Schell and Rutter Cancer & Metabolism 2013, 1:6
http://www.cancerandmetabolism.com/content/1/1/6

Cancer &
Metabolism

REVIEW

Open Access

The long and winding road to the mitochondrial
pyruvate carrier
John C Schell and Jared Rutter*

Abstract
The extraction of energy and biosynthetic building blocks from fuel metabolism is a fundamental requisite for life.
Through the action of cellular enzymes, complex carbon structures are broken down in reactions coupled to the
production of high-energy phosphates as in ATP and GTP as well as electron carriers such as NADH and FADH2.
These processes traverse across compartments inside the cell in order to access specific enzymes and
environments. Pyruvate is the end product of cytosolic glycolysis and has a variety of possible fates, the major one
being mitochondrial oxidation. While this metabolite has been known to cross the inner mitochondrial membrane
for decades, it is only recently that proteins necessary for this activity have been identified. This review will
chronicle more than 40 years of research interrogating this critical process and will discuss some of the possible
implications of this discovery for cancer metabolism.

Review
An extensive body of work has accumulated over decades
on the subject of mitochondrial pyruvate transport. Since
the earliest proposition of a specific transporter for pyruvate in 1971 there has been continuous debate about its
existence and nature [1]. Updates to techniques measuring
pyruvate transport have led to revisions regarding kinetics,
the metabolites that modulate transport activity, and the
molecular sizes of the proposed transporter culminating
in the identification of a putative transporter [2]. Unfortunately, this member of the mitochondrial carrier family
(MCF) was later demonstrated to be a NAD+ transporter,
whose activity resembled the pyruvate transporter in
in vitro assays due an effect on the NAD+ dependent
pyruvate dehydrogenase complex [3]. At the same time
clinicians studying metabolic diseases were frustrated by
mysterious cases of defective pyruvate metabolism, which
displayed normal pyruvate dehydrogenase (PDH) enzyme
activity and did not have mutations in any known components of the pyruvate metabolic system [4]. The obvious
remaining candidate, the mitochondrial pyruvate carrier,
could not be sequenced for mutations because the gene or
genes encoding it had not been identified. In this review,
we will take a historical perspective to describe the fits
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and starts that recently culminated in the recent identification of the long-sought mitochondrial pyruvate carrier
(MPC) [5,6].
Membrane transport

Membranes provide the cell with the essential ability to
delineate the unregulated external environment from the
specific and homeostatically controlled internal milieu.
Within the cell, compartments can be further subdivided
and therefore assigned specialized functions. This separation is essential for generating and utilizing electrical
potential via regulated ion current, protection of precious
replicative information from mutagenic insults, enforcing
colocalization of molecules, and conversion of high energy
electrons into high energy phosphates using proton flow.
The benefits of separable intracellular compartments are
only truly achieved when the transport of molecules across
membranes is regulated. This regulation occurs by a variety of mechanisms, including but not limited to: posttranslational modifications, increased mRNA and protein
synthesis, altering transporter stability, and deploying
transporters stored in vesicles. Of particular relevance for
the present subject, the regulation of metabolite movement and subsequent access to enzymes is a powerful and
commonly employed method for biological regulation.
While we often focus on the enzymes that act on metabolites, we must not take for granted the fact that they must
first be given access to these enzymes.
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Membrane transport is a complex process with a somewhat confusing nomenclature. The term ‘transporter’ is
commonly used to describe most proteins that facilitate
movement across a membrane but this can further be segregated into carriers and channels. Channels are used to
conduct ions and cycle between open and closed states,
with some also exhibiting an inactivation step. They form
a completely continuous tunnel through a bilayer that
allows for rapid conductance of many ions. A carrier, in
contrast, does not form a complete pore but is open to
one side of the bilayer at a time and substances are transported during the cycling of these conformations. Channels are typically found in circumstances where large
amounts of ions must be rapidly conducted as in electrical
signaling while carriers are often utilized in situations
wherein capacity is less critical [7].
Pyruvate metabolism

Pyruvate is a key node in the branching pathways of glucose, fatty acid and amino acid metabolism. The overall
metabolic profile of the cell dictates its metabolism, which
is highly dynamic to allow this molecule to be generated
and used when and where it is most needed. Perhaps the
most straightforward and quantitatively important source
of pyruvate is from the breakdown of carbohydrates such

Figure 1 Overview of cellular pyruvate movement and metabolism.

