
Abstract. Compared to normal cells, cancer cells have a
unique metabolism by performing lactic acid fermentation in
the presence of oxygen, also known as the Warburg effect.
Researchers have proposed several hypotheses to elucidate
the phenomenon, but the mechanism is still an enigma. In
this review, we discuss three typical models, such as
“damaged mitochondria”, “adaptation to hypoxia”, and
“cell proliferation requirement”, as well as contributions
from mass spectrometry analysis toward our understanding
of the Warburg effect. Mass spectrometry analysis supports
the “adaptation to hypoxia” model that cancer cells are
using quasi-anaerobic fermentation to reduce oxygen
consumption in vivo. We further propose that hypoxia is an
early event and it plays a crucial role in carcinoma initiation
and development.

Living organisms are able to carry-out a highly integrated
network of chemical reactions, known as metabolism, in
order to extract energy and reducing power from their
environment and synthesize the building blocks of
macromolecules (1). In mammalian cells, the first step in the
degradation of glucose is glycolysis that is an oxygen-
independent metabolic pathway. Pyruvate molecules
produced by glycolysis are actively transported across the
inner mitochondrial membrane, and into the matrix. Pyruvate
is converted to acetyl-CoA by oxidative decarboxylation
catalyzed by the pyruvate dehydrogenase (PDH) complex.

Then, acetyl-CoA is fed into the Krebs (also known as
tricarboxylic acid, TCA) cycle. Carbon dioxide and NADH
are produced both by the PDH-catalyzed oxidative
decarboxylation and the TCA cycle, and the latter also
produces FADH2. The NADH and FADH2 formed in
glycolysis, fatty acid oxidation and the Krebs cycle are
energy-rich molecules because each contains a pair of
electrons that have a high transfer potential. When these
electrons are donated to molecular oxygen through a series
of electron carriers in mitochondria, a large amount of free
energy is liberated to generate ATP as shown in Figure 1.
Fermentation is less efficient at using the energy from
glucose: only 2 ATP are produced per glucose, compared to
the 38 ATP per glucose produced by aerobic respiration.

It is well-known that cancer cells have a unique metabolism
compared to normal cells. In the 1920s, using slices of living
tissues, Otto Warburg studied the energy metabolism of a
tumor and first reported that cancer cells produced large
amounts of lactate even in aerobic condition (4). He was
awarded the Nobel Prize in Physiology in 1931 for his
"discovery of the nature and mode of action of the respiratory
enzyme." In oncology, the Warburg effect is the observation
that most cancer cells predominantly produce energy by a high
rate of glycolysis followed by lactic acid fermentation in the
cytosol, rather than by a comparatively low rate of glycolysis
followed by oxidation of pyruvate in mitochondria as in most
normal cells (5-7). Investigators have proposed several
hypotheses to elucidate the mechanism, but a unanimous
agreement has not been reached (8, 9). Herein, we attempt to
discuss three typical models and the contributions of mass
spectrometry (MS)-based proteomic analysis.

Model 1: Damaged Mitochondria

In the 1920s, it was well-known that eukaryotic cells use
mitochondrial oxidative phosphorylation to obtain energy in
aerobic condition and perform fermentation in anaerobic
condition. When Otto Warburg observed that cancer cells
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produced lactic acid in vitro with ample oxygen, it was quite
logical for him to deduce that there must be something
wrong in the cancer cell’s mitochondria, disallowing the cell
to perform oxidative phosphorylation in the presence of
oxygen. Otto Warburg presumed that the in vivo
microenvironment (nutrient, oxygen) of the cancer cell is the
same as that of the normal cell, and he believed that the
phenomenon is also displayed in vivo. He further developed
a hypothesis that cancer should be interpreted as a
mitochondrial dysfunction (4). However, this hypothesis is
opposed by Sidney Weinhouse who reported that tumors and
non-neoplastic tissues show no difference in their ability to
convert glucose and fatty acids to carbon dioxide, a process
that requires respiration and functional mitochondria.
Weinhouse postulated that the increased glycolysis noted in
all tumors was not the cause of the malignancy but a result
of alterations in genetic function that affect specific genes
that regulate the expression of the enzymes and other factors
that control a complex metabolic pathway (10, 11).

