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Tumor metabolism: cancer cells  
give and take lactate
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Tumors contain well-oxygenated (aerobic) and poorly oxygenated (hypoxic) 
regions, which were thought to utilize glucose for oxidative and glycolytic 
metabolism, respectively. In this issue of the JCI, Sonveaux et al. show that 
human cancer cells cultured under hypoxic conditions convert glucose to 
lactate and extrude it, whereas aerobic cancer cells take up lactate via mono-
carboxylate transporter 1 (MCT1) and utilize it for oxidative phosphoryla-
tion (see the related article, doi:10.1172/JCI36843). When MCT1 is inhibited, 
aerobic cancer cells take up glucose rather than lactate, and hypoxic cancer 
cells die due to glucose deprivation. Treatment of tumor-bearing mice with 
an inhibitor of MCT1 retarded tumor growth. MCT1 expression was detect-
ed exclusively in nonhypoxic regions of human cancer biopsy samples, and 
in combination, these data suggest that MCT1 inhibition holds potential as 
a novel cancer therapy.

Nonstandard abbreviations used: LDH, lactate dehy-
drogenase; MCT, monocarboxylate transporter.
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The pioneering work of Peter Vaupel and 
his colleagues established that the partial 
pressure of oxygen (pO2) within human 
cancers is frequently much lower than that 
of the surrounding normal tissue and that 
intratumoral hypoxia is associated with an 
increased risk of local spread, metastasis, 
and patient mortality (1). Rakesh Jain’s 

laboratory demonstrated that in mouse 
tumor xenografts, the mean pO2 and pH 
declined as distance from the nearest 
blood vessel increased (2), reflecting the 
switch from oxidative to glycolytic metab-
olism that occurs in response to reduced 
O2 availability.

This metabolic reprogramming is orches-
trated by HIF-1 through the transcriptional 
activation of key genes encoding metabolic 
enzymes, including: LDHA, encoding lac-
tate dehydrogenase A, which converts pyru-
vate to lactate (3); PDK1, encoding pyruvate 
dehydrogenase kinase 1, which inactivates 

the enzyme responsible for conversion of 
pyruvate to acetyl-CoA, thereby shunt-
ing pyruvate away from the mitochondria  
(4, 5); and BNIP3, which encodes a member 
of the BCL2 family that triggers selective 
mitochondrial autophagy (6) (Figure 1). 
In addition, HIF-1 transactivates GLUT1 
(7) — which encodes a glucose transporter 
that increases glucose uptake to compen-
sate for the fact that, compared with oxida-
tive phosphorylation, glycolysis generates 
approximately 19-fold less ATP per mole of 
glucose — and genes encoding the glycolytic 
enzymes that convert glucose to pyruvate 
(3). The extracellular acidosis associated 
with hypoxic tumor cells is due to both 
increased H+ production and increased H+ 
efflux through the HIF-1–mediated trans-
activation of: CA9, which encodes carbonic 
anhydrase IX (8); MCT4, which encodes 
monocarboxylate transporter 4 (9); and 
NHE1, which encodes sodium-hydrogen 
exchanger 1 (10).

Metabolic symbiosis
In this issue of the JCI, the elegant article by 
Sonveaux, Dewhirst, et al. makes a major con-
tribution to the field of cancer biology (11).  
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The authors demonstrate the existence of 
a “metabolic symbiosis” between hypoxic 
and aerobic cancer cells, in which lactate 
produced by hypoxic cells is taken up by 
aerobic cells, which use it as their principal 
substrate for oxidative phosphorylation. 
As a result, the limited glucose available to 
the tumor is used most efficiently: hypoxic 
cells downregulate oxidative phosphoryla-
tion in order to maintain redox homeosta-
sis (4, 6) and must consume large amounts 
of glucose to maintain energy homeostasis 
(12). At the molecular level, a key player in 
this symbiotic relationship is monocarbox-
ylate transporter 1 (MCT1), which differs 
from MCT4 in two respects: the expression 
of MCT1 is hypoxia repressed rather than 
hypoxia induced, and it transports lactate 

