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M
any factors impact the fluctuating rates of
glucose flux and clearance in one’s daily life
(meal size and composition, gastric emptying
rate, physical activity, etc.). With this con-

stantly changing need for circulating insulin abundance, it
is challenging for the treatment strategy to be entirely
successful in individuals with type 1 diabetes (T1D), and
transient periods of hypoglycemia occur. Humans have
evolved metabolic strategies to cope with hypoglycemia,
and these include counter-regulatory endocrine responses
to increase hepatic glucose production as well as selection
of alternative fuels for mitochondrial respiration. The
central nervous system can use glycolytic end products
that were produced by other tissues (circulating lactate) as
well as ketones to some extent. The ability to take up and
oxidize these alternative fuels is likely critical for tolerance
of and survival through hypoglycemia.

The traditional view was that glycolysis makes pyruvate
and that only under anaerobic conditions would lactate be
generated. It is now recognized that glycolysis makes
lactate even under fully aerobic conditions because of the
intrinsic kinetic properties of lactate dehydrogenase,
which rapidly interconverts pyruvate and lactate and
favors lactate on a mass basis. Thus, lactate can be con-
sidered the major product of glycolysis even when the fate
of glycolytic carbon is primarily mitochondrial oxidation.
The basal lactate concentration in tissues and arterial
circulation is at least 10 times greater than pyruvate and
even higher under stresses that increase the glycolytic rate
(1,2), so lactate is the primary shuttling form of glycolytic
end products through the cytoplasm and through the cir-
culation from one organ to another. The liver releases
glucose to share its carbohydrate fuel depot with other
tissues. However, through lactate release, nonhepatic tis-
sues, such as skeletal muscle, can also transfer carbohy-
drate potential energy to other organs. This mechanism of
carbohydrate exchange through lactate flux has been re-
ferred to as the cell-cell lactate shuttle concept (3). Once
taken up, lactate can then be used as a fuel, requiring
lactate dehydrogenase and monocarboxylate transport
into mitochondria, via an intracellular lactate shuttle pro-
cess (4). Although glucose has been considered the sole
fuel for the brain in the past, it is now known that the brain
can take up lactate from circulation and oxidize it as fuel,

which can spare blood glucose (5). Molecular machinery
has been demonstrated for neuronal lactate utilization in-
volving monocarboxylate transporters (6,7) but still few
studies have assessed lactate metabolism in the intact
brain.

In the current issue of Diabetes, De Feyter et al. (8) in-
vestigated brain lactate metabolism in humans in vivo.
Concentration of lactate in the brain and its use as fuel was
assessed during hypoglycemia using a stable isotope tracer
methodology with magnetic resonance spectroscopy (MRS).

With isotope tracer technology and MRS, the same
group previously observed increased brain acetate con-
centration and increased oxidation of acetate in T1D brain
versus control individuals during hypoglycemia (9). They
inferred that the rate of acetate uptake from circulation
was higher in T1D and that other monocarboxylates (such
as lactate) might also be transported and oxidized in di-
abetic brains during hypoglycemia at accentuated rates. In
their current work (8), they used a [13C]lactate tracer to
further test monocarboxylate metabolism in vivo. The
investigators recruited healthy people and individuals with
T1D and induced a steady-state hypoglycemia while con-
tinuously infusing [3-13C]lactate. MRS was used to assess
labeling of brain glutamate and glutamine as surrogate in-
dices of tricarboxylic acid cycle labeling to detect the oxi-
dation rate of circulating lactate, and the concentration of
lactate in the brain was also measured, which required the
assumption that lactate isotopic enrichment (IE) on carbon
3 was equal to IE of glutamate on carbon 4; this assumption
(further addressed below) requires that lactate and pyru-
vate pools are homogeneous and fully equilibrated with one
another in the brain. The authors discovered that during
hypoglycemia, the brain lactate concentration is more than
five times higher in diabetic patients than control subjects.
Furthermore, they observed that the brain lactate oxidation
rate was not different between groups, despite the differ-
ences in lactate concentration.

It is possible that enhanced capacity for lactate uptake is
an adaptation to habitual exposure to hypoglycemic epi-
sodes in T1D in order to allow the central nervous system
to substantially use lactate as an alternative fuel when
glucose supply is low. This interpretation is reasonable but
would be even more convincing if the increased concen-
tration of lactate in T1D had been accompanied by a pro-
portional increase in its oxidation. It is worth noting that
increased uptake rate of circulating lactate is only one of
at least four possible explanations for the large brain lac-
tate pool size in T1D (Fig. 1). Reduced export of lactate is
also a possible explanation, although monocarboxylate
transporters are bidirectional rather than selectively ca-
pable of modulating lactate release. An additional expla-
nation for increased brain lactate concentration would be
increased glycolytic rate within the brain. Finally, as the
authors observed a reduced ratio between lactate oxidation
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and lactate concentration in T1D, it is plausible that flow of
lactate into mitochondrial respiration is restricted during
hypoglycemia in T1D, requiring a higher intracellular lac-
tate concentration to achieve a similar lactate oxidation
rate as control subjects. Future work with stable isotopes as
well as continued molecular work on the lactate oxidation
complex of mitochondria (6) may shed light on the meaning
of the elevated lactate concentration in the brain of indi-
viduals with T1D during hypoglycemia.