Today, hypotheses similar to Warburg’s “Damaged
mitochondria” model are still popular in the cancer research
field (12). For instance, a number of mutations among the
TCA cycle enzymes, such as succinate dehydrogenase,
fumarate hydratase, and isocitrate dehydrogenase, have been
discovered and their association with some tumor types has
been established (13, 14). Additionally, some researchers
support a hypothesis that cancer cells have increased levels
of reactive oxygen species (ROS) due to a decline of ROS-
scavenging enzyme superoxide dismutase in mitochondria.
These researchers believe that the increase of ROS in cancer
cells plays an important role in cancer initiation and
progression (15-21). 

Model 2: Adaptation to Hypoxia

Human cancers have been described for more than 2,000
years. The name “cancer”, referring to “crab” in the Greek
language, comes from the appearance of the cut surface of a
solid malignant tumor, with the veins stretched on all sides,
similar to the position of a crab’s legs (22). At first glance,
tumors have blood vessels and are accessible to oxygen.
However, analysis from Less et al. shows that solid tumor
vascular architecture, while exhibiting several features that
are similar to those observed in normal tissues, has others
that are not commonly seen in normal tissues. These features
of the tumor microcirculation may lead to heterogeneous
local hematocrits, oxygen tensions, and drug concentrations,
thus reducing the efficacy of present day cancer therapies
(23). Contrary to Otto Warburg’s presumption that oxygen
deficiency is out of the question for cancer cells in vivo,
some investigators believe that oxygen is a serious limiting
factor for cancer cells in vivo. In the past several decades,
researchers observed that regions within solid tumors

experience mild to severe oxygen deprivation, due to
aberrant vascular function. These hypoxic regions are
associated with altered cellular metabolism, as well as
increased resistance to radiation and chemotherapy (7, 24).
Notably, Gatenby and Gillies proposed that the Warburg
effect is an adaptation to intermittent hypoxia in pre-
malignant lesions: “the pre-malignant lesions, provided their
basement membranes remain intact, will inevitably develop
hypoxic regions near the oxygen diffusion limit, as persistent
proliferation leads to a thickening of the epithelial layer,
pushing cells ever more distant from their blood supply,
which remains on the other side of the basement membrane.”
They explained that cells derived from tumors typically
maintain their metabolic phenotypes in culture under
normoxic conditions due to stable genetic or epigenetic
changes (25, 26). Basically, this model supports an idea that
the cancer cells are performing anaerobic fermentation due
to hypoxia and will not display the Warburg effect (aerobic
fermentation) in vivo.

Model 3: Cell Proliferation Requirement

In the year 2008, Christofk et al. reported that tumor cells
express exclusively the embryonic M2 isoform of pyruvate
kinase (PKM2) and switching pyruvate kinase expression to
the M1 form (PKM1) leads to reversal of the Warburg effect.
The authors concluded that the PKM2 expression is
necessary for aerobic glycolysis and that this metabolic
phenotype provides a selective growth advantage for tumor
cells in vivo (27). The authors further suggested that
selective targeting of PKM2 by small-molecule inhibitors is
feasible for cancer therapy (28). This report attracted much
attention in the research field of cancer, and some
researchers performed follow-up studies to understand the
PKM2 activity regulation in tumor cells (29-39). However,
the authors’ statement that “tumor cells express exclusively
PKM2” is not consistent with previous publications that
PKM2 is expressed in lung tissues as well as all cells with
high rates of nucleic acid synthesis (40, 41). The authors’
statement that “there is a switch of PKM1 to PKM2 during
development of cancer” is also challenged by a quantitative
MS analysis that PKM2 is the prominent isoform in several
analyzed cancer samples and matched control tissues (42).
Noticeably, the knowledge that PMK2 is indeed expressed
in normal tissue is now accepted in the cancer research
community after these arguments (43).