Page 2 of 9

as glucose through glycolysis. Glucose enters the cytosol
through specific transporters (the GLUT family) and is
processed by one of several pathways depending on cellular requirements. Glycolysis occurs in the cytosol and
produces a limited amount of ATP, but the end product is
two 3-carbon molecules of pyruvate, which can be diverted
yet again into many pathways depending on the requirements of the cell. In aerobic conditions, pyruvate is primarily transported into the mitochondrial matrix and
converted to acetyl-coenzyme A (acetyl-CoA) and carbon
dioxide by the pyruvate dehydrogenase complex (PDC).
For access to the mitochondrial matrix, three layers must
be traversed: the outer mitochondrial membrane, the intermembrane space, and the inner mitochondrial membrane
(Figure 1). Most of the metabolic activities of mitochondria
occur in the matrix, either by soluble proteins or enzymes
embedded in the inner membrane.
Transport of pyruvate across the outer mitochondrial
membrane appears to be easily accomplished via large
non-selective channels such as voltage-dependent anion
channels/porin, which enable passive diffusion [8]. Indeed,
deficiencies in these channels have been suggested to
block pyruvate metabolism [9]. The movement through
the inner mitochondrial membrane is far more restrictive,
however. The tight control over matrix accessibility makes
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intuitive sense, as the matrix is the site wherein the majority
of mitochondrial metabolic enzymes are localized. Many
metabolites have specific mitochondrial inner membrane
transporters that have been identified and well studied [10].
Once within the mitochondrial matrix, pyruvate may be
diverted into two disparate paths. On one path pyruvate is
carboxylated to form oxaloacetate, which can be used for
gluconeogenesis. On the other path, pyruvate is decarboxylated to form Acetyl-CoA. After conversion to acetylCoA in the mitochondrial matrix, pyruvate’s potential fates
are constrained. While components of the tricarboxylic
acid (TCA) cycle may be used to produce amino acids,
fatty acids, or glucose, the carbons from pyruvate are primarily converted to carbon dioxide. In the process, the energy from pyruvate is converted into high energy reducing
intermediates that power the electron transport chain.
Due to the impact of this decision, the choice to convert
pyruvate into acetyl-CoA is tightly regulated [11].
In oxygen-depleted environments, cytosolic pyruvate is
converted into lactate and exported from the cell in a
process known as anaerobic glycolysis. Without the requisite oxygen necessary to oxidize the pyruvate carbons, the
cell is required to generate energy via this method. Certain
cell types also engage in a form of glucose metabolism
known as aerobic glycolysis in which glycolysis-derived
pyruvate is converted to lactate even when oxygen is adequate for pyruvate oxidation. This seemingly wasteful
decision is a common component of the metabolic alterations in a variety of cancers. No discussion of cancer metabolism, especially one focusing on pyruvate, would be
complete without a reference to Otto Warburg and his observation that tumor cells utilize aerobic glycolysis, subsequently named the ‘Warburg effect’ [12]. Currently there is
intense interest in understanding what role the Warburg
effect plays in cancer initiation and growth, with therapeutics being developed in the hope of reversing metabolic
changes required by the cancer cells [13,14]. This work is
enabled by our rather sophisticated understanding of many
aspects of central carbon metabolism and its regulation.
One question of fundamental importance has remained,
however: how does pyruvate move across the inner mitochondrial membrane?
The problem

In diagrams of metabolism, the canonical depiction of
pyruvate transport into the mitochondria is a solid arrow
traversing the mitochondrial inner membrane. Initially it
was proposed that pyruvate was able to cross the membrane in its undissociated (acid) form but evaluation of
its biochemical properties show that it is largely in its
ionic form within the cell and should therefore require a
transporter [15,16]. While a minor detail to most, the
solid arrows traversing membranes are a source of frustration to those that seek to understand how substrate
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partitioning can influence metabolic decisions. Although
much remains unknown, two independent studies have
rigorously tested two mitochondrial inner membrane
proteins [5,6]. Originally named BRP44L and BRP44
(now named MPC1 and MPC2, respectively), these proteins have been shown to form a complex that is necessary and sufficient for the movement of pyruvate across
the mitochondrial inner membrane and into the matrix.
Decades of research have investigated the mitochondrial
pyruvate carrier (MPC), all without knowing the encoding
gene or genes. These studies range from observational inquiries in general or specific situations to intensive and focused studies on the kinetics and biochemistry of the
MPC. In spite of the challenge of not knowing the genes
or structure, these pioneering scientists generated an extensive base of knowledge regarding the mitochondrial
pyruvate carrier and its functional characteristics. Due to
space considerations, we are only able to comment on a
few of the elegant studies conducted by a number of rigorous scientists over decades of endeavor.

Prior studies of mitochondrial pyruvate transport
Diffusion across the membrane or transport?

Like many fields of study, the mitochondrial pyruvate carrier has been the subject of significant disagreement over
the last 40 years. In spite of the controversies, these studies have enhanced the understanding of the MPC and
have honed the techniques for its analysis. The earliest assumption of pyruvate movement was that it could traverse
the inner membrane in its undissociated form despite the
acknowledgement that the inner membrane was a selective barrier for the movement of other metabolites [15].
Using protein-free liposomes it was found that pyruvate
did indeed have the ability to cross membranes directly
[17]. A potential caveat of these studies was the use of
100 mM pyruvate, a concentration that is roughly 1,000fold higher than would is typically encountered within the
cell [18,19]. In addition, artificial membranes used in these
studies may not replicate the permeability and other properties of the mitochondrial inner membrane. Indeed, later
studies unequivocally demonstrated transporter-mediated
pyruvate movement.
The interest in the mitochondria and metabolite transporters extended to pyruvate movement and in 1971 Papa
et al. provided evidence that pyruvate moved across the
mitochondrial membrane via a specific translocator and is
coupled to ion exchange [1]. In this study the authors
purified mitochondria from rat liver and preincubated the
suspension with inhibitors to block pyruvate metabolism
and inhibit the electron transport chain and subsequent
ATP production. Radiolabeled pyruvate was then added to
the mitochondria and the mixture was centrifuged either
directly or through a silicone oil differential gradient into
HClO4 to control the kinetics of the reaction and stop
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transport abruptly. This initial study showed pyruvate
translocation and exchange displayed saturation kinetics,
which they argued established the existence of a specific
pyruvate transporter. The data provided by this work was
also the first suggestion that pyruvate movement across
the inner mitochondrial membrane was coupled to a proton gradient. This coupling to the proton gradient was
rationalized as a positive feedback loop to supply active,
energetically coupled and respiring mitochondria with
additional fuel.
This initial suggestion of a mitochondrial pyruvate carrier was countered by a report that pyruvate adsorption to
the membrane and not transport across it was responsible
for the findings [20]. The contrary conclusions were partially based on the finding that boiled and denatured mitochondria accumulate pyruvate to a similar level as active
mitochondria in a pH-dependent manner. While this
study provides an alternative mechanistic explanation for
the in vitro observations, their findings did not preclude
the existence of a carrier. Nevertheless, this paper presented a challenge that would need to be answered in
order to justify continued study of the putative MPC.
Identification of specific inhibitors

