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Abstract

Herein, we use lessons learned in exercise physiology and metabolism to propose that augmented lactate production 
(‘lactagenesis’), initiated by gene mutations, is the reason and purpose of the Warburg Effect and that dysregulated 
lactate metabolism and signaling are the key elements in carcinogenesis. Lactate-producing (‘lactagenic’) cancer cells are 
characterized by increased aerobic glycolysis and excessive lactate formation, a phenomenon described by Otto Warburg 
93 years ago, which still remains unexplained. After a hiatus of several decades, interest in lactate as a player in cancer 
has been renewed. In normal physiology, lactate, the obligatory product of glycolysis, is an important metabolic fuel energy 
source, the most important gluconeogenic precursor, and a signaling molecule (i.e. a ‘lactormone’) with major regulatory 
properties. In lactagenic cancers, oncogenes and tumor suppressor mutations behave in a highly orchestrated manner, 
apparently with the purpose of increasing glucose utilization for lactagenesis purposes and lactate exchange between, 
within and among cells. Five main steps are identified (i) increased glucose uptake, (ii) increased glycolytic enzyme 
expression and activity, (iii) decreased mitochondrial function, (iv) increased lactate production, accumulation and release 
and (v) upregulation of monocarboxylate transporters MTC1 and MCT4 for lactate exchange. Lactate is probably the only 
metabolic compound involved and necessary in all main sequela for carcinogenesis, specifically: angiogenesis, immune 
escape, cell migration, metastasis and self-sufficient metabolism. We hypothesize that lactagenesis for carcinogenesis is the 
explanation and purpose of the Warburg Effect. Accordingly, therapies to limit lactate exchange and signaling within and 
among cancer cells should be priorities for discovery.

Introduction
In 1923, Otto Warburg observed that cancer cells were charac-
terized by accelerated glycolysis and excessive lactate forma-
tion even under fully oxygenated conditions (1,2). His discovery 
was subsequently named the ‘Warburg Effect’ by Efraim Racker 
in 1972 (3). Significance of Warburg’s discovery is still apparent 
in the common cancer diagnostic test using 18F-deoxyglucose 
positron emission tomography (18F-FDG-PET) (4) which has a 
high diagnostic accuracy (5–7). Long ago, Warburg observed that 
when cultured in 13 mM glucose, cancer cells produced a 70-fold 
increase in lactate accumulation (1). Warburg also observed 

that blood lactate concentration was higher in blood vessels 
leaving tumor tissues than the lactate concentration in blood 
vessels entering tumors (8). Although common thought has 
been that Warburg’s discovery was one of exacerbated glucose 
uptake and glycolysis by tumor cells, his main finding may be 
that of increased lactate production, accumulation and release. 
According to his calculations from decades ago, arterial glucose 
uptake in tumor cells was about 47–70% compared to 2–18% 
in normal tissues and tumor cells converted 66% of glucose 
uptake to lactate (8). The finding of atypical lactate production 
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led Warburg to propose that the primary lesion common to can-
cer cells was in the respiratory chain that caused cancer cells 
to rely on glycolysis instead of oxidative phosphorylation for 
energy (9,10). Warburg’s work lead to the hypothesis that cancer 
was a disease of abnormal cell metabolism, and although some 
researchers support the idea that mitochondrial malfunction 
is the beginning of cancer (11), there is contemporary consen-
sus that mutations leading to metabolic dysregulation are first 
steps in progression to carcinogenesis (12). Still, the role of the 
Warburg Effect in cancer has neither been explained nor under-
stood for nearly a century.

While the Warburg Effect is a hallmark of cancer, the study of 
cancer cell metabolism was diverted when investigators began 
to employ genomic techniques to better understand cancer biol-
ogy. We lament that the lack of understanding about the mean-
ing and role of the Warburg Effect in cancer did not progress 
in parallel, a history that may have impeded the full compre-
hension of cancer biology, and, consequently, the development 
of effective therapeutic approaches abased on understanding 
of the roles of lactate in promoting carcinogenesis and tumo-
rigenesis. Although there have been important advances in the 
identification of oncogenes, tumor suppressor mutations and 
epigenetics as well as some therapeutic applications, the cure 
for cancer through gene-based research has yet to come to frui-
tion (13). We still do not know the ‘why’ or the ‘purpose’ of the 
Warburg Effect, its role in cancer growth and carcinogenesis, or 
how to halt or reverse metabolic dysregulation in cancer cells. 
Fortunately, recent efforts of many investigators referenced 
herein are bringing cancer metabolism to a renaissance which 
may lead to new insights and methods crucial to winning the 
war against ‘the emperor of all maladies’ as Dr Siddhartha 
Mukherjee wrote in his best-seller book (14).

Not only has there been a resurgence of interest in under-
standing the role of lactate in cancer, there is growing appre-
ciation for the role of lactate in normal physiology and it’s use 
in the treatment of injuries and illnesses (15). In better under-
standing the regulation and integration of glycolytic and oxida-
tive metabolism in normal physiology, and by comparing and 
contrasting normal and pathophysiological lactate responses, 
we seek to dissect out aberrations in cancer. For nearly a century, 
lactate was viewed as a waste product of anaerobic metabolism 
when, in fact, via the Lactate Shuttle (16–19), lactate is now rec-
ognized to be one of the most important energy fuels, the major 
gluconeogenic precursor, and a highly active signaling molecule 
with ‘hormone-like properties’ (18). Aerobic glycolysis and lac-
tate production constantly occur in skeletal muscles, not only 
during high intensity exercise, but also at rest because lactate is 
the obligatory product of glycolysis (17–19). And, of course, the 
rate of lactate production is greatly enhanced in working skel-
etal muscles (20). Hence, during high-intensity exercise, working 
muscles display some of the same metabolic characteristics as 
do cancer cells. Lactate production and accumulation in exer-
cise results in changes in metabolic gene expression (21), but 
with acute exercise and exercise training, lactate exposures 
are intermittent and result in favorable metabolic adaptations 

controlled via negative feedback mechanisms (21). In contrast, 
herein we propose that continual and dysregulated, as opposed 
to intermittent and regulated metabolism, lactagenesis in can-
cer results in positive, feed-forward responses that are maladap-
tive. In this article, we view cancer cell biology from perspective 
of the Lactate Shuttle concept proposed by Brooks in the 80’s, 
wherein lactate produced at one intracellular site can elicit a 
host of autocrine, paracrine and endocrine responses (17,19). 
Because there are so many metabolic characteristics in com-
mon between working muscles and cancer cells, we think it is 
reasonable to assess whether new knowledge in skeletal mus-
cle metabolism during exercise can be useful to cancer biology 
researchers (22). And finally, in this review we emphasize the 
effects of lactate anion from those of pH. In our studies on nor-
mal and transformed cells, buffered media were used (21,23–25).  
In our studies on healthy human subjects (26–28), and in our 
studies (15) and those of others (29,30) on traumatic brain-
injured patients sodium-lactate treatment has been applied. 
Such treatment is pH neutral or has, if anything, slightly alkalin-
izing effect (26). Hence, our document is a plea to consider the 
effects of lactate anion, as opposed to hydrogen ion, on cancer 
cell metabolism. Hopefully, this new perspective will lead to a 
broad discussion of lactate metabolism in cancer that could lead 
to the development of new diagnoses and therapeutics. 