Vander Heiden et al. further developed the “Cell
proliferation requirement” model and disagreed with the above
“Adaptation to hypoxia” model that tumor hypoxia selects for
cells dependent on anaerobic metabolism (44). The authors
argued that: “cancer cells appear to use glycolytic metabolism
before exposure to hypoxic conditions. For example, leukemic
cells are highly glycolytic, yet these cells reside within the
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bloodstream at higher oxygen tensions than cells in most
normal tissues. Similarly, lung tumors arising in the airways
exhibit aerobic glycolysis even though these tumor cells are
exposed to oxygen during tumorigenesis.” The authors believed
that hypoxia is a late-occurring event that may not be a major
contributor in the switch from oxidative phosphorylation to
aerobic glycolysis by cancer cells. The authors concluded that
lactate fermentation is required for normal proliferative tissue
or tumor (5% pyruvate enters into TCA, 85% pyruvate
converts to lactate), suggesting that oxidative phosphorylation
and cell proliferation are largely mutually exclusive. This
conclusion is based on a statement that “many unicellular
organisms proliferate using fermentation.” However, using this
statement as an evidence to support the authors’ “Cell
proliferation requirement” model is questionable. For example,
yeast, a centrally important unicellular model organism in
modern cell biology research and one of the most thoroughly
researched eukaryotic microorganisms, produces ethanol by
fermentation under low-oxygen conditions. In 1857, French
microbiologist Louis Pasteur showed that by bubbling oxygen
into the yeast broth, cell growth could be increased, but
fermentation was inhibited – an observation later called the
Pasteur effect (45). Surely, fermentation is not a necessity for
yeast proliferation and yeast does not preferentially ferment
glucose when oxygen is abundant. Anyway, this model is
welcomed among some researchers who are interested in
targeting of cancer metabolism (46, 47).

Contribution by Mass Spectrometry Analysis

MS is used routinely for large-scale protein identification
and global profiling of post-translational modifications
(PTMs) from complex biological mixtures. Remarkably, the
MS analyses have identified a large number of dysregulated
metabolic enzymes including PKM2 in cancer cells.
Particularly, the MS analysis showed that L-lactate
dehydrogenase B (LDH-B) is up-regulated in pancreatic
cancer cells, indicating that LDH-B is in great need for lactic
acid fermentation (Table I). On the contrary, mitochondrial
proteins are down-regulated in cancer cells, resulting from
either decreased expression of proteins in each individual
mitochondrion or a lessened number of mitochondria in each
cell (48-50). The down-regulation of mitochondrial proteins
was also observed by Pan et al. in one MS analysis of mouse
hepatoma cell. The authors further confirmed that the
number of mitochondria in the cancer cell is reduced by
fluorescent staining of mitochondria (51). This observation
implicates that, even though cancer cells harness a lower
number of mitochondria, these mitochondria are sufficient
for macromolecules synthesis and energy production
requirement. According to adaptation theory, cells will
express proteins when needed, and reduce proteins when not
needed. Thus, it is reasonable to conclude that cancer cells
need less mitochondria because less oxygen is consumed. All
things considered, the MS analysis of cancer metabolism
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Table I. The important MS studies related to the Warburg effect.

Topic                                         Significance                                                                                                                                                          Reference