Shortly after this report a key advance was made that solidified the argument for a specific transporter. Halestrap
and colleagues identified and characterized an inhibitor of
mitochondrial pyruvate transport. α-Cyano-4-hydroxycinnamate (CHC) was observed to inhibit pyruvate oxidation
and found to do this by blocking mitochondrial pyruvate
transport. In whole mitochondria, the inhibitor blocks
transport and therefore metabolism but the inhibitor has
no effect on ruptured mitochondria [21]. In this way it is
possible to ascribe the inhibitory effect to be at the membrane rather than a mitochondrial enzyme. CHC and other
cinnamate-based inhibitors resemble the enol form of
pyruvate with an attached aromatic ring [22]. In the absence of reverse genetics, chemical modulation was the
only available methodology to perturb protein function
and measure the effects. The lack of an inhibitor had been
a major basis for the earlier claim that a specific mitochondrial pyruvate carrier did not exist [15]. With an inhibitor,
the properties of the carrier could be investigated more
rigorously and separated from diffusion through the membrane, adsorption or the activity of other transporters.
Inhibitor-stop technique and modulation by other
metabolites

The discovery of an inhibitor enabled the use of the
‘inhibitor-stop’ technique to carry out detailed biochemical
studies on the carrier [23]. This technique had been used
to characterize the transport of other metabolites and
allows metabolite exchange for a specified time followed
by introduction of the inhibitor to stop the transport
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reaction and rapid sedimentation of the mitochondria.
Beyond this specific inhibitor, the effect of other metabolites on pyruvate uptake and oxidation was investigated.
Almost simultaneous studies showed the inhibitory effects
on pyruvate transport of α-ketoacids and phenylpyruvate,
lending additional physiological validity to the presence of a
transporter [24,25]. These observations relate to the first
implication of the mitochondrial pyruvate carrier in human
disease. Specifically, toxic accumulation of phenylpyruvate
in phenylketonuria patients could disrupt oxidative metabolism by preventing normal pyruvate movement into the
mitochondria [25,26]. Malate, an intermediate in the citric
acid cycle, was shown to significantly increase mitochondrial uptake of pyruvate while not affecting affinity. The initial characterization of the kinetics of pyruvate transport
showed that it appeared to follow first-order kinetics and
have a higher rate constant than mitochondrial succinate
or citrate transport [24]. As the rate of transport across a
membrane is notoriously difficult to determine, later studies would revise these values.
Expanding upon the discovery of cinnamates as MPC
inhibitors, it was shown that these compounds also inhibit
the transport of pyruvate across the plasma membrane of
erythrocytes, but they do so much less potently, suggesting
that the two membranes have different transporters [27].
This study also implicated the MPC in gluconeogenesis.
Because pyruvate must be converted to oxaloacetate in the
mitochondria and exported to the cytosol for conversion
to glucose, inhibition of gluconeogenesis is completely
expected. Utilizing the knowledge that the plasma membrane pyruvate transporter in erythrocytes is less sensitive
to the inhibitors it was possible to use a concentration that
would only prevent mitochondrial transport and show that
this lower concentration had a similar effect on gluconeogenesis, once again implicating the mitochondria as a mediator of this essential process [21].
Using an altered definition for pyruvate transport that
was limited to what could be blocked by the inhibitor,
Pande and Parvin provided new data for the inhibition of
the transporter by cinnamates [28]. Even after CHCtreated mitochondria were washed with 60 mM pyruvate,
concentrations of pyruvate that would normally drive
pyruvate oxidation (1 mM) failed to do so, suggesting the
mechanism of inhibition is non-competitive. The same
study also showed that respiration experiments in the
presence of 60 mM pyruvate became insensitive to CHC.
Therefore, while CHC doesn’t appear to be a competitive
inhibitor, high concentrations of pyruvate (60 mM) can
overcome inhibition of transport. These authors attributed
this phenomenon to a carrier-independent and inhibitorinsensitive method of pyruvate movement into the mitochondria. Distinction of carrier-dependent and independent
pyruvate movement is a notable advance necessary for
developing experimental systems to investigate pyruvate
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transport and to identify the involved factors. This property
also represents a key physiological basis for the necessity of
a specific transporter. At the low physiological concentrations of pyruvate found within the cytosol, diffusion would
be unable to adequately transport this essential metabolite
to its site of metabolism in the matrix.
Pyruvate transport as a rate-limiting step in pyruvate
oxidation