The Warburg Effect: cancer cells thriving on 
‘metabolic inefficiency’?

Herein, we propose that the first step by which lactagenesis leads 
to carcinogenesis is when candidate cells begin to transform 
themselves to become highly glycolytic and poorly oxidative in a 
fashion that resembles the bioenergetics of primitive eukaryotic 
and prokaryotic organisms like yeast or bacteria. Viewed from 
the perspective of contemporary cell energetics, these newly 
transformed cancer cells possess an ‘inefficient’ mechanism 
to produce ATP that favors aerobic glycolysis and lactate pro-
duction in the cytosol instead of glucose oxidation progressing 
through mitochondrial oxidative phosphorylation. Again, from 
a contemporary perspective of cell metabolic efficiency, it is dif-
ficult to comprehend why, despite fully aerobic conditions, can-
cer cells move away from an ‘efficient’ metabolic mechanism 
and ‘choose’ an inefficient pathway producing two cytosolic 
ATPs per molecule of glucose instead of ~36–38 ATPs via coupled 
mitochondrial respiration (Figure 1). Proliferating cells need ATP 
for growth and scarce levels of ATP can compromise prolifera-
tion and result in apoptosis or necrosis (31). In contrast, healthy 
mammalian cells and organisms have evolved and adapted to 
environmental stress by emphasizing aerobic metabolism. For 
example, in response to endurance exercise training mass of 
the muscle mitochondrial reticulum can double (32,33) result-
ing in increased mitochondrial capacity and thus improved sub-
strate utilization (32,34–37), an effect that not only raises aerobic 
capacity and athletic performance, but also increases respira-
tory control and facilitates metabolic flexibility, which is the 
ability to switch between lipid and carbohydrate-derived energy 
fuels depending on the metabolic power needed. But, could it 
be that our contemporary puzzlement over the fact of aerobic 
glycolysis in cancer cells contains a bias based on our under-
standing of efficient metabolism in non-transformed cells? That 
cancer cells expropriate glucose from an otherwise healthy 
host is accomplished because the host maintains euglycemia 
so there is no glucose deficit or other nutritive stress imposed 
on the transformed cells; the metabolic cost is simply passed 
onto the host. The stress of accelerated lactate production in 

Abbreviations 

HIF  hypoxia-inducible transcription factor
LDHA  lactate dehydrogenase, isoform A
MCT  monocarboxylate transporter
PDH  pyruvate dehydrogenase
ROS  reactive oxygen species
RTK  receptor tyrosine kinase
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cancer cells is mitigated by overexpression of lactate transport-
ers, symporters for lactate anions and protons that export lactic 
acid into the host.

In contrast to metabolic regulation in the healthy heart and 
skeletal muscles of trained individuals, among cancer cells there 
occurs a glucose to lactate shunt in which the host bears the 
burden of providing a relatively limitless glucose supply as well 
as a sink for disposal of lactate and hydrogen ions. That cancer 
cells proliferate, and tumors grow and metastasize because of 
host exploitation may explain why the actual cause of death due 
to cancer appears to be multifactorial with multiple organ fail-
ures, rather than the tumor itself.

Oncogenes, metabolic dysregulation and tumor 
suppressors: a highly orchestrated performance to 
produce lactate

Through an orchestrated oncogene activation, tumor suppres-
sor mutations and epigenetics, cancer cells in glycolytic tumors 
undergo a metabolic reprogramming transforming themselves 
into highly glycolytic and poorly oxidative cells with lactate 
formation as the end product despite normoxic conditions 
(12,38–40).

Glycolytic enzyme expression in tumors: parallels between the 
lactate shuttle in normal physiology and the Warburg Effect 
in cancer
Glycolytic enzymes are overexpressed in many tumors with a 
wide 2–500 fold range increase (41). Of all the genetic compo-
nents, there is triad of transcription factors involved in cancer 

cellular metabolic dysregulation comprised of hypoxia-induc-
ible transcription factor-1 (HIF-1), c-Myc and p53 (42). Current 
thinking is that upregulation of two of these transcription fac-
tors (HIF-1 and c-Myc) is instigated by growth factor binding 
to plasma membrane receptors that stimulate receptor tyros-
ine kinases (RTKs) that activate the PI3K/Akt pathway and Ras 
(43). In contrast to HIF-1 and c-Myc, the tumor and glycolytic 
pathway suppressor p53 is repressed in cancer (44–46). In aggre-
gate, upregulation of HIF-1 and c-Myc and suppression of p53 
are likely responsible for the metabolic switch to glycolysis in 
cancer cells.

In cancer, as elsewhere, HIF-1 responds to low oxygen ten-
sion and activates the transcription of genes encoding glyco-
lytic enzymes, glucose and lactate transporters (47–49) and it is 
correlated with cancer aggressiveness and poor prognosis (50). 
A  key enzyme in glycolysis is pyruvate dehydrogenase (PDH), 
normally responsible for the oxidation of pyruvate to acetyl-CoA 
for mitochondrial oxidation. HIF-1 activates pyruvate dehydro-
genase kinase-1 (PDK-1) that phosphorylates and inactivates 
PDH that limits oxidative disposal of pyruvate and, thereby 
favors diversion of the glycolytic flux to lactate. Inactivation of 
PDH by HIF-1 is well known in exercise metabolism character-
ized by high glycolytic flux and lactate production (19), but in 
human exercise, lactate production is accompanied by well-
regulated and rapid disposal via oxidation and gluconeogen-
esis under the Lactate Shuttle mechanism (19). As with PI3K/
Akt activation, RTK signaling to c-Myc results in transcriptional 
activation of numerous genes involved in glycolysis and lac-
tate production (43). c-MYC cooperates with HIF-1 in activating 

Figure 1. Representation of self-sufficiency in cancer cells. Accelerated glycolysis elicited by oncogenes and tumor suppression mutations depletes nicotinamide 

adenine dinucleotide (NAD+). The reduction of pyruvate to lactate replenishes cytosolic levels of NAD+ and regulates the status of the equilibrium of the cytoplasmic 

redox pair (NADH/NAD+) for continuation of glycolysis. Lactate enters mitochondria and is oxidized to pyruvate and then acetyl CoA (A-CoA) through mitochondrial 

lactate oxidation complex (mLOC) comprised of mitochondrial monocarboxylate transporters (mMCT), its stabilizer, CD147, mitochondrial lactate dehydrogenase 

(LDH) and cytochrome oxidase (COx). Pyruvate can also enter mitochondria through mitochondrial pyruvate carrier (MPC) for oxidation to A-CoA. In glycolytic cancers, 

increased glycolysis is chronic which may deplete glycogen stores leading to increased proteolysis for gluconeogenesis, as well as for glutaminolysis to increase cyto-

solic pyruvate for lactate production. Chronic increased proteolysis for gluconeogenesis and glutaminolysis could explain cachexia in cancer.
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several genes that encode glycolytic proteins, including lactate 
dehydrogenase-A (LDHA) (51).