LDH                                          Previous studies believe that LDH-A is responsible for the lactic acid fermentation in cancer cells. 
                                                  MS analysis shows that LDH-B is actually up-regulated and needed for the fermentation.                              48, 49
PKM2                                       Quantitative MS analysis shows that PKM2 is the prominent isoform in all analyzed cancer samples,             42
                                                  cell lines, and matched control tissues. The MS analysis reveals that an exchange in PKM1 to PKM2 
                                                  isoform expression during cancer formation is not occurring, nor does the result support conclusion 
                                                  that PKM2 is specific for proliferating, and PKM1 for non-proliferating tissue.
Oxidative phosphorylation      MS analysis demonstrated that the expressions of many mitochondrial proteins are down-regulated             48-51,
                                                  at cellular level, indicating that there is a shift in energy production from aerobic respiration to                     74-76
                                                  anaerobic fermentation in cancer cells.
Glutaminolysis                         MS analysis suggested that glutamine plays an important role in nucleotide and amino acid                             49
                                                  biosynthesis as a nitrogen donor. Glutamine can be hydrolyzed to glutamate and ammonia 
                                                  by glutaminase, and the resulted basic ammonia can help pH balance in the cancer cell.
Oxidative stress                        MS analysis showed that several antioxidant proteins are coincidentally down-regulated in cancer                  49
                                                  cells, indicating that ROS level is low and less antioxidant proteins are needed.
Metabolic pathways                 MS analysis revealed other metabolic proteins that are up-regulated involving in cholesterol synthesis,       48-52, 
                                                  amino acid synthesis, purine and pyrimidine synthesis, nucleotide-sugar synthesis, mevalonate                     74-76
                                                  pathway and one carbon metabolism, and down-regulated involving in glycogenesis, gluconeogenesis, 
                                                  creatine biosynthesis, heme biosynthesis, energy homeostasis, and antioxidant system. The analysis 
                                                  uncovered the diversity and quantity of metabolic alterations in addition to the Warburg effect, and 
                                                  provided a potentially comprehensive picture of metabolism in cancer cells.
Mechanism                               MS analysis supports a hypothesis that hypoxia promotes cancer cells to reprogram metabolic                  49, 50, 52
                                                  pathways in order to minimize the oxygen consumption.



largely supports a revised “Adaptation to hypoxia” model
that cancer cells are using quasi-anaerobic fermentation to
reduce oxygen consumption in vivo (52). In this model, each
mitochondrion in a cancer cell is still active, consistent with
the observation by Weinhouse; however, compared to normal
cells, cancer cells have lessened oxidative phosphorylation
capacity at cellular level. Additionally, the proteomic data
suggest that the Warburg effect is a consequence of an
adaptation to low-oxygen environments within tumors, and
the tumor-derived cell lines can maintain their metabolic
phenotype in culture under regular condition with ample
oxygen, due to irreversible gene mutations in the cells, as
proposed by Weinhouse.

Next, compared with normal cells, tumor cells produce
increased amounts of protons (H+) owing to lactic acid
fermentation. The role of the proton transporter in the pH
homeostasis in cancer cells has been discussed previously
(53). Notably, the MS analysis confirmed that glutaminase is
up-regulated in cancer cells (49). Since glutamine can be
hydrolyzed to glutamate and ammonia by glutaminase, we
propose that the reaction of ammonia with lactic acid can
play a part in the pH balance in cancer cells as shown in
Figure 2. Since many cultured cancer cells exhibit increased
glutamine consumption (54), this proposal may help to
explain the glutamine addiction by cancer cells.

Moreover, the MS analysis showed that enzymes involved
in oxidative stress in cancer cells are down-regulated,
indicating that cancer cells have lower oxidative stress, and
cancer cells adaptively lessened the expression of these
enzymes (49). This conclusion does not support the current
prevailing ROS theory that cancer cells have higher ROS.
According to the cancer ROS theory, antioxidants can be
used by healthy people and cancer patients as a strategy to
fight cancer; however, some clinical trials with antioxidants
show that antioxidants actually increase cancer risks (55, 56).
Here, we suggest that ROS production is an important heat
generation mechanism in normal cells as shown in Figure 3.

In mammalian cells, oxygen is the final electron acceptor,
and the consumption of oxygen is proportional to heat
production. Therefore, compared to normal cells, hypoxic
cancer cells consume less oxygen and will generate less heat.
Indeed, using a thermographic imaging technique, Song et
al. observed that the tumors are cooler than the surrounding
tissue (59).