into, rather than out of, cancer cells. O2-
dependent expression of MCT1 allows aer-
obic cancer cells to efficiently take up lac-
tate and, in concert with the O2-dependent 
expression of LDHB, to utilize lactate as 
an energy substrate, thereby freeing these 
cells from the need to take up large quanti-
ties of glucose (11). Thus, while Sonveaux 
et al. focused their attention on MCT1, it 
is important to note that O2 regulates the 
expression of many key enzymes in these 
metabolic pathways (Figure 1). It will be 
interesting to determine whether HIF-1 
also controls MCT1 and LDHB expression, 
perhaps by inducing expression of a tran-
scriptional repressor, as has been described 
for the O2-dependent regulation of adipo-
genesis (13).

Was there any precedent that should have 
alerted us to the existence of this symbiotic 
relationship between aerobic and hypoxic 
cancer cells (11)? Of course: the well-known 
recycling of lactate in exercising muscle. 
Just as tumors co-opt physiological mech-
anisms regulating vascularization, which 
are orchestrated by HIF-1 through transac-
tivation of genes encoding VEGF, stromal-
derived factor 1, and other angiogenic 
factors (14), so do they modulate metabo-
lism through a program that functions to 
efficiently distribute glucose and lactate 
to fast-twitch (glycolytic) and slow-twitch 
(oxidative) muscle fibers.

The ability of tumor cells to adapt to 
regional variation (i.e., spatial heteroge-
neity) of oxygenation is remarkable. In 
another recent publication, Cárdenas-Navia, 
Dewhirst, and colleagues have also contrib-
uted to a large body of literature indicat-
ing that a cancer cell that is hypoxic at one 
moment may be aerobic an hour later and 
vice versa (15). In other words, there appears 
to be cyclic variation (i.e., temporal heteroge-
neity) in oxygenation. This, in turn, implies 
dynamic regulation of the metabolic symbio-
sis, such that cells may cycle between lactate-
producing and lactate-consuming states.

Therapeutic implications
Hypoxic tumor cells are preferentially resis-
tant to chemotherapy and radiation, there-
by leading to treatment failure or disease 
relapse and, ultimately, to patient mortal-
ity (1). In this remarkable paper, Sonveaux 
et al. (11) demonstrate that treatment of 
tumor-bearing mice with an inhibitor of 
MCT1 provides a means to kill cancer cells. 
When MCT1 is inhibited, the metabolic 
symbiosis is disrupted: aerobic cells can no 
longer take up lactate, as demonstrated by 
the analysis of cultured human cancer cells. 
Instead, these cells increase their uptake of 
glucose and thereby deprive hypoxic cells 
of adequate glucose. Thus, MCT1 inhibi-
tion in aerobic cells leads to the death of 
hypoxic cells. Finally, the authors also show 
that the growth delay of mouse tumor 
xenografts that is induced by radiotherapy 
is increased when treatment is combined 
with MCT1 inhibition (11).

Recent studies reviewed here and else-
where (16, 17) have advanced our under-
standing of the mechanisms whereby the 
metabolism of glucose, fatty acids, and 
amino acids is reprogrammed in human 
cancers. This metabolic reprogramming is a 
virtually universal characteristic of advanced 
metastatic disease. This is best illustrated 