Cytosolic lactate has two key functions in glycolysis (Figure 1). 
The first, an appropriate physical response, is to regulate status 
of the equilibrium of the cytoplasmic redox pair (NADH/NAD+) 
for the continuation of glycolysis by restoring nicotinamide ade-
nine dinucleotide (NAD+). The second important function of lac-
tate is to overcome, via mass action and the Intracellular Lactate 
Shuttle mechanism, the HIF-1-induced inhibition of PDH, thus 
on balance, favoring oxidative disposal of the glycolytic flux. This 
metabolic characteristic of aerobic lactate production followed 
by oxidative disposal is typical of what happens in working 
skeletal muscles during moderate and high intensity exercise. 
However, whereas muscle is adapted to managing the glyco-
lytic stress of intermittent, high-intensity physical exercise, the 
chronic stimulation of glycolysis in non-skeletal muscle tissue 
may be maladaptive, setting a course to pathogenesis. Hence, 
the chronic self-sufficiency of cancer bioenergetics that requires 
abundant hexose sources coming from glucose, cellular glycog-
enolysis or proteolysis followed by gluconeogenesis is a concern 
for the host in vivo. Consequently, the chronic and excessive need 
to fuel cancer cells with glucose can lead to cachexia (Figure 1), a 
consequence typical of many cancer patients.

Another key enzyme in cytosolic glycolysis and lactate pro-
duction is lactate dehydrogenase, isoform A (LDHA) that reduces 
pyruvate to lactate under conditions or high glycolytic flux 
(Figure 2). The LDHA isoform in cancer cells is the same isoform 
expressed in Type IIB and II-X (fast twitch, white) skeletal mus-
cle fibers that favor pyruvate reduction to lactate. LDHA over-
expression in cancer cells is stimulated by HIF-1 (52,53) and the 
c-Myc oncogene (54–57). Moreover, HIF-1 is a canonical regulator 
of lactate transporters, MCTs (vide infra).

From the above discussion, it should be clear why PDK, PDH 
and LDHA are currently targeted among new and promising 
therapeutic approaches in cancer research. Dichloroacetate 
inhibits mitochondrial PDK increasing PDH activity and, there-
fore, pyruvate oxidation to acetyl-CoA for oxidative disposal 
in mitochondria (58) which also results in decreased lactate 
formation in normal physiology (59). Dichloroacetate admin-
istration lowers lactate accumulation in exercising humans 
and has been shown to suppress tumor growth in vitro and 
in vivo (60) probably by promoting pyruvate oxidation in the 
mitochondrial reticulum. Oxamate and short interfering RNA 
technique inhibit LDHA activity, and have been shown to be 
effective in inhibiting carcinogenesis (61–65). Not surprisingly, 
LDHA knockdown interference inhibits cancer cells prolifera-
tion (66,67).

Role of glucose transport
A high glycolytic activity cannot be sustained without a match-
ing and increased glucose uptake. Of all glucose transporters 
(GLUT1–GLUT12), GLUT-1 is the isoform that is expressed the 
most in cancer cells such as breast, lung, colorectal, prostate can-
cers and hepatocellular carcinoma (68–73). GLUT-1 over expres-
sion has been associated with tumor aggressiveness and poor 
survival in several cancers (72,74–76). HIF-1 increases GLUT-1 
expression (77–81) allowing a higher capacity for increased gly-
colysis (Figure 2). As well, c-Myc upregulates GLUT-1 expression 
in cancer cells (82). Furthermore, mutation of p53 results in a 
dysregulation of GLUT transporters increasing their expression 
in cancer (12,83) contributing to the facilitation of glucose utili-
zation of cancer cells. Overexpression of GLUT-3 in non-malig-
nant human breast cells activated known oncogenic signaling 
pathways to induce malignant phenotype (84).

Divergent roles of mitochondrial function in exercise and cancer
Throughout avian and mammalian animal kingdoms, high 
muscle mitochondrial density engenders capabilities for both 
endurance and high metabolic power (85). Indeed, one of the 
most impressive adaptations to metabolic stress in mammalian 
biology is doubling of mass of the muscle mitochondrial reticu-
lum due to endurance exercise training (33,86,87). Increased 
muscle mitochondrial density due to endurance training allows 
for increased respiratory control, increased fat metabolism and 
greater lactate clearance in muscles working at a given exercise 
power output (88). As well, by increasing lactate clearance via 
oxidation (20,89–91) and gluconeogenesis (89,92), high muscle 
mitochondrial density and other physiological and metabolic 
adaptations allow for high rates of muscle glycolysis to be tol-
erated because of correspondingly high lactate clearance rates. 
However, while high mitochondrial density provides a metabolic 
underpinning for exercise capacity, mitochondrial dysfunction 
is disastrous for lactate clearance in cancer.

In the field of exercise physiology and metabolism, a rela-
tionship between the production of lactate and energy sub-
strate partitioning has long been suspected. For example strong, 
inverse relationship between lactatemia in high intensity exer-
cise and inhibition of lipolysis has long been observed (19,93,94). 
Recently, GPR81, a receptor for lactate has been identified (95,96). 
This G-protein coupled receptor is expressed not only in adipo-
cytes in which lactate inhibits lipolysis, but GPR81 has also been 
found in skeletal muscle (97), brain (98), as well as several cancer 
cell lines (99). Action of GPR81 is mediated through c-AMP and 
CREB signaling pathways. In cultured myocytes, we (21) have 
shown that high lactate concentration affects the expression of 
CREB, PGC-1α, MCT1, and plasma membrane glycoprotein CD147 
(basigin). Thus, it is now possible to posit that lactate affects 
cancer cell survival by activation of GPR81 leading to increased 
expression of MCTs, CD147 and PGC-1α (99).