By and large, cancer is a genetic disease. Many important
genes responsible for the genesis of various cancers have been
discovered, their mutations precisely identified, and the
pathways through which they act characterized (60). Recently,
Tomasetti and Vogelstein et al. reported that lifetime cancer
risk for particular tissues is mostly determined by the total
number of stem cell divisions within the tissue, whereby most
cancers arise due to "bad luck" – random mutations arising
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Figure 1. Oxidative phosphorylation in mammalian cell. Electrons are transferred from NADH and FADH2 to oxygen in redox reactions. These
redox reactions are carried out by a series of protein complexes (NADH dehydrogenase or complex I, succinate dehydrogenase or complex II,
cytochrome c reductase or complex III, cytochrome c oxidase or complex IV). The energy released by electrons flowing through the electron transport
chain is used to transport protons across the inner mitochondrial membrane. This pH gradient generates an electrical potential energy across the
membrane. When protons flow back across the membrane through ATP synthase, the energy is stored in ATP (1). Cytochrome c oxidase mediates
the final reaction in the electron transport chain and transfers electrons to oxygen, while pumping protons across the membrane (2, 3).

Figure 2. The link of glycolysis and glutaminolysis. Pyruvate and
glutamate, products from glycolysis and glutaminolysis, are substrates
for Krebs cycle. Separately, glutamine and fructose-6-phosphate (product
from glycolysis) are used for hexosamine biosynthesis and glycosylation,
catalyzed by glutamine-fructose-6-phosphate transaminase. Additionally,
glutamine can be hydrolyzed to glutamate and ammonia (NH3) by
glutaminase. The resulted ammonia can react with lactic acid to form
ammonium lactate to help the pH balance in cancer cells. 



during DNA replication in normal, noncancerous stem cells
(61). However, some researchers disagree with this
conclusion. They argue that some mutations are initiated by
chemical or viral exposures, and others occur without a known
cause (62, 63). Certainly, there are many types of cancer, and
it is hard to use one model to describe the origin of cancer.
Here, we postulate that hypoxia can be developed from long-
term inflammation or carcinogen-induced local capillary
circulation deficiency, and hypoxia promotes gene mutations
in epithelial cells and selects the cell that is adapted to a low-
oxygen environment, resulting in carcinoma initiation and
development. This hypothesis is based on our characterization
of cellular adaptation mechanism as shown in Figure 4.
Noticeably, Zhang et al. recently proposed a driver model for
the initiation and early development of solid cancers
associated with inflammation-induced chronic hypoxia and
ROS accumulation (69). We agree that hypoxia plays a crucial
role in carcinoma initiation and development; however, we
believe that ROS accumulation is insignificant in hypoxic cells
and mutation is likely attributed to an unrevealed mechanism.

Perspectives

Cancer cells are cells that grow and divide at an unregulated,
quickened pace, due to damaged or changed genetic material
DNA. In the year 2000, Hanahan and Weinberg et al. published
a well-cited article “The hallmarks of Cancer” to describe the
characteristics of a cancer cell. The hallmarks of cancer
comprise six biological capabilities acquired during the
multistep development of human tumors. They include
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Figure 3. Heat production in mammalian cells. About 2,880 kJ mol–1 of energy is released when burning glucose in air (C6H12O6 + 6O2 → 6CO2
+ 6H2O). The same amount of energy will be released by aerobic respiration in mammalian cells; however, the chemical energy is first stored in
synthesized ATP by a series of biochemical reactions including glycolysis, Krebs cycle, and oxidative phosphorylation, and the energy stored in
ATP can then be released in a controlled way to drive processes requiring energy such as biosynthesis and transportation of molecules. Surprisingly,
mitochondrial oxidative phosphorylation as shown in Figure 1 is not perfectly coupled to ATP synthesis. Proton-leak catalyzed by uncoupling
proteins in adipocytes accounts for a significant part of the resting metabolic rate (57). Separately, although the last destination for an electron
along the electron transport chain is an oxygen molecule to form water catalyzed by cytochrome c oxidase in normal conditions, a certain percentage
of electrons can be leaked before this reaction takes place and oxygen is prematurely and incompletely reduced to superoxide radical (O2 + e– →
O2–) (58). In compliance with the relationship of chemical reaction rate and concentration, it is expected that less superoxide radical can be formed
in hypoxia condition. Remarkably, it is well-established that mitochondrial superoxide dismutase (Mn-SOD) catalyzes the dismutation of superoxide
into oxygen and hydrogen peroxide (Mn3+-SOD + O2− → Mn2+-SOD + O2, Mn2+-SOD + O2− + 2 H+ → Mn3+-SOD + H2O2). Catalase, which
is concentrated in peroxisomes located next to mitochondria, reacts with the hydrogen peroxide to catalyze the formation of water and oxygen (2
H2O2 → 2 H2O + O2). Consequently, the combined reaction catalyzed by superoxide dismutase and catalase is 4 O2− + 4 H+ → 2 H2O + 3 O2,
and energy stored in superoxide radical is released as heat.