As the authors compared groups for lactate metabolism
solely under hypoglycemic conditions, conclusions about
lactate metabolism cannot be drawn regarding differences
between normoglycemic versus hypoglycemic states. An
additional remaining gap in knowledge is whether IEs of
lactate, pyruvate, and the tricarboxylic acid cycle (glu-
tamate) are similar to one another in the brain. This was
a critical assumption in the model of De Feyter et al. (8). This
assumption of lactate/pyruvate pool homogeneity and equil-
ibration would fail in heart tissue (10,11) and likely skeletal
muscle (1), but it is possible that in brain the assumption is
sufficiently accurate for mathematical modeling of the MRS
data. This issue can be addressed with alternative physio-
logical models and complementary analytical techniques to
further address this modeling issue in the future.

Despite some remaining questions, the study contributes
novel and important information to the literature. The

authors used a highly sophisticated analytical approach
and a clinically relevant study design. By using a com-
bination of gas chromatography/mass spectrometry to
monitor IE of blood lactate and MRS to monitor labeling of
the brain tricarboxylic acid cycle, conclusions about in-
termediary metabolism could be drawn for a question that
few laboratories would be capable of addressing. In line
with current concepts and emerging ideas in lactate me-
tabolism, a valuable attribute of the authors’ contribution
is their interpretation of the study results, in viewing lac-
tate as a substrate for mitochondrial respiration as well as
a possible signaling molecule. The authors have contrib-
uted to an ongoing elaboration of lactate shuttle concepts
(3,4,12) that may ultimately be critical for the under-
standing and treatment of metabolic disorders.

ACKNOWLEDGMENTS

This work was supported by the Division of Life Sciences
at Rutgers University.

No potential conflicts of interest relevant to this article
were reported.

REFERENCES

1. Henderson GC, Horning MA, Lehman SL, Wolfel EE, Bergman BC, Brooks
GA. Pyruvate shuttling during rest and exercise before and after endurance
training in men. J Appl Physiol 2004;97:317–325

FIG. 1. Brain lactate concentration during hypoglycemia. The pool size (concentration) of lactate in the brain depends upon the rates of uptake
from circulation, release into circulation, glycolysis (i.e., lactate production) within neural tissue, and mitochondrial oxidation of lactate. Addi-
tionally, flow restrictions (reduced clearance) at specific sites of transport and metabolism can alter the brain lactate pool size independently of
the rates at each step by creating a need for a higher concentration gradient to drive a certain rate of transport or metabolism. De Feyter et al. (8)
discovered different lactate pool sizes without differences in lactate oxidation rates between control subjects and T1D patients. Glycolytic rate,
lactate uptake, lactate release, and efficiency of transfer of monocarboxylates into the mitochondria are factors that could have played roles in
determining the lactate pool sizes.

G.C. HENDERSON

diabetes.diabetesjournals.org DIABETES, VOL. 62, SEPTEMBER 2013 3025



2. Sahlin K, Katz A, Henriksson J. Redox state and lactate accumulation in
human skeletal muscle during dynamic exercise. Biochem J 1987;245:551–
556

3. Brooks GA. Lactate production under fully aerobic conditions: the lactate
shuttle during rest and exercise. Fed Proc 1986;45:2924–2929

4. Brooks GA. Lactate shuttles in nature. Biochem Soc Trans 2002;30:258–264
5. van Hall G, Stromstad M, Rasmussen P, et al. Blood lactate is an important

energy source for the human brain. J Cereb Blood Flow and Metab 2009;
29:1121–1129

6. Hashimoto T, Hussien R, Cho HS, Kaufer D, Brooks GA. Evidence for the
mitochondrial lactate oxidation complex in rat neurons: demonstration of
an essential component of brain lactate shuttles. PLoS ONE 2008;3:e2915

7. Pellerin L, Bergersen LH, Halestrap AP, Pierre K. Cellular and subcellular
distribution of monocarboxylate transporters in cultured brain cells and in
the adult brain. J Neurosci Res 2005;79:55–64

8. De Feyter HM, Mason GF, Shulman GI, Rothman DL, Petersen KF. In-
creased brain lactate concentrations without increased lactate oxidation
during hypoglycemia in type 1 diabetic individuals. Diabetes 62:3075–
3080

9. Mason GF, Petersen KF, Lebon V, Rothman DL, Shulman GI. Increased
brain monocarboxylic acid transport and utilization in type 1 diabetes.
Diabetes 2006;55:929–934

10. Chatham JC, Forder JR. Metabolic compartmentation of lactate in the
glucose-perfused rat heart. Am J Physiol 1996;270:H224–H229

11. Lloyd S, Brocks C, Chatham JC. Differential modulation of glucose, lactate,
and pyruvate oxidation by insulin and dichloroacetate in the rat heart. Am
J Physiol Heart Circ Physiol 2003;285:H163–H172

12. Pellerin L, Pellegri G, Bittar PG, et al. Evidence supporting the existence of
an activity-dependent astrocyte-neuron lactate shuttle. Dev Neurosci 1998;
20:291–299

COMMENTARY

3026 DIABETES, VOL. 62, SEPTEMBER 2013 diabetes.diabetesjournals.org