Earlier reports that muscle contraction results in muscle 
reactive oxygen species (ROS) production have been con-
firmed (100), and so we tested the effects of lactate stimulation 
on cellular ROS production (21). Via ROS and CREB-mediated 
mechanisms, lactate incubation increased the expression of 
hundreds of genes responsible muscle adaption to exercise 
in vivo. As well, in similar studies on isolated myocytes we 
found that the ROS generator H2O2 resulted in fragmentation 
of the mitochondrial reticulum. Thus, the expression of key 
proteins of intermediary metabolism responsible for can-
cer cell survival may be upregulated by two mechanisms: (i) 
ROS generation for redox control (21) and (ii) cAMP via CREB 
(21,99).

As already mentioned, Warburg’s hypothesis on cancer 
pathogenesis posited dysfunctional cellular respiration (9,101) 
leading to accelerated glycolysis and lactate production. 
Mitochondrial ultrastructure and decreased oxidative capacity 
differs significantly from that of normal cells in many types of 
cancers (11,102). It has also been observed that other different 
ultrastructure disruptions in cancer lead to respiratory dys-
function and decreased oxidative capacity and ATP synthesis 
(11,103–106) wherein the degree of mitochondrial dysfunction 
is correlated to the severity of some cancers such as breast can-
cer (106). Different genetic mutations are responsible for mito-
chondrial dysfunction in cancer cells. Among them, p53 has 
been shown to alter mitochondrial respiration by interfering 
with transcription of Cytochrome c oxidase 2 (SCO2) (107,108). 
Undoubtedly, a dysfunctional mitochondrial reticulum contrib-
utes to increased lactate production due to a decreased capacity 
for lactate clearance via oxidation.
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The role of lactate transporters in cancer
Despite lactate being the end product of the Warburg Effect, 
lactate does not just ‘sit around’ as lactate turnover is sig-
nificant in resting individuals, and very high during exercise 
far exceeding the glucose turnover rate (20,90,109). Lactate 
shuttling in normal human physiology parallels that in can-
cer cells and tumors (22). In cancer, most lactate is exported 
outside the cells, but internally, lactate increases MCT 
expression that facilitates the efflux of lactate, ultimately 
allowing divergent metabolic signaling in target cancer cell 
candidates.

Lactate is transported into and out of cells by a family of 
monocarboxylate transporters (MCTs) with different isoforms 
(MCT1–4) (110–114). Although all MCTs are bidirectional sym-
ports, in fast, glycolytic type II skeletal muscle fibers, MCT4 is 
highly expressed and located to the sarcolemma thus facili-
tating lactate export through the interstitium for disposal in 
highly oxidative (slow-twitch red, type I), fast, oxidative glyco-
lytic, types IIA and IIx fibers, and the heart and liver (113,115). In 
contrast, MCT1 is highly expressed and located to sarcolemmal 
and mitochondrial membranes of type I and type IIA fibers and 
heart; hence, in normal physiology MCT1 plays a role in cellular 

Figure 2. Lactagenesis is a highly orchestrated effort from oncogenes and tumor suppressor mutations for continuous glucose utilization to produce lactate involving 

five major steps: (i) increased glucose uptake through increased expression and translocation of glucose transporters GLUT by the transcription factors hypoxia-induc-

ible factor 1 (HIF-1) and c-Myc oncogene as well as repression of tumor suppression factor p53 expression; (ii) increased glycolytic enzyme expression and activity, espe-

cially Lactate Dehydrogenase A (LDHA) by HIF-1, c-MYC and p53 downregulation; (iii) decreased mitochondrial function mainly by p53 dysregulation; (iv) increased lac-

tate production, accumulation and release due to mass effect of accelerated glycolysis, mitochondrial dysfunction and increased LDHA expression and (v) Upregulation 

of monocarboxylate transporters MTC1 and MCT4 and their stabilizer, CD147, for lactate export and instigation of carcinogenesis in susceptible cancer candidate cells.
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lactate uptake and oxidative disposal (112,115,116). MCT1 and 
MCT4 transporter proteins have been shown to be overex-
pressed in many types of cancers (25,117–120) and associated 
with poor prognosis and high mortality (118). In cancer, HIF-1 
activates gene transcription for MCT4 (121) increasing the abun-
dance of MCT4 transporters favoring lactate extrusion from the 
cell. MCT1 expression is regulated by c-MYC in different types of 
cancer (122–124) and p53 also increases the expression of MCT1 
(125) which is also involved in lactate exportation and uptake in 
several cancers (124). Moreover, lactate itself rapidly upregulates 
MCT1 expression. In cultured L6 myocytes, lactate concentra-
tions of either 10 or 20 mM upregulated MCT1 mRNA expression 
within 1 h (21).

The fact that oncogenes and tumor suppressor mutations 
directly increase the expression of MCTs shows that the highly 
orchestrated metabolic reprogramming in cancer cells to gly-
colysis and lactate production does not just stop at the end of 
the Warburg Effect. Rather, in cancer, MCTs allow lactate to con-
tinue its journey outside the cell fulfilling its role as a mediator 
of carcinogenesis, which is a key concept we propose herein. In 
view of their lactate export roles, MCTs have also been targeted 
for possible therapeutics. Inhibition of MCT1 inhibits growth 
and carcinogenesis (22,124,126,127). This recognition has led to 
efforts at targeted inhibition of MCT4 in the treatment of cancer 
(124,128), the hypothesis being that increased lactate accumula-
tion in cancer cells would lead to acidosis and apoptosis.

As a summary on this section, we compared and contrasted 
what happens in healthy human exercise and cancer. During 
healthy submaximal (‘aerobic’) exercise aerobic glycolysis leads 
to lactate production. There is interplay between the uptake of 
lipid and carbohydrate-derived fuels (88), and lactate is pro-
duced and oxidized in working muscle in situ (20,90), or exported 
for oxidation in heart, other working red muscles or for splanch-
nic gluconeogenesis (89,92). In contrast, in glycolytic cancers 
the combination of increased glucose uptake, glycolytic activity 
and decreased mitochondrial function promote lactate produc-
tion, accumulation and export. To reiterate, in cancer it seems 
plausible to think that many of, or all the highly orchestrated 
oncogene and tumor suppressor mutations promoting glycoly-
sis, lactate formation and distribution, while at the same time 
suppressing oxidative disposal of lactate, are all actors in the 
same play, the subtitle of which is ‘The Warburg Effect.’ In other 
words, we posit that lactagenesis for carcinogenesis is the pur-
pose of the Warburg Effect in cancer cells and tumors.

If lactate is the final product of the Warburg Effect, 
why has it been the forgotten traveler at the end of 
the road?