Further studies of the kinetics of pyruvate uptake found
the rate to be quite low (Vmax = 0.54 ± 0.03 nmol per minute per mg of mitochondrial protein) compared to other
transport systems [29]. By analogy with glutamate transport, which is also rather sluggish and thought to be the
rate-limiting step in glutamine metabolism, this raised the
possibility that mitochondrial pyruvate transport might be
rate limiting for pathways requiring mitochondrial pyruvate, like oxidation and gluconeogenesis [30]. Data in favor
of rate-limiting control for the MPC later came from
Pande and Parvin [28]. Using the revised method for determining pyruvate uptake described above, they determined even slower rates for MPC activity. This technique
and accompanying paper questioned much of the previous
work on the transporter. The rate limitation of pyruvate
uptake on oxygen consumption in the presence of ADP
was later confirmed [31].
At this point, many important questions regarding the
properties of the pyruvate transporter remained problematic. Various studies were providing contradictory conclusions regarding metabolite effects on pyruvate transport
[25,28,29,32]. Providing definitive answers surrounding the
phenomenon of mitochondrial pyruvate transport would
require the identity of the genes and proteins involved to
allow biochemical purification and reconstitution in an isolated system. Studying transport properties in the context
of the mitochondrial membrane is extremely difficult due
to the presence of other transporters and ongoing metabolism. The purification, identification and reconstitution of
the transporter would solve many of these issues. As a result, great effort was expended to accomplish these goals.
Purification

Purification of the transporter and reconstitution into
liposomes would provide the single best system for characterizing transport properties as well as sharpening the
focus onto this one activity. Such an isolated system is perhaps the highest threshold to be achieved in biochemical
studies and is one of the most difficult enterprises to
undertake, made even more difficult by the lack of identity
of the proteins. Without knowing their identity, overexpressing and tagging of the proteins for purification would
not be possible. In spite of the challenges, the purification
and reconstitution of pyruvate transport activity from mitochondria was demonstrated in 1986 [33,34]. Specifically,
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pyruvate exchange activity across proteoliposomal membranes was studied and shown to be sensitive to 2-cyano-4hydroxycinnamate. While this represented a critical step in
the studies of mitochondrial pyruvate transport, the MPC
was not purified. Attempts to reconstitute a purified preparation of the MPC were first described in castor bean
mitochondria [34]. When subjected to SDS-PAGE, the active, partially purified mixture contained proteins of 74, 66,
34, 32, 30 and 12 kDa. These data led the authors to conclude that one or more of the proteins was the pyruvate
transporter, but complete purification remained elusive.
New strategies would likely be required to achieve this goal.
Two papers in 1984 and 1986 described the binding
properties of the MPC for α-cyanocinnamate [35,36]. Studies using a 14C labeled inhibitor provided information on
binding and dissociation beyond what could be learned
from activity measurements. Using this system, the authors
drew several parallels between inhibitor binding and inhibition of pyruvate transport, thus providing support for a
direct relationship between the inhibitor, the MPC and
pyruvate transport [35]. Additionally, preincubation of
mitochondria with UK5099 for 30 minutes caused stable
MPC inhibition that was not reversed by subsequent 100fold dilution (while control experiments showed that
NADH and succinate metabolism was preserved) [34]. The
data supporting a stable inhibitor-bound complex led to
the idea of using an immobilized inhibitor as a means of
purifying the MPC.
The Azzi group that had previously reconstituted pyruvate transport activity using hydoxyapatite chromatography refined their methods in an attempt to identify the
specific proteins involved. For these studies they covalently
immobilized the inhibitor 2-cyano-4-hydroxycinnamate
on sepharose. Following one-step hydroxyapatite purification, the mitochondrial fraction was passed through the
cinnamate column. Both 34 kDa and 31.5 kDa proteins
were observed following elution [37]. We currently have
no way to explain the molecular weights of the proteins
found in this study in light of the smaller size of the newly
discovered MPC proteins, but it is possible that the
observed proteins were monocarboxylate (MCT) transporters, which are predominantly at the plasma membrane, but have been proposed to exist in mitochondria
[38]. The authors did find that higher concentrations of
inhibitor were required to block transport activity compared to isolated intact mitochondria and Halestrap previously showed that this is the case for the MCT pyruvate
transporter compared to the mitochondrial carrier. These
initial studies in bovine heart were followed by similar
work in rat liver with similar results showing proteins in
the 29 to 37 kDa size range catalyzing pyruvate transport
[39]. Now with the identification of the MPC it will be
possible to go back and re-evaluate these studies. The
MCTs may also represent another mode of pyruvate
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transport with low sensitivity that is active at higher concentrations although there is no definitive data on this.
Similar studies in Saccharomyces cerevisiae identified two
polypeptides with a molecular mass of 26 kDa and
50 kDa, failing to purify the 34 kDa protein identified as
the transporter in bovine heart. In addition to the size discrepancy, it was found that their activities were different,
with the yeast carrier being more active but less abundant
than what was purified and reconstituted from bovine and
rat tissue [40].
Fits and starts toward identification