Figure 1
Intratumoral hypoxia and metabolic symbiosis. Tumors are characterized by gradients of O2 levels, 
based on the distance of tumor cells from a functional blood vessel. In the schematic, tumor cells 
surrounding the blood vessel are well oxygenated, whereas the tumor cells more distant from the 
vessel are poorly oxygenated and express high levels of HIF-1. HIF-1 induces the expression of 
proteins that increase: uptake of glucose (e.g., glucose transporter 1 [GLUT1]); conversion of glu-
cose to pyruvate (e.g., glycolytic enzymes [Glyc. Enz.]); generation of lactate and H+ (e.g., LDHA); 
and efflux of these molecules out of the cell (e.g., carbonic anhydrase IX [CA9], sodium-hydrogen 
exchanger 1 [NHE1], MCT4). Two moles of lactate are produced for each mole of glucose con-
sumed by the hypoxic cell. This increase in glycolytic metabolism is associated with reduced sub-
strate delivery to the mitochondria (through the action of pyruvate dehydrogenase kinase 1 [PDK1]) 
and reduced mitochondrial mass (as a result of autophagy triggered by BNIP3). As described by 
Sonveaux et al. in their study in this issue of the JCI (11), aerobic tumor cells express proteins that 
allow them to take up lactate (e.g., MCT1) and use it (e.g., LDHB), in the presence of O2, as their 
principal substrate for mitochondrial oxidative phosphorylation. Note that hypoxic cells generate  
2 mol of ATP and 2 mol of lactate per mol of glucose consumed, whereas aerobic cells generate 
36 mol of ATP per 2 mol of lactate consumed. pO2, partial pressure of oxygen. 
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by the observation that the most sensitive 
clinical test for detecting occult metastases 
is the uptake of [18F]fluorodeoxyglucose as 
determined by PET (18). Can a character-
istic that is so useful for diagnosis also be 
exploited for therapy? Research that elu-
cidated the mechanisms by which cancer 
cells induce blood vessel growth led to the 
development of angiogenesis inhibitors as 
anticancer agents over the last decade (19). 
Inhibitors of HIF-1, LDHA, PDK1, CA9, 
NHE1, and now MCT1 have shown anti-
cancer effects in tumor xenograft models 
(11, 17, 20). It is likely that over the next 
decade, clinical translation of advances in 
our understanding of cancer metabolism 
will have an impact on cancer therapy. Fur-
thermore, a treatment strategy in which 
tumors are deprived of both O2 (through 
angiogenesis inhibition) and their ability 
to adapt to hypoxia (through metabolic 
inhibition) may represent a formidable  
combination therapy.
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Autophagy — a process of “self-eating” that involves enzymatic digestion and 
recycling of cellular constituents in response to stress — contributes to both 
cancer cell death and survival. In this issue of the JCI, Lu et al. report that con-
trolled induction of tumor suppressor gene aplasia Ras homolog member I 	
(ARHI) results in autophagic cell death of human ovarian cancer cells in 
vitro (see the related article, doi:10.1172/JCI35512). However, within xeno-
graft tumors in mice, multiple factors within the tumor microenvironment 
switched ARHI-induced autophagy to a mechanism of tumor cell survival, 
leading to tumor dormancy. Since ARHI expression is suppressed in the 
majority of breast and ovarian cancers but is high in premalignant lesions, 
ARHI-induced autophagy could be manipulated for therapeutic benefit.

Nonstandard abbreviations used: ARHI, aplasia Ras 
homolog member I; BECN1, beclin 1.
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Cells that encounter a variety of stresses 
undergo an evolutionarily conserved pro-
cess of self-digestion termed autophagy. The 
importance of this intracellular damage 
response for pathophysiology has been 
established across multiple fields, includ-

ing infectious disease, neurodegeneration, 
heart failure, and cancer (1). In cancer in 
particular, the debate continues to rage as 
to whether or not autophagy is primarily 
a mechanism of cell death or cell survival. 
This is important to understand in order 
to preferentially promote the clinical devel-
opment of therapeutic interventions that 
can either inhibit or enhance autophagy in 
tumor cells. A number of clinically avail-
able cancer therapeutics, including DNA-
damaging chemotherapy, radiation thera-
py, and molecularly targeted therapies have 
been found to induce autophagy in cell cul-
ture and animal models (2). Recent investi-
gations have found that inhibition of ther-
apy-induced autophagy with chloroquine 
derivatives can enhance cell death in estab-