Lactate has been the great unknown in human metabolism. 
Lactate has historically been embedded in textbooks as a ‘waste 
product,’ the result of anaerobic exercise and cause of mus-
cle fatigue. Similarly, in cancer lactate has been historically 
considered as the ‘end of the road’ of aerobic lactate produc-
tion and the Warburg Effect. Lactate has been subject of study 
for many decades and by important scientists including sev-
eral Nobel Laureates. Lactate studies date back from the 19th 
Century when Louis Pasteur observed that the absence of air 
would result in glucose fermentation in some facultative cells 
(129). Fletcher and Hopkins in 1907 demonstrated that lactate 
accumulated when frog muscles were stimulated to contract, 
and that when fatigued muscles were placed in oxygen-rich 
environments, lactate disappeared (130). In 1920, Nobel Laureate 
Otto Meyerhof identified glycogen precursor to lactate formed in 
frog muscles electrically stimulated to fatigue (131) with much 

of the lactate (~4/5) restored to glycogen during aerobic recovery. 
In 1923 another Nobel Laureate, Archibald Vivian (AV) Hill and 
his colleague Walter Morley Lupton described the term ‘O2 Debt’ 
in which they linked lactate production during human exer-
cise to oxygen-limited lactate production (132). Subsequently, 
Warburg described that lactate was the end of glycolysis in can-
cer, but he did not delve into the meaning of lactate production 
and accumulation in cancer (2,101). Because of the stature of 
the first investigators and lack of more advanced methodologies 
to study lactate metabolism, the concept of lactate production 
as a result of O2 lack was immortalized in textbooks of physiol-
ogy and biochemistry for over a century. This concept started 
to change in the mid 1980s when, based on results of isotope 
tracer studies in rodents and humans, George Brooks proposed 
the Lactate Shuttle (17-19,133,134). As such, his proposal rep-
resented the first hypothesis of functional roles of lactate pro-
duction and exchange under fully aerobic conditions in healthy 
functioning individuals (17,133). An effect of that proposal has 
been to revise thinking around the role of lactate in human 
health and disease (15,135–137). The production of lactate under 
fully aerobic conditions has been fully demonstrated (20,138) 
debunking the belief that lactate was the product of anaerobic 
exercise and metabolism. In fact, during exercise, ~75–80% of the 
lactate produced in the muscle is oxidized to pyruvate for ATP 
synthesis in mitochondria of working muscles as well as in dis-
tant highly oxidative organs like the heart (139). The brain also 
oxidizes lactate (140) and the Astrocyte–Neuron Lactate Shuttle 
has also been proposed wherein astrocytes produce lactate 
that is oxidized by neurons (141). Through his Cell–Cell Lactate 
Shuttle and Intracellular Lactate Shuttle hypotheses, Brooks and 
colleagues demonstrated that lactate is actively exchanged for 
purposes of providing an oxidative energy source and gluconeo-
genic precursor as well as for cell signaling. Because of the latter, 
autocrine-, paracrine- and endocrine-like properties, lactate has 
been referred to as a ‘lactormone’ (18,19).

Lactate is actively oxidized in red skeletal muscle. In view of 
glucose uptake and oxidation, in working muscle, lactate oxida-
tion to pyruvate is unlikely to occur in the cytosol, where the 
revers occurs. Rather, in skeletal muscle lactate is oxidized in 
mitochondria (19,142–145). We believe that in muscle mitochon-
dria, lactate is oxidized through a complex we call mitochondrial 
lactate oxidation complex, comprising monocarboxylate trans-
porter-1 (MCT1), its cell surface chaperone (CD147), mitochon-
drial lactate dehydrogenase (mLDH) and cytochrome oxidase 
(COx) (Figure 1) (23,146). Because of the stimulus from training, 
well trained endurance athletes have the most developed mito-
chondrial capacity characterized by an increased lactate clear-
ance and oxidation of any humans (147,148).

Lactate, the key player in carcinogenesis

In glycolytic tumors, lactate levels of cancer cells are remark-
ably elevated up to a 40-fold (149,150) and are highly correlated 
with cancer aggressiveness and poor survival (150). Hence, it is 
apparent that in cancer, lactate’s journey does not finish at the 
end with a Warburg Effect of lactate production, but rather the 
journey of lactate continues as lactate is continuously released 
from transformed cells to instigate carcinogenesis in susceptible 
cells and tissues. Within and beyond the bounds of transformed 
cells, in candidate cancer cells, lactate upregulates MCT4 and 
MCT1 expression thereby making lactate a key element in the 
regulation of tumor growth and carcinogenesis. Hanahan and 
Weinberg, in the most cited paper in cancer research history, 
described in an elegant way the hallmarks of cancer which 
include signaling for proliferation, evading growth suppressors, 
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resisting cell death, enabling replicative immortality, inducing 
angiogenesis and activating invasion and metastasis (151,152). 
However, little or no attention was given to lactate which has 
been already shown to be involved in all major steps in carcino-
genesis (153). Probably, lactate is the only organic compound 
that could be involved in all the just mentioned major steps in 
carcinogenesis of glycolytic cancers as described below.

The role of lactate in angiogenesis
Angiogenesis is a major step in tumorigenesis. It is well known 
that lactate is a key player in angiogenesis, cell migration, 
stimulation of VEGF, wound healing and repair (154–157). In 
cancer, lactate plays an important role in angiogenesis stimu-
lating VEGF protein expression in endothelial cells (158–160). 
Lactate can enter tumor endothelial cells and lactate released 
from tumor cells through MCT4 is enough to stimulate angio-
genesis and tumor growth (161). Stroma surrounding cancer 
cells possess elevated levels of hyaluronan which increases 
cancer growth and motility of cancer cells (162,163). Lactate 
increases hyaluronan production therefore assisting angio-
genesis (164,165). Inhibiting lactate production and transport 
decreases or inhibits angiogenesis. Oxamate, a LDHA inhibi-
tor, and therefore, lactate inhibitor, greatly reduces angiogen-
esis (157) and LDH knock out inhibits cancer cell proliferation 
as well (56,66,67). New approaches to target MCTs and lactate 
transport across cells in cancer are being currently explored 
showing effectiveness in decreased angiogenesis and cell 
migration (124,128,166).

The role of lactate in promoting cell migration and metastasis
Cell migration is another essential step in carcinogenesis and 
metastasis and lactate seems to be a key element to increase 
endothelial cell migration (156,163). In glioma cells, lactate 
induces the expression of transforming growth factor-β2 (TGF-
β2), a key regulator of glioma cells migration (167). The addition of 
exogenous lactate increases cell motility and random migration 
of different cancer cell lines in a concentration-related manner 
(168). It has been also known for about two decades that lactate 
level is highly correlated with metastasis in different forms of 
cancers (150,159,169–172). Although the mechanisms of lactate’s 
involvement in metastasis are not fully understood, high con-
centrations of lactate are correlated with a high incidence of dis-
tant metastasis in early stage of cancer (163). Exposure to lactate 
by cells has been shown to rapidly increase both MCT1 mRNA 
and protein expression (21). Therefore, by stimulating expres-
sion of MCT1 lactate may encourage carcinogenesis in suscepti-
ble, candidate cancer cells.

