucleotides, proteins and lipids. Cancer cells may

simply use tumor suppressor genes and oncogenes as meta-

bolic switches to modulate metabolic fluxes to their best

advantage (44).

As we look more closely into how cancer cells rewire

metabolic fluxes, it seems that cancer cells strategically

mutilate allosteric inhibition of the reaction catalyzed by

PFK1. First, the loss of TP53 in cancer cells results in the

absence of TIGAR expression. Consequently, the level of

F26BP remains elevated, and irreversible commitment to

glycolysis will be sustained (13). Second, lactate inhibits

PFK1 (45). Hence, glycolytic tumors often upregulate MCT4

and actively remove lactate from the cytosol to prevent

cytosolic pH change (21).

PEP is another allosteric inhibitor for PFK1 (46). PKMs

convert PEP to pyruvate. Cancer cells preferentially upreg-

ulate PKM2, the kinase activity of which is lower than

PKM1 (47) or even absent (48). Considering the strong cor-

relation between aerobic glycolysis and oncogenesis, it

seems counterintuitive that cancer cells prefer PKM2 over

PKM1 (49). Nonetheless, it is widely accepted that the bot-

tleneck at the metabolic intersection for pyruvate rewires

cellular catabolic pathways favorable for de novo synthesis

of macromolecules (7,49,50). Furthermore, when the jam at

the metabolic intersection of pyruvate is removed by exper-

imental means, the Warburg effect seems relieved (7). From

such a point of view, mitochondria in cancer cells are con-

sidered as neither irreversibly damaged nor guilty of caus-

ing cancer.

The inhibitory effects of PEP on aerobic glycolysis remain

in cancer cells with PKM2 expression. An alternative reac-

tion by which PEP can be dephosphorylated to pyruvate is

proposed. PEP is shown to phosphorylate the catalytic histi-

dine11 of PGAM1 by direct phosphate transfer (46). His11-

phosphorylated PGAM1 becomes activated and rewires

glycolytic flux towards de novo synthesis of NADPH,

nucleotides and amino acids (51). PGAM1 is now consid-

ered as a fine metabolic tuner coordinating glycolytic flux

and anabolic pathways for optimal metabolic fluxes for pro-

liferation (52).

Citrate and ATP are additional allosteric inhibitors for

PFK1 (53). The increased lipogenic demand of cancer cells

is met by mitochondrial cataplerotic citrate condensed from

glucose-derived acetyl-CoA and glutamate-derived oxalo-

acetate (35,53). Therefore, it is unlikely that citrate would

be accumulated in cancer cells to a high enough level to

allosterically inhibit PFK1. Indeed, the level of citrate is

lower in tumors than in normal tissues (54).

On the other hand, allosteric inhibition of PFK1 by ATP

could impose a rather serious problem in maintaining gly-

colytic flux. Produced in excess, ATP will inhibit glyco-

lytic flux. Warburg calculated that cancer cells would

produce 10% more ATP than normal cells (4). According to

a recent tumor metabolomics study (54), nucleotide content

and energy charge were similar in normal and tumor tissues.

Hence, it may be advantageous for cancer cells to main-

tain a low local ATP concentration. While the reaction of

PKM is linked to ATP production, phosphorylation of

PGAM1 by PEP generates pyruvate without ATP produc-

tion (46). Therefore, PKM2-independent dephosphoryla-

tion of PEP to pyruvate seems to be an adequate underlying

molecular regulation mechanism that cancer cells employ to

ensure enhanced glycolytic flux while rewiring metabolic

fluxes.

The Krebs cycle is decoupled from OXPHOS in cancer
cells. As we have postulated above, if the allosteric inhi-

bition of PFK1 by ATP poses serious limitation, then

allosteric inhibition of the Krebs cycle by ATP and NADH

(55) must be challenging obstacles in maintaining enhanced

metabolic fluxes for anabolism in cancer cells. To maintain

a low local ATP concentration, it seems valid to minimize

ATP production via mitochondrial respiration. One may

describe such a phenomenon as decoupling the Krebs cycle

from mitochondrial OXPHOS. Contrary to the prevailing

hypothesis that insufficient ATP production due to impaired

mitochondrial respiration is compensated through elevated

aerobic glycolysis, cancer cells may intentionally shut off

mitochondrial OXPHOS to maximize metabolic fluxes for

increased demands for anabolic reactions.

Findings from a recent study (56) could be interpreted

from the aspect of decoupling of the Krebs cycle and

OXPHOS. Ectonucleoside triphosphate diphosphohydro-

lase 5 (ENTPD5) is a uridine diphosphatase located in the

endoplasmic reticulum. During N-glycosylation reactions,

ENTPD5 hydrolyzes UDP to UMP and Pi. Cytosolic ATP

is rapidly hydrolyzed to AMP to replenish the UTP pool for

regeneration of UDP-glucose. With increased ENTPD5

expression, lactate production increased, but mitochondrial

respiration did not change (56). To properly execute N-gly-

cosylation reactions, glycolytic flux is increased and

rewired to support nucleotide and hexosamine synthesis

(57). Hence, an increase in glycolytic flux is expected, yet

failure to increase mitochondrial respiration is not.

These phenomena were interpreted as demonstrating that

cancer cells would not change metabolic flux to supple-

ment ATP (56,57). Nonetheless, it is still not explained why
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cells block mitochondria from supplying ATP via OXPHOS.