α-Cyanocinnamate was shown to protect the pyruvate
transporter from the thiol-blocking reagent N-phenylmaleimide and diminished labeling of a 15 kDa protein by
radiolabeled N-phenylmaleimide in rat liver and heart
mitochondria. This experiment also revealed a 12 kDa
protein in heart mitochondria that was not detected in
liver leading the authors to conclude it was most likely a
proteolytic breakdown product [41]. Unfortunately, the
same authors later found that the 15 kDa protein was a
subunit of cytochrome oxidase (COXIV) [2].
Even with these purification procedures in hand, the
identity of the transporter remained a mystery. From what
had been uncovered regarding mitochondrial transport of
other metabolites, it seemed likely that pyruvate transport
would be facilitated by a member of the mitochondrial
carrier family (MCF) [42]. In 2003, a report was published
claiming to have finally identified the mitochondrial pyruvate carrier [2]. Using S. cerevesiae, the authors focused
specifically on the MCF protein family, comprised of 35
proteins in yeast. In total, 16 had been previously characterized and had known substrates. Of the remaining
proteins, 1 was essential for growth under respiratory conditions, which left 18 to characterize. A systematic analysis
of strains individually lacking each of the 18 MCF proteins
produced 1 candidate, the 41.9 kDa protein encoded by
YIL006w. This mutant displayed the lowest level of pyruvate uptake and weakest response to UK5099, but had
limited conservation from yeast to Drosophila, mouse,
and man. Unfortunately, 3 years later it was found that
this protein likely functions to transport NAD+ into the
mitochondrial matrix, which was definitively proven by
liposomal reconstitution [3]. Indeed, phylogenetic analysis
showed a clustering of this MCF protein with other nucleotide transporters. The alterations in ‘pyruvate transport’ originally observed were likely a result of reduced
activity of the NAD+-requiring pyruvate dehydrogenase
complex. This technique was used to characterize other
MCF proteins but failed to identify the MPC [43].
The approach employed by Hilyard et al. highlights the
potential pitfalls and difficulty of searching for protein
functions using family characteristics and sequence homology. It cannot, however, be understated how difficult
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these transporter studies were, especially with unidentified
proteins. Characterizing basic biochemical attributes of
membrane proteins is difficult and tedious work and
achieving reproducible results requires zealous oversight.
The work done over several decades by Halestrap, Palmieri,
Papa, Azzi and their colleagues and many others represents
an incredible body of work that facilitated the identification
of the MPC.

Identification of the mitochondrial pyruvate carrier
Following these two papers, one claiming to have identified the mitochondrial pyruvate carrier and the second
calling this into question, studies on the carrier slowed.
Those that were carried out became increasingly focused:
pyruvate transport in frog mitochondria and cinnamateresistant sake yeast [44,45]. The eventual identification of
the MPC came from two groups, neither one of which
had set out to identify the carrier. Bricker et al. began with
highly conserved mitochondrial proteins with the logic
that sequence conservation was an indicator of essential
function [5]. Genetic ablation of the MPC genes in yeast
and flies led to an increase in glycolytic intermediates and
pyruvate with reductions in acetyl-CoA and TCA cycle
metabolites. Herzig et al. came upon the MPC by following a defect in the synthesis in lipoic acid and growth
defects in the absence of valine and leucine [6]. These two
different approaches and very different experimental strategies led to the same conclusion: the proteins under investigation assemble to form the elusive MPC.
The proteins found to be required for pyruvate transport are quite small. Bricker et al. showed the proteins
were roughly 15 kDa by SDS PAGE and interacted to
form a larger complex consistent with some of the earlier
studies conducted by Brailsford et al. and Halestrap et al.
[34,41]. The MPC inhibitor UK5099 was used differently
by the two groups, but the data generated was complementary in establishing the necessity and sufficiency of
the MPC proteins for mitochondrial pyruvate uptake.
Bricker et al. used yeast genetics to identify a mutation of
MPC1 that conferred UK5099 resistance for growth and
in vitro mitochondrial pyruvate uptake. Herzig et al. established the sufficiency of the MPC for mitochondrial pyruvate uptake. They expressed murine MPC1 and MPC2 in
Lactococcus lactis and showed that the two genes could
confer pyruvate uptake, but neither gene alone had any effect. They also showed that this reconstituted MPC was
sensitive to UK5099.
Bricker et al. also identified two point mutations in
human MPC1 that cause a metabolic syndrome that is
highly reminiscent of known defects in pyruvate metabolism [4]. Sequencing revealed two mutations in highly
conserved regions of MPC1 and metabolic studies
showed that the defect in pyruvate metabolism could be
rescued by expression of wild-type MPC1. These data

Schell and Rutter Cancer & Metabolism 2013, 1:6
http://www.cancerandmetabolism.com/content/1/1/6

combine to provide compelling evidence that the
MPC1/MPC2 complex is the major mitochondrial pyruvate transporter [46].
Implications of the discovery of the MPC genes