The role of lactate in ‘immune escape’
Lactate contributes to the immune escape in different ways. 
Monocytes are highly motile cells and precursors of tumor-
associated macrophages. Lactate inhibits monocyte migration 
and release of cytokines tumor necrosis factor and interleukin-6 
(IL-6) (168). Furthermore, lactate strongly inhibits the activa-
tion of T-cells (173) as well as the differentiation of monocytes 
to dendritic cells (174,175). Lactate elicits a decrease in cytokine 
production of human T-cells up to 95% and decreases cytotoxic 
activity by 50% (173). Lactate also inhibits natural killer cell 
function directly by inhibiting cytolytic function and indirectly 
by increasing the numbers of myeloid-derived suppressor cells 
that inhibit natural killer cytotoxicity (176).

Acidosis could be another way for lactate to suppress 
immune system (177). Intracellular pH levels in cancer cells 
are neutral or slightly alkaline, due to lactate and H+ exporting 

action of MCTs to the microenvironment (178,179). When acti-
vated for cell growth and proliferation, T-cells switch to highly 
glycolytic activity (180) thus producing and exporting important 
amount of lactate through MCTs. However, because MCTs are 
symports and move solute and protons down concentration 
gradients (181), if the extracellular lactate and proton contents 
are higher than the respective levels within T-cells, then lac-
tate anion and hydrogen ion levels within T-cells may become 
too high decreasing cytotoxic activity and activating apoptosis 
within those cells (173).

The role of lactate in cancer cell self-sufficiency and sustained 
glycolysis
Lactate plays a central role in the bioenergetics, self-sufficiency 
and sustainability of cancer cells. Above, and in Figures 1 and 2, 
we have described the mechanisms by which cancer cells are 
sustained by aerobic glycolysis. This self-sufficiency, depend-
ing upon high glycolytic flux, also allows cancer cells to pro-
duce lactate necessary for angiogenesis, immune escape, cell 
migration and metastasis. Furthermore, as pointed earlier, 
this self-sufficiency and chronic glucose utilization cannot 
be derived from cancer cell glycogenolysis alone due to the 
limited glycogen storage in the human body (~400–500  g or 
1,600–2,000 kcal). Therefore, gluconeogenic mechanisms within 
precursors derived mainly from body corpus amino acid and 
protein reserves, ensure adequate glucose supply to cancer cells 
(Figure 1). In cancer, gluconeogenesis is supported by the deg-
radation of glutamine. Glutaminolysis is a common metabolic 
pathway in cancer and it is upregulated in many types of cancers 
(182,183). Glutamine is converted to glutamate by glutaminase 
which is overexpressed in cancers and regulated by c-MYC (184). 
Although glutamine utilization by cancer cells has been histori-
cally contemplated as a bioenergetic substrate and biosynthetic 
precursor, glutaminolysis also produces lactate. Glutamine is 
oxidized to malate and then to pyruvate by malic enzyme which 
is overexpressed in different cancers and regulated by p53 (185). 
Higher rates of conversion of malate to pyruvate in cancer cells 
were observed already in 1973 in Lehninger’s laboratory (186). 
As discussed throughout this manuscript, the overexpression of 
LDHA in glycolytic cancers leads to an increase in the reduc-
tion of pyruvate to lactate, thus glutaminolysis in cancer can be 
regarded as a secondary carbon source for lactagenesis. Further, 
it seems that in oxidative cancer cells, there is a reciprocal rela-
tionship between glutamate and lactate, as lactate promotes 
glutamate uptake and catabolism by increasing the expression 
of glutamine transporter ASCT2 and of glutaminase 1 (GLS1) 
(187). The main source of glutamine in the body is skeletal mus-
cle as it makes up for approximately 50–60% of the free amino 
acid pool in skeletal muscle (188). Increased glutaminolysis 
could also explain cachexia in cancer (Figure  1), which in the 
same manner as glucose utilization and lactate production, is 
highly correlated with cancer aggressiveness and mortality.

The role of lactate in shaping the tumor microenvironment
Due to its key role in carcinogenesis, tumor-associated micro-
environment is currently receiving considerable attention in 
cancer research. The tumor microenvironment consists of 
malignant cells, immune cells, non-cancer cell stromas, fibro-
blasts as well as the vasculature and lymphatics of the tumor. As 
Chen et al. describe, the tumor microenvironment is a pathologi-
cally active niche that shapes tumor evolution (189). A  typical 
characteristic of tumor microenvironment is its acidic environ-
ment, which seems to be key for the interaction and signaling 
of the different players involved in carcinogenesis in the tumor 
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microenvironment. Lactate is the main element responsible 
for acidosis of the extracellular microenvironment due to the 
constant lactate and proton shuttling from cancer cells to the 
extracellular space. In fact, the intracellular pH in cancer cells 
tends to be slightly alkaline compared to the extracellular space 
(178,179) where pH of 5.5–7.0 is common in cancers (190)

Lactate and exosomes
Exosomes are emerging players in cancer metastasis and car-
cinogenesis. Exosomes are microvesicles, 30–100 nm in size of 
endocytic origin that contain microRNA’s, proteins, metabolic 
enzymes and structural proteins, which are a representation 
of the cell they are originated from. Secreted cancer-derived 
exosomes can be transferred to other cells and may induce 
epigenetic changes and elicit cancer phenotype in target cells 
by transferring genetic information including oncogenes and 
onco-miRNA’s (191). It has been recently shown that cancer-
associated fibroblasts exosomes elicit metabolic reprogram-
ming in other cancer cells by inhibiting mitochondrial function 
and upregulating glucose metabolism of other cancer cells (192). 
Tumor-derived exosomes have been detected in a wide variety 
of cancers and can play a key role in cancer carcinogenesis and 
metastasis (191). Patients with cancer show a higher number of 
secreted exosomes (193,194), which also correlates with poor 
prognosis (195).