Unlike studies in which glutaminolysis by reductive car-

boxylation contributed to fatty acid synthesis under hypoxia

(40,41) or in respiration-defective mitochondria (42), the

study on ENTPD5-mediated aerobic glycolysis (56) cannot

relate the failure to increase mitochondrial respiration to

defects in the mitochondrial respiration system in the exper-

imental model of choice. In a recent study, it has been sug-

gested that suboptimal ATP levels could rewire metabolic

fluxes (58). Therefore, this study may suggest that cancer

cells intentionally keep ATP at suboptimal levels in order to

sustain high metabolic fluxes.

ETC complexes are decoupled from ATP production in
cancer cells. In mitochondrial OXPHOS, electrons from

electron donors NADH and FADH2 flow through electron

transfer chain (ETC) complexes to the ultimate electron

acceptor molecular oxygen. Electron transfer is directly

coupled to proton translocation, which creates a proton-

motive force across the mitochondrial inner membrane.

Electron-motive force from electron donors is indirectly

coupled to phosphoryl transfer potential via proton-motive

force. Finally, a high-energy phosphoanhydride bond is

formed in ATP, harnessing free energy released from elec-

tron donors (59). The magnitude of proton-motive force

inversely regulates the electron transfer rate (60). The oxy-

gen consumption rate usually reflects the electron transfer

rate in ETC complexes. Therefore, cellular energy demand

is accurately reflected in mitochondrial membrane potential

and the oxygen consumption rate.

In general, mitochondrial respiration implies reduction of

oxygen molecules to water, whereas ATP production refers

to phosphoryl bond formation in ADP to ATP. Therefore,

the former involves ETC complexes, and the latter is lim-

ited by ATP synthase. In consideration of recent studies

(46,56,61,62), it seems increasingly feasible that cancer

cells decouple not only the Krebs cycle from mitochondrial

OXPHOS but mitochondrial respiration from ATP produc-

tion. Two independent studies suggested that ETC com-

plexes in mitochondrial OXPHOS are essential to ensure

rapid proliferation (61,62). Studies demonstrate that in de

novo synthesis of pyrimidine nucleotides, aspartate is sup-

plied by cataplerotic reactions. ETC complexes oxidize

NADH that is generated during cataplerotic aspartate syn-

thesis, therefore maintaining the NAD+/NADH ratio (61,62).

Since the function of ETC complexes is successfully replaced

by electron acceptors, the function of ATP production in

mitochondrial OXPHOS seems dispensable (61). In these

studies, ETC complexes are decoupled from ATP produc-

tion, and coupled instead to the Krebs cycle.

In conclusion, recent studies demonstrate that cancer cells

rewire metabolic fluxes to support enhanced anabolic reac-

tion. Some examples are the following: cancer cells couple

glycolytic and glutaminolytic fluxes, decouple pyruvate

metabolism from glycolytic flux, and decouple ATP pro-

duction from ETC complexes, but couple the Krebs cycle

with ETC complexes. Hence, it seems that cancer cells have

growth advantage over normal cells not because they syn-

thesize absolutely more macromolecules but because they

strategically operate metabolic fluxes under limiting cir-

cumstances to supply proper amounts of macromolecules at

an appropriate time.

CLOSING REMARKS

During the early and middle parts of the 20th century, cel-

lular energy metabolism was the research topic for many

distinguished biochemists. Warburg was one of them; he

was awarded the Nobel Prize for his work on mitochon-

drial respiratory enzymes. Hans Krebs published his paper

on the Krebs cycle in 1937 (63); he was also awarded the

Nobel Prize, in 1953.

Until the 1970s, mitochondria stayed at the center of

numerous biochemists’ research interest. After 20 years’

long silence, mitochondria made a strong comeback through

their role in apoptosis (64). It has been only a preview!

They seem to be coming back to the mainstage with a big

splash; this time it will likely be through their role in meta-

bolic reprogramming of cancer. As we are entering into a

new era for mitochondria, we must discard a rather fixed

view on mitochondria as the cellular powerhouse. When

scientists looked at them as biochemists, mitochondrial

OXPHOS and bioenergetics were discovered. Only when

we started exploring them as biologists, was their hidden

role in apoptosis unraveled. To properly understand their

role in cancer energy metabolism, we must investigate them

as physiologists and explore mitochondrial physiology.

With recent advances in technology (64), we now can pro-

vide physiological meaning to mitochondrial biology.

Considering what has been revealed on mitochondrial

functional biology and mitochondrial physiology, War-

burg’s theory on aerobic glycolysis is mostly correct, except

that mitochondria are not damaged, but simply dysfunc-

tional. On the other hand, he was wrong on the ‘irrevers-

ible’ part, since mitochondrial function is modulated, not

permanently changed, to accommodate metabolic demands

from the host.

Moreover, Weinhouse’s claim is correct in that mitochon-

drial respiration is operational in cancer cells. However,

what he meant by mitochondrial respiration is limited to the

bioenergetics of mitochondria, whereas the physiological

meaning of mitochondrial respiration includes, at the least,

modulation of metabolic fluxes. Therefore, he was also

wrong because mitochondrial respiration is bioenergeti-

cally operational but physiologically malfunctional, and

therefore dysfunctional.

Indeed, mitochondria are not innocent bystanders during

metabolic reprogramming of cancer cells. It is yet impetu-
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ous to reach a verdict on the charge of instigating meta-

bolic alteration in cancer cells. Nonetheless, one thing is

already obvious. Without full cooperation/assistance from

mitochondria, cancer cells cannot succeed in evolutionary

competition during oncogenesis by means of genetic and

epigenetic alterations alone. Therefore, we must carefully

investigate how mitochondria accommodate requests from

the host (alterations in mitochondrial physiology), and

devise tools to weaken their collaboration to outsmart them

during oncogenesis.
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