Despite the hidden identity of the mitochondrial pyruvate
carrier, many studies have provided important information
about the physiological significance and regulation of this
process. These studies touch on the relationship with gluconeogenesis, MPC control by hormones and drugs and
include relevance to pathological conditions including
hyperthyroidism, aging, and diabetes [47-55]. The clinical
relationship has also been investigated with respect to inborn errors of metabolism. As expected, a defect in mitochondrial pyruvate transport causes a phenotype that is
similar to a mutation in one of the components of the
pyruvate dehydrogenase complex [4,5]. Now that the
MPC genes have been identified, we are now in a position
to determine whether patients that appear to have a PDH
mutation but retain normal enzymatic activity have a mutation in one of these genes. As the epidemiology of PDH
mutations remains unknown it is difficult to estimate how
many potential idiopathic pyruvate metabolism defects
with normal PDH activity, of which there are many, may
be due to mutations of MPC [56].
Apart from basic metabolic disorders, the MPC may also
exert a significant pathophysiological effect on the metabolic alterations found in cancer. At the most simplistic
level, the Warburg effect could be described as a loss or decrease of MPC function. Many other well-written reviews
have discussed cancer metabolism in depth so we will attempt to focus on aspects with relevant to mitochondrial
pyruvate transport [57,58]. The study of metabolism in
cancer has expanded significantly with many studies examining the role of glycolysis, oxidative phosphorylation, fatty
acid oxidation, the TCA cycle, and hypoxia but previous
studies have not been able to provide models that integrate
mitochondrial pyruvate transport [59-61].
The limited work on mitochondrial pyruvate transport
in cancer has supported the expectation that changes in
the MPC may promote the glycolytic metabolic profile.
One early study found that the activity of the mitochondrial pyruvate transporter was an order of magnitude
lower in Ehrlich tumor cells compared to normal liver
cells implicating the MPC in the metabolic phenotype of
these cells [62]. A follow-up study comparing Ehrlich ascites, Morris hepatoma 44, and Morris hepatoma 3924A
cells with normal rat liver cells found that the Vmax of
the transporter was decreased and pyruvate supported
respiration was similarly reduced in each of the cancer
cell preparations. There were no significant changes in
transmembrane pH gradient, which may have explained
reduced transport activity. The authors concluded the
defect was due to lower transporter activity due to either
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a reduction in the abundance of the carrier or due to
alterations in the cellular environment that may affect
the transporter [63]. In both the Morris hepatoma 44
and Morris hepatoma 3924A cells, the KM for pyruvate
transport was increased, implying that the MPC might
actually be different in those cells and exhibit a lower affinity for pyruvate.
Despite the limited data available on the connection between mitochondrial pyruvate transport and cancer metabolism, the possible relationships and their implications
are exciting. The proximity of the MPC to metabolic
enzymes with a validated role in cancer metabolism draws
immediate attention to the MPC and its modulation in
cancer. Lactate dehydrogenase, the M2 isoform of pyruvate kinase, and pyruvate dehydrogenase act directly on
pyruvate metabolism and could indirectly affect its movement into mitochondria [64-66]. Each of these enzymes is
altered in cancers, thereby perturbing pyruvate metabolism. We therefore consider it reasonable to anticipate a
role for the MPC in cancer-relevant control of pyruvate
metabolism. Many outstanding issues regarding how the
MPC may contribute to the Warburg effect remain to be
addressed, including how these various enzymes and their
regulation interact in the context of cancer metabolism.
For example, reduced MPC expression or activity in the
face of altered cytosolic pyruvate metabolism, namely
through increased pyruvate kinase isozyme M2 (PKM2)
and lactate dehydrogenase (LDH), might provide only a
marginal exacerbation of the Warburg effect. In contrast,
reducing MPC in cancers with preserved cytosolic pyruvate metabolism might profoundly increase lactate production and the manifestation of the Warburg effect.
There are many avenues of investigation available now
with the identification of proteins necessary for the mitochondrial import of pyruvate. Understanding how the
MPC fits into the complex environment of cancer metabolism sits at the forefront.

Conclusions
The metabolic profile of cancer has recently come back into
vogue with people espousing the century-old contributions
of biochemists, most notably Otto Warburg. Many sophisticated studies in the past few years have placed cancer metabolism in a deserved position of prominence in the field
of oncology. The initial observation that tumor cells produce high levels of lactate despite adequate oxygenation
was essential for future investigations of the mechanisms
and physiological importance of the Warburg effect. Key
tumor suppressors have been shown to regulate metabolism and by doing so alter the fate of the cell. By controlling
the mitochondrial flow of pyruvate, a cancer cell can tune
its biology to meet the demands of rapid growth. Now with
the identification of the mitochondrial pyruvate carrier we
are poised to add yet another integral piece to this story
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and in doing so hopefully gain a better understanding that
will ultimately translate into therapy.
Competing interests
The author(s) declare that they have no competing interests.
Authors’ contributions
JCS and JR wrote and edited the manuscript. Both authors read and
approved the final manuscript.
Received: 30 July 2012 Accepted: 4 September 2012
Published: 23 January 2013
References
1. Papa S, Francavilla A, Paradies G, Meduri B: The transport of pyruvate in rat
liver mitochondria. FEBS Lett 1971, 12:285–288.
2. Hildyard JC, Halestrap AP: Identification of the mitochondrial pyruvate
carrier in Saccharomyces cerevisiae. Biochem J 2003, 374:607–611.
3. Todisco S, Agrimi G, Castegna A, Palmieri F: Identification of the
mitochondrial NAD + transporter in Saccharomyces cerevisiae. J Biol
Chem 2006, 281:1524–1531.
4. Brivet M, Garcia-Cazorla A, Lyonnet S, Dumez Y, Nassogne MC, Slama A,
Boutron A, Touati G, Legrand A, Saudubray JM: Impaired mitochondrial
pyruvate importation in a patient and a fetus at risk. Mol Genet Metab
2003, 78:186–192.
5. Bricker DK, Taylor EB, Schell JC, Orsak T, Boutron A, Chen YC, Cox JE, Cardon
CM, Van Vranken JG, Dephoure N, Redin C, Boudina S, Gygi SP, Brivet M,
Thummel CS, Rutter J: A mitochondrial pyruvate carrier required for
pyruvate uptake in yeast, Drosophila, and humans. Science 2012, 337:96–100.
6. Herzig S, Raemy E, Montessuit S, Veuthey JL, Zamboni N, Westermann B,
Kunji ER, Martinou JC: Identification and functional expression of the
mitochondrial pyruvate carrier. Science 2012, 337:93–96.
7. Dubyak GR: Ion homeostasis, channels, and transporters: an update on
cellular mechanisms. Adv Physiol Educ 2004, 28:143–154.
8. Benz R: Permeation of hydrophilic solutes through mitochondrial outer
membranes: review on mitochondrial porins. Biochim Biophys Acta 1994,
1197:167–196.
9. Huizing M, Ruitenbeek W, Thinnes FP, DePinto V, Wendel U, Trijbels FJ, Smit
LM, ter Laak HJ, van den Heuvel LP: Deficiency of the voltage-dependent
anion channel: a novel cause of mitochondriopathy. Pediatr Res 1996,
39:760–765.
10. Palmieri F, Bisaccia F, Capobianco L, Dolce V, Fiermonte G, Iacobazzi V,
Indiveri C, Palmieri L: Mitochondrial metabolite transporters. Biochim
Biophys Acta 1996, 1275:127–132.
11. Behal RH, Buxton DB, Robertson JG, Olson MS: Regulation of the pyruvate
dehydrogenase multienzyme complex. Annu Rev Nutr 1993, 13:497–520.
12. Warburg O, Wind F, Negelein E: The metabolism of tumors in the body.
J Gen Physiol 1927, 8:519–530.
13. Tennant DA, Duran RV, Gottlieb E: Targeting metabolic transformation for
cancer therapy. Nat Rev Cancer 2010, 10:267–277.
14. Vander Heiden MG: Targeting cell metabolism in cancer patients.
Sci Transl Med 2010, 2:31ed31.
15. Klingenberg M: Mitochondria metabolite transport. FEBS Lett 1970, 6:145–154.
16. Klingenberg M: Substrate permeation into mitochondria with special
attention to the permeation of pyruvate. Hoppe Seylers Z Physiol Chem
1970, 351:275–277.
17. Bakker EP, van Dam K: The movement of monocarboxylic acids across
phospholipid membranes: evidence for an exchange diffusion between
pyruvate and other monocarboxylate ions. Biochim Biophys Acta 1974,
339:285–289.
18. Mallet RT: Pyruvate: metabolic protector of cardiac performance. Proc Soc
Exp Biol Med 2000, 223:136–148.
19. Lajtha A, Gibson GE, Dienel GA: Handbook of Neurochemistry and Molecular
Neurobiology. Brain Energetics, Integration of Molecular and Cellular Processes.
3rd edition. New York, NY: Springer; 2007.
20. Zahlten RA, Hochberg AA, Stratman FW, Lardy HA: Pyruvate uptake in rat
liver mitochondria: transport or adsorption? FEBS Lett 1972, 21:11–13.
21. Halestrap AP, Denton RM: Specific inhibition of pyruvate transport in rat liver
mitochondria and human erythrocytes by α-cyano-4-hydroxycinnamate.
Biochem J 1974, 138:313–316.