Lactate may play a key role in exosome release, uptake and 
physiology. Low pH in tumor microenvironment, caused by 
lactate, is a major regulator of exosome release and uptake by 
candidate cells. A  low pH increases exosomes release as well 
as uptake from recipient cells (196). Consequently, treatment 
with proton pump inhibitors results in a marked inhibition of 
exosomes release by tumor cells (197) and inhibition of exosomes 
uptake in melanoma cells (196). Low pH can also be crucial in 
exosome physiology. Exosomes incubated at a pH4 yield a total 
exosomal content for both protein and RNA that was 5 times 
higher than when incubated at a pH7 (198). Furthermore, micro-
glia-derived exosomes express MCT1 and therefore they take up 
lactate (199). CD147 (basigin), a plasma membrane glycoprotein 
that facilitates cellular surface expression of MCT1 and -4, has 
also been identified in exosomes derived from ovarian cancer 
cells (200). To resolve these seemingly divergent findings addi-
tional studies need to be done to identify the roles of lactate in 
exosome participation in carcinogenesis.

Lactate as a transcription factor?
As already stated, lactate uptake by cancer cell candidates could 
be for more important purposes than cellular energy. Lactate 
could be a genetic regulator and elicit ‘cancer phenotype’. In 
MCF7 cells incubated in 10 mM lactate, a concentration observed 
in many cancer cells, ~4,131 genes were upregulated (201). 
Brooks’ laboratory has also shown how exposure to 10–20 mM of 
lactate upregulated 673 genes in L6 cells (21). As presented vide 
supra, lactate increases MCT1 expression which is enhanced by 
c-Myc and P53. Finally, the master transcription factor involved 
in tumor cell glycolysis, HIF-1, has been shown to be activated 
by lactate in different cancer lines (47,160,202), Hence, it is plau-
sible to think that the thousands of genes upregulated by lactate 
may collectively represent a transcriptional network involved in 
reprogramming cells for lactagenesis and carcinogenesis.

Beyond acting as a transcription switch, lactate could have 
further mitochondrial metabolism in new cells (Figure  2). 
Hussien and Brooks showed that mitochondrial LDH isoforms 
were equally expressed in cancer breast cell lines compared to 
controls (25) which shows that mitochondrial lactate oxidation 

complex may remain operative for energy purposes. A  study 
from Bouzier et  al. (203) using nuclear magnetic resonance 
showed how lactate entered the tricarboxylic acid cycle to pro-
duce glutamate and suggested that lactate was a better precur-
sor for alanine and glutamate than glucose.

Lactate and cancer relapse
Lactate could also play an important role in cancer recurrence. 
Cancer stem cells are found in various cancer types and have 
been implicated in the resistance to therapeutic interventions 
in various cancers (204,205). Apoptotic blebs of cancer cells fuse 
together to form novel structures called ‘blebbishields’ (206) 
which can generate stem cell spheres that are tumorigenic. 
Lactate enhances sphere formation from blebbishields by 87% 
and when treated with a proton pump inhibitor, sphere forma-
tion is reduced by 80% (206).

‘Lactagenesis,’ the purpose of the Warburg Effect

Because lactate is sine qua non the end product of the Warburg 
Effect and a key element in all processes involved in carcino-
genesis, we believe that lactate production, ‘lactagenesis’, is 
the purpose of the Warburg Effect, an explanation that has 
remained elusive for almost a century. As explained throughout 
this manuscript, lactagenesis is a highly orchestrated effort from 
oncogenes and tumor suppressor mutations for continuous and 
non-stoppable glucose utilization to produce lactate involving 
five major steps (Figure 2): (i) increased glucose uptake through 
upregulation of GLUT transporter expression, (ii) upregulation 
of glycolytic enzyme expression, (iii) decreased mitochondrial 
respiration, (iv) increased lactate production, accumulation and 
release and (v) upregulation of MCT expression for further lac-
tate shuttling and mediation in cancer growth, proliferation and 
carcinogenesis purposes (Figure 3).

Lactate is necessary for all the major steps in carcinogenesis: 
angiogenesis, immune escape, cell migration, metastasis and 
self-sufficiency of cancer cells. We believe that these well dif-
ferentiated and at same time interrelated steps of lactagenesis 
shed new light in cancer growth and carcinogenesis and also 
provide a new metabolic map that can create targets for new 
therapeutics. The weakness of cancer resides in its complexity 
and the highly orchestrated processes that are rare events in 
nature. Therefore, it should be possible to alter some metabolic 
links and events necessary for lactagenesis and lactate shuttling 
and therefore carcinogenesis. However, it is key to understand 
and explain in the first place the processes involved in such 
complex process and we believe we explain them herein.

Important views of others: consistencies and 
contrasts

To reiterate from our Introduction, there is a renaissance of 
interest in the Warburg Effect in cancer research. However, 
the contemporary views offer that the Warburg Effect is the 
result of aberrant cell signaling with lactate as a byproduct of 
carcinogenic processes, rather than one of the causes. Indeed, 
as our knowledge in physiology grows, it is possible to note 
that the many stress and strain signals are correlated. For 
instance, hypoxia, acidosis and lactate accumulation typically 
occur simultaneously in normal physiology and cancer. HIF-1 
activation can be associated with lactate accumulation, and 
both hypoxia (52) and lactate (160) activate HIF-1 with a num-
ber of down-stream effects such as increased MCT1 expres-
sion (52,160). And, as already noted, HIF-1 and c-Myc increase 
expression of glycolytic enzymes including LDHA (Figure 2). As 
well, interpretation of results is complicated by the presence of 
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redundant control mechanisms. For example, both HIF-1 and 
lactate anion upregulate MCT1 expression (21,160). Then there 
are examples of mixed signals; for instance, the effects of AMP-
activated protein kinase (AMPK), the ‘master regulator (gover-
nor) of cell energy state’ and, in the long-term, mitochondrial 
biogenesis. In non-cancerous cells, lactate activates CREB and 
AMPK simulating MCT1 expression and mitochondrial biogen-
esis (21); but in cancer AMPK activates phosphofructokinase, 
but mitochondrial biogenesis is down regulated (43). Many pro-
cesses are complicated and interpretation of data can be diffi-
cult. Our view is that dysregulated and chronic lactate exposure 
can be both cause and effect in carcinogenesis.

As an example of contemporary views holding that lactate 
is the result of the ‘cancer phenotype’ we can look to Cairns 
et al. (43). To simplify aspects of their outstanding review, growth 
factor binding to plasma membrane receptors stimulates RTKs 
to activate PI3K/Akt. Akt promotes glucose transporter activ-
ity and stimulates glycolysis and lactate production through 
activation of several glycolytic enzymes including hexokinase 
and phosphofructokinase. AKT activation also activates mTOR, 
which in turn, activates HIF-1. As described above, without 
activation of RTKs, lactate alone can mimic many of the same 
effects. For instance, lactate upregulates HIF-1expression which 
in turn increases the expression of glucose transporters, gly-
colytic enzymes and PDK1, which blocks the entry of pyruvate 
into the tricarboxylic acid cycle. As well, c-MYC cooperates with 
HIF-1 in activating several genes encoding for glycolytic proteins 
including LDHA. However, to reiterate, the lions of contemporary 

cancer biology think of lactate production merely in terms of 
an effect of aberrant metabolism, the ‘cancer phenotype’, with 
no consideration to the possibility that lactate production and 
accumulation are causal and regulatory in provoking the over-
all phenotype. Respectfully, we and others (160) offer a different 
interpretation based around the role of aberrant lactate metabo-
lism is supporting carcinogenesis and angiogenesis.