Figure 4. Mechanisms of cellular adaptation. Living organisms face a
succession of environmental challenges as they grow and develop. In
response to the imposed conditions, organisms are equipped with adaptive
traits that are maintained and evolved by means of natural selection.
Adaptation can be achieved by three typical mechanisms at the molecular
and cellular level. First, reversible post-translational modifications
(PTMs), such as phosphorylation, acetylation, and methylation, are
involved in rapid adaption of cellular exposure to stimulus. At
physiological pH, the side chains of Ser/Thr/Tyr are not charged, the side
chain of lysine is cationic, and the side chains of Asp/Glu are negatively
charged. Consequently, phosphorylation of Ser/Thr/Tyr will introduce
negative charge to these amino acid residues; N-acetylation of lysine side
chain will quench the positive charge; methylation on carboxylate side
chain will cover up a negative charge and add hydrophobicity. PTM-
mediated adaptation can be quickly achieved by affecting of protein’s
catalytic activity, localization in the cell, stability, and the ability to form
complex with other molecules. Second, by gene regulation, cells can
express protein when needed. For example, Jacob and Monod et al.
discovered the lac operon regulation system in the genome of E. coli in
which some enzymes involved in lactose metabolism are expressed in the
presence of lactose and absence of glucose (64). Since this mechanism
requires de novo mRNA and protein synthesis, it is a slower response
compared to PTMs. Third, in extreme conditions, cells are prepared to
resort to gene mutation for survival if the above two mechanisms fail. The
mutant protein gains a new catalytic activity that helps the cell to overcome
harsh conditions. Although the intrinsic mutation rate is quite low (65), the
rate can be increased under selection pressure such as hypoxia. This
mechanism is supported by reports that sub-lethal antibiotic treatment can
increase bacteria’s mutation rate and drug resistance (66-68).



sustaining proliferative signaling, evading growth suppressors,
resisting cell death, enabling replicative immortality, inducing
angiogenesis, and activating invasion and metastasis (70). In the
year 2011, based on the recent research progress, Hanahan and
Weinberg et al. published another article and added two more
hallmarks of cancer without mention of the oxidative stress
theory: reprogramming of energy metabolism, and evading
immune destruction (71). Apparently, our understanding of
cancer is still evolving and the importance of metabolic
reprogramming in cancer cells is being increasingly recognized. 

Cancer has been studied for many years, and scientists are
still confronting the endless complexity of this disease (72).
To date, the mechanism of the Warburg effect is still
controversial, and discussions will continue among cancer
researchers. As a powerful proteomic tool, MS technique
recently has been applied to study cancer proteomes, and a
large number of differentially expressed proteins including
metabolic enzymes were revealed in cancer cells (73-76).
There is no doubt that the continuous study of cancer
metabolism by various tools including MS will benefit our
understanding of the Warburg effect.
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