Page 8 of 9

22. Hasegawa S, Maier VP: Biosynthesis of trans-cinnamate from
phenylpyruvate and L-glutamate by cell-free extracts of grapefruit.
Phytochemistry 1970, 9:2483–2487.
23. Pfaff E, Klingenberg M: Adenine nucleotide translocation of mitochondria.
1. Specificity and control. Eur J Biochem/FEBS 1968, 6:66–79.
24. Mowbray A: Evidence for the role of a specific monocarboxylate
transporter in the control of pyruvate oxidation by rat liver mitochondia.
FEBS Lett 1974, 44:344–347.
25. Halestrap AP, Brand MD, Denton RM: Inhibition of mitochondrial pyruvate
transport by phenylpyruvate and alpha-ketoisocaproate. Biochim Biophys
Acta 1974, 367:102–108.
26. Clark JB, Land JM: Differential effects of 2-oxo acids on pyruvate
utilization and fatty acid synthesis in rat brain. Biochem J 1974, 140:25–29.
27. Halestrap AP, Denton RM: The specificity and metabolic implications of
the inhibition of pyruvate transport in isolated mitochondria and intact
tissue preparations by α-cyano-4-hydroxycinnamate and related
compounds. Biochem J 1975, 148:97–106.
28. Pande SV, Parvin R: Pyruvate and acetoacetate transport in mitochondria:
a reappraisal. J Biol Chem 1978, 253:1565–1573.
29. Halestrap AP: The mitochondrial pyruvate carrier. Kinetics and specificity
for substrates and inhibitors. Biochem J 1975, 148:85–96.
30. Bradford NM, McGivan JD: Quantitative characteristics of glutamate
transport in rat liver mitochondria. Biochem J 1973, 134:1023–1029.
31. Shearman MS, Halestrap AP: The concentration of the mitochondrial
pyruvate carrier in rat liver and heart mitochondria determined with alphacyano-beta-(l-phenylindol-3-yl)acrylate. Biochem J 1984, 223:673–676.
32. Paradies G, Papa S: Substrate regulation of the pyruvate-transporting
system in rat liver mitochondria. FEBS Lett 1976, 62:318–321.
33. Nalecz MJ, Nalecz KA, Broger C, Bolli R, Wojtczak L, Azzi A: Extraction,
partial purification and functional reconstitution of two mitochondrial
carriers transporting keto acids: 2-oxoglutarate and pyruvate. FEBS Lett
1986, 196:331–336.
34. Brailsford MA, Thompson AG, Kaderbhai N, Beechey RB: The extraction and
reconstitution of the alpha-cyanocinnamate-sensitive pyruvate
transporter from castor bean mitochondria. Biochem Biophys Res Commun
1986, 140:1036–1042.
35. Paradies G: Interaction of alpha-cyano[14C]cinnamate with the
mitochondrial pyruvate translocator. Biochim Biophys Acta 1984, 766:446–450.
36. Paradies G, Ruggiero FM: Characterization of the alpha-cyanocinnamate
binding site in rat heart mitochondria and in submitochondrial particles.
Biochim Biophys Acta 1986, 850:249–255.
37. Bolli R, Nalecz KA, Azzi A: Monocarboxylate and α-ketoglutarate carriers
from bovine heart mitochondria: purification by affinity chromatography
on immobilized 2-cyano-4-hydroxycinnamate. J Biol Chem 1989,
264:18024–18030.
38. Brooks GA, Brown MA, Butz CE, Sicurello JP, Dubouchaud H: Cardiac and
skeletal muscle mitochondria have a monocarboxylate transporter
MCT1. J Appl Physiol 1999, 87:1713–1718.
39. Capuano F, Di Paola M, Azzi A, Papa S: The monocarboxylate carrier from
rat liver mitochondria: purification and kinetic characterization in a
reconstituted system. FEBS Lett 1990, 261:39–42.
40. Nalecz MJ, Nalecz KA, Azzi A: Purification and functional characterisation
of the pyruvate (monocarboxylate) carrier from baker's yeast
mitochondria. Biochim Biophys Acta 1991, 1079:87–95.
41. Thomas AP, Halestrap AP: Identification of the protein responsible for
pyruvate transport into rat liver and heart mitochondria by specific
labelling with [3 H]N-phenylmaleimide. Biochem J 1981, 196:471–479.
42. Berg JM, Tymoczko JL, Stryer L, Stryer L: Biochemistry. 6th edition. New York,
NY: W.H. Freeman; 2007.
43. Palmieri F, Agrimi G, Blanco E, Castegna A, Di Noia MA, Iacobazzi V, Lasorsa
FM, Marobbio CM, Palmieri L, Scarcia P, Todisco S, Vozza A, Walker J:
Identification of mitochondrial carriers in Saccharomyces cerevisiae by
transport assay of reconstituted recombinant proteins. Biochim Biophys
Acta 2006, 1757:1249–1262.
44. Duerr JM, Tucker K: Pyruvate transport in isolated cardiac mitochondria
from two species of amphibian exhibiting dissimilar aerobic scope: Bufo
marinus and Rana catesbeiana. J Exp Zool A Ecol Genet Physiol 2007,
307:425–438.
45. Horie K, Oba T, Motomura S, Isogai A, Yoshimura T, Tsuge K, Koganemaru K,
Kobayashi G, Kitagaki H: Breeding of a low pyruvate-producing sake yeast
by isolation of a mutant resistant to ethyl α-transcyanocinnamate, an