Future directions: the importance of targeting lactate 
production and shuttling in cancer

Different approaches in interfering with lactate metabolism 
have already been successful in vitro and even in vivo (Figure 4). 
LDHA inhibition by oxamate, short interfering RNA or knock-
down have been already shown to inhibit carcinogenesis and 
proliferation (56,61–67,207). Dichloroacetate has been shown to 
be efficient at halting carcinogenesis by increasing PDH activ-
ity, therefore interfering with cytosolic lactate production (208). 
The development of MCT1 and MCT4’s inhibitors has enormous 
potential as an approach in cancer treatment as shown in dif-
ferent studies (22,126–128,166,209,210). However lack of MCT 
specificity has been a problem. Recently, AstraZeneca devel-
oped a specific MCT1 and MCT2 inhibitor named AR-C155858 
(211) inhibiting MCT1 and MCT2 expression in Ras-transformed 
fibroblasts. However, the cells developed resistance to the inhi-
bition of MCT1 and MCT2 and increased carcinogenesis by over-
expressing MCT4 (212). New generations of MCT-1 inhibitors like 
SR13800 and ACD3965 (currently in Phase 1/2 in the UK) have 
shown promising results in Raji cells (124) and small cell lung 

Figure 3. Lactate is necessary for all the major steps in carcinogenesis; Lactate increases the expression of vascular endothelial growth factor (VEGF) stimulating 

angiogenesis, increases motility and migration of cancer cells. Lactate is directly involved in the ‘immune escape’ by decreasing monocyte migration and decreased 

activation of T cells as well as cytokine release and cytotoxic activity. Lactate increases extracellular acidosis of tumor microenvironment decreasing capacity of T-cell 

to export lactate, thus decreasing T-cell activity. Finally, lactate is necessary for the self-sufficiency of cancer cells by replenishing cytosolic levels of nicotinamide 

adenine dinucleotide (NAD+) and regulating the status of the equilibrium of the cytoplasmic redox pair (NADH/NAD+) for continuation of glycolysis.
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cancer (213) respectively. Furthermore, Draoui et al, showed that 
a new compound called 7-aminocarboxycoumarin (7ACC) inhib-
ited lactate influx, but not efflux as well as cell proliferation in 
tumor cells expressing both MCT1 and MCT4 (127).

As mentioned earlier, CD147, a plasma membrane glyco-
protein that facilitates the cellular surface expression of MCT1 
and MCT4 (214) is overexpressed in a large number of cancers 
(215,216). Not surprisingly, CD147 has been targeted as a poten-
tial means to interfere with lactate transport outside the cell 
(217,218). Silencing CD147 by RNA interference (RNAi) has also 
shown to reduce pancreatic malignant activity both in vivo and 
in vitro (219–221). Deleting CD147 gene with ‘zinc finger nucle-
ases’ (ZFN’s) has also shown to decreases MCT1 and MCT4 
expression and decrease lactate export in non-small cell lung 
cancer (222).

Aerobic exercise may counteract the oxidative regression of 
cancer cells. Anecdotal evidence shows that exercising cancer 
patients seem to cope with treatments better (223) as well as 
to increase cancer survivorship (224), although the mechanisms 

of why exercise may contribute to survival are not well identi-
fied yet. It is well documented that aerobic exercise increases 
mitochondrial function and lactate clearance capacity as well as 
increases fat oxidation and decreases glycolysis (32,34–37), thus 
decreasing reliance on glycogen and glucose, an anti-Warburg 
Effect affect. Furthermore, exercise could attenuate deleteri-
ous activity of c-Myc as has been previously hypothesized (51). 
Therefore, aerobic exercise could contribute to counteract the 
metabolic switch to glycolytic metabolism in cancer cells and 
create epigenetic responses that could help in the restoration 
of oxidative phenotypes. Further research is necessary to iden-
tify the exact mechanisms of why exercise may be an effective 
approach to increase survival as well as an effective approach to 
prevent cancer as shown in many studies (225).

Conclusion
Although the Warburg Effect has been recognized as a hall-
mark for cancer, over the course of almost a century, the role 

Figure 4. Proposed mechanisms by which lactagenesis can be halted. Oxamate decreases activity of LDHA and aerobic exercise increases expression of LDHB which 

oxidizes lactate to pyruvate and may counteract deleterious action of LDHA. Dichloroacetate (DCA) increases the activity of pyruvate dehydrogenase (PDH) which 

directs glycolytic carbon flux to oxidation and away from lactate production and accumulation. Different inhibitors of MCT1-4 and CD147 are currently being evaluated 

which would inhibit lactate shuttling between, within and among cancer cells and susceptable candidate cells. 
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of the Warburg Effect in the pathogenesis of cancer has not 
been established. This lack of understanding may have been an 
impediment to the development of new approaches to cancer 
treatment. By means of this manuscript, we bring thinking from 
the fields of exercise physiology and metabolism, where aerobic 
glycolysis and lactate metabolism have been extensively stud-
ied and the Lactate Shuttle concept was developed by Brooks. 
Hence, by comparing and contrasting what we know of lac-
tate metabolism in healthful human exercise to what we have 
learned about ‘lactagenesis’ in cancer, the aim of our effort is 
to achieve better understanding of carcinogenesis. We believe 
that we have provided a plausible explanation of role and pur-
pose of the Warburg Effect in carcinogenesis. Our perspectives 
are offered in the expectation that they may lead to develop-
ment of means to either correct errors in lactate metabolism or 
otherwise disrupt steps in progression to cancer. Carcinogenesis 
is the resultant of a complex orchestrated chain of genetic and 
metabolic events in which lactate production and accumulation 
play critical roles. Specifically, we posit that in carcinogenesis 
aberrant cell signaling due to exaggerated and continually high 
lactate levels yields an (inappropriate) positive feedback loop 
that increases glucose uptake and glycolysis, increases lactate 
production, accumulation and release, decreases mitochondrial 
function, upregulates monocarboxylate transporter expression 
thereby supporting angiogenesis, immune escape, cell migra-
tion and metastasis all of which encourage carcinogenesis and 
progression to cancer. If true, then new and novel methods may 
be found to disrupt the scenario in which the Warburg Effect 
leads to cancer (Figure 4).
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