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In 1985, George Brooks proposed the “Lactate Shuttle” (1),  
subsequently labeled the “Cell-Cell Lactate Shuttle”  
(2-4). In that initial treatise, relying largely on the use of 
isotopic tracers, he proposed a new concept for lactate 
(La−) as a central player in metabolism during both rest and 
exercise. He proposed the passage of much of glycolytic and 
gluconeogenic flux through the La− pool at rates which were 
quantitatively as important as glucose flux. This scheme 
of La− as a key metabolic intermediate was a dramatic 
departure from previous thinking which viewed La− simply 
as a dead-end, fatigue-causing metabolite that was largely 
the result of muscle hypoxia during exercise (1,4-6). In this 
current special issue of Annals of Translational Medicine, 
focused on spinal tumor surgery, Goodwin et al. (7)  
provide a compelling introduction into this currently 
accepted theory of whole body La− metabolism and then 
address cancer metabolism in the context of this modern 
understanding of the metabolic role of La−.

Despite the foresight of his lactate shuttle theory, and 
prior classic work in the 1920’s, Brooks did not envision the 
potential for a tumor lactate shuttle at that time, an idea 
that is most clearly described by Semenza (8) on the basis 
of classic work by Sonveaux et al. (9). The key relevance 
of La− metabolism in cancer was presaged by the research 
of Otto Warburg [described in (10)] and the Cori’s (11) 
as clearly described by Goodwin et al. (7) and Pennington 
et al. (12) in this issue of the journal. In general, cancer 
cells live in an ocean of glucose and many of them are 

primary La− producers that generate La− concentrations 
which may be 40 times greater than that found in normal 
resting cells (13); a characteristic that is correlated with 
cancer aggressiveness (13,14). Cancer cells that are rapid 
La− producers even in the presence of a sufficient O2 supply 
are called Warburg cells (15,16). However, this is an overly 
simplistic view of tumor La− metabolism. In reality, tumors 
may contain Warburg cells, reverse Warburg cells (cells that 
readily consume La− as a fuel), and a variety of supporting 
cells including immune cells, non-cancer stromal cells, 
fibroblasts, endothelial cells and lymphatics (3,17). This 
composition likely varies with different cancer types and 
over time within a given tumor mass.

This structural and temporal variety of cell subtypes 
within a tumor mass calls for further study of the phenotypic 
metabolic profiles of cells within different types of cancers at 
different stages of growth. Such a profile would include fuel 
preference (e.g., glucose vs. La−), mitochondrial function 
via respirometry, capillarity, intracellular and extracellular 
pH, and PO2. Further key measures would include oxidative 
enzyme activities, glycolytic enzyme activities, and ideally, 
analysis of key controllers of the glycolytic pathway 
as elegantly researched by the Rabinowitz group (18). 
Obviously, such characterization would entail research both 
in vivo-in situ [e.g., MRI as in (14)] and in vitro [e.g., (9)].

La− shuttling implicitly involves several key functions 
such as production, transport, and removal. Two important 
components that have received much attention are the 
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isoform types of lactate dehydrogenase (LDH) and the 
monocarboxylate transporters that facilitate La− diffusion 
as noted by Goodwin et al. (7) and Pennington et al. (12). 
LDH catalyzes the formation of La− as illustrated below:

Pyruvate− + NADH + H+ ↔ La− + NAD+

LDH was the first enzyme for which isoforms/isozymes 
were discovered (19). Each isozyme is a tetramer with 
each of the four monomers being either an H subunit (for 
heart) or an M subunit (for muscle). This leads to five 
combinations as follows: H4, H3M1, H2M2, H1M3, and M4. 
The modern terminology designates the monomers as A 
(muscle) and B (heart) and the cancer literature usually 
discusses LDHA vs. LDHB (7). Intriguingly, there is a 
strong correlation between the expression of LDHA and 
a tissue phenotype (e.g., many cancer cells and type II 
fast twitch glycolytic muscle fibers) that has a tendency to 
produce La− (4,7,13,19,20). This has led to the prevailing, 
erroneous view that these LDH isozyme profiles are 
causative in terms of lactate production versus consumption 
(20,21). Of prime emphasis is the fact that enzymes do not 
change the essential characteristics of chemical reactions; 
they only change the rate at which the equilibrium is 
reached (21). In the case of LDH, in most tissues its activity 
appears to be high relative to that of other enzymes in the 
glycolytic pathway or enzymes in the oxidative pathway (20).  
Additionally, the differences in maximal reaction rate 
(Vmax), substrate affinity (Km), and inhibitory responses to 
pyruvate between the LDHA and LDHB are insufficiently 
convincing (19-21) of a causative role in behavior of the 
overall reaction. In terms of application to cancer, it may 
be that experiments showing positive effects with LDHA 
knockdown [see (12) for review] are achieving those results 
simply because total LDH activity is being impacted. LDH 
isozymes, then, present a conundrum. On the one hand, 
their correlative distribution relative to tissue glycolytic and 
oxidative phenotypes imply some sort of important role; what 
was the selective trait driving their existence? On the other 
hand, thermodynamics of the overall reaction, and the function 
of the LDH isozymes do not reveal evidence of causation. My 
conclusion is that we still need to learn the exact role, if any, of 
the LDH isozymes; this requires additional experimentation, 
including modeling studies in silico. Despite these knowledge 
gaps, LDH inhibition remains a potentially productive target 
for investigation of cancer treatment (7,12).

The monocarboxylate transporters (MCTs) present a 
similar enigma to that of the LDH isozymes. The MCTs are 

a family of 14 related proteins with only four (MCTs 1–4) 
known to be important in the transport of La−, pyruvate, 
and ketone bodies (4,13). La− is facilitated in diffusion down 
its concentration gradient by MCTs, apparently in co-
transport with a hydrogen ion (H+), greatly speeding the La− 
transmembrane flux rate beyond that of simple diffusion. An 
[H+] gradient enhances La− transfer in the direction of low 
pH to high pH, apparently due to the cotransport of the two 
ions by the MCTs. Similarly, to the case for LDH isozymes, 
there is a correlative expression pattern for the MCTs in 
that MCT1 expression is highly correlated with indices 
of oxidative metabolism while MCT4 expression tends to 
coincide with indices of glycolytic metabolism (3,4,13). 
The relevance of this distribution is unclear given that 
MCT4, which is typically found to a greater extent in La−-
producing tumors and fast glycolytic muscle fibers (3,4,13), 
has Michaelis-Menten characteristics that might more likely 
lead to an intracellular retention of La− in comparison to 
the characteristics of MCT1, which is more often located in 
oxidative tissues. Additionally, oxidative muscle cells with a 
preponderance of MCT1 tend to have a much greater Vmax 
for La− transport than do glycolytic muscle cells which have a 
greater MCT4 content (4). Again, a better understanding of 
basic function is needed, but in the meantime MCTs remain 
a useful target for cancer intervention (3,9,13,22).

Pennington, Goodwin et al. (13) in this issue have 
emphasized the putative role of  a  low pH in the 
extracellular tumor environment as a promoting element 
in tumor growth and metastasis. Many cancer cells are 
unique in that, unlike most normal cells, they have a lower 
extracellular pH (pHe) in comparison to intracellular pH 
(pHi) (14,23). As a result and again unlike most normal 
cells, [La−] inside tumor cells tends to be two or more times 
higher than the tumor extracellular [La−] (23). For normal 
cell types, La− is distributed in the opposite direction of 
H+. This low extracellular pHe in tumors presents a hostile 
environment to surrounding tissue and is conducive to 
infiltration, tumor growth and metastasis (14) while the 
alkaline pHi promotes cell proliferation (23). Clearly, 
additional pH regulating proteins are involved since La−, 
which is a causative agent in acidosis via its role as a strong 
ion, is higher inside the cancer cell where pH is higher 
and lower in the extracellular environment where pH is  
lower (23). As a result, research is underway to alter the 
tumor environment and to target pH regulators (23).

In closing, a couple of additional comments are 
important. First, it has been suggested that from a genotypic 
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viewpoint, there may be hundreds or thousands of unique 
cancers, but a much smaller number of cancer phenotypes (17). 
This argues strongly for continued and increasing emphasis 
on research into the tumor metabolism phenotype. Second, 
Goodwin et al. (7) make a robust and convincing case for 
increased cancer research on large animal models with 
naturally occurring cancers. Cellular research in vitro is 
certainly valuable, but falls short in attempts to replicate the 
tumor microenvironment. For example, cell cultures are 
usually hyperglycemic and hyperoxic relative to conditions 
in vivo and do not contain the variety of cells that constitute 
tumors. While genetic manipulations may be easier in 
mouse and cell models, large animal models are a step closer 
to humans and are far superior for phenotypic studies. 
Research leading to understanding of metabolism and 
bioenergetics has received fewer and lesser accolades than 
those showered on advancements in evolution, genetics, and 
molecular biology (4). Perhaps we are finally arriving at a 
time when metabolism will take center stage.
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