Schell and Rutter Cancer & Metabolism 2013, 1:6
http://www.cancerandmetabolism.com/content/1/1/6

46.
47.

48.

49.

50.
51.

52.
53.

54.

55.

56.

57.
58.

59.

60.

61.

62.
63.

64.
65.

66.

inhibitor of mitochondrial pyruvate transport. Biosci Biotechnol Biochem
2010, 74:843–847.
Divakaruni AS, Murphy AN: Cell biology. A mitochondrial mystery, solved.
Science 2012, 337:41–43.
Mendes-Mourao J, Halestrap AP, Crisp DM, Pogson CI: The involvement of
mitochondrial pyruvate transport in the pathways of gluconeogenesis
from serine and alanine in isolated rat and mouse liver cells. FEBS Lett
1975, 53:29–32.
Titherage MA, Coore HG: Hormonal regulation of liver mitochondrial
pyruvate carrier in relation to gluconeogenesis and lipogenesis. FEBS Lett
1976, 71:73–78.
Vaartjes WJ, Den Breejen JN, Geelen MJH, Van Den Bergh SG: Persistent
changes in the initial rate of pyruvate transport by isolated rat liver
mitochondria after preincubation with adenine nucleotides and calcium
ions. Biochim Biophys Acta 1980, 592:28–37.
Proudlove MO, Beechey RB, Moore AL: Pyruvate transport by
thermogenic-tissue mitochondria. Biochem J 1987, 247:441–447.
Aires CC, Soveral G, Luis PB, ten Brink HJ, de Almeida IT, Duran M, Wanders
RJ, Silva MF: Pyruvate uptake is inhibited by valproic acid and
metabolites in mitochondrial membranes. FEBS Lett 2008, 582:3359–3366.
Halestrap AP: The mechanism of the stimulation of pyruvate transport into
rat liver mitochondria by glucagon. Biochem Soc Trans 1977, 5:216–219.
Vargas AM, Halestrap AP, Denton RM: The effects of glucagon,
phenylephrine and insulin on the phosphorylation of cytoplasmic,
mitochondrial and membrane-bound proteins of intact liver cells from
starved rats. Biochem J 1982, 208:221–229.
Paradies G, Petrosillo G, Gadaleta MN, Ruggiero FM: The effect of aging
and acetyl-L-carnitine on the pyruvate transport and oxidation in rat
heart mitochondria. FEBS Lett 1999, 454:207–209.
Kielducka A, Paradies G, Papa S: A comparative study of the transport of
pyruvate in liver mitochondria from normal and diabetic rats. J Bioenerg
Biomembr 1981, 13:123–132.
Patel KP, O'Brien TW, Subramony SH, Shuster J, Stacpoole PW: The
spectrum of pyruvate dehydrogenase complex deficiency: clinical,
biochemical and genetic features in 371 patients. Mol Genet Metab 2012,
105:34–43.
Ward PS, Thompson CB: Metabolic reprogramming: a cancer hallmark
even Warburg did not anticipate. Cancer Cell 2012, 21:297–308.
Vander Heiden MG, Cantley LC, Thompson CB: Understanding the
Warburg effect: the metabolic requirements of cell proliferation.
Science 2009, 324:1029–1033.
Christofk HR, Vander Heiden MG, Harris MH, Ramanathan A, Gerszten RE,
Wei R, Fleming MD, Schreiber SL, Cantley LC: The M2 splice isoform of
pyruvate kinase is important for cancer metabolism and tumour growth.
Nature 2008, 452:230–233.
Dang L, White DW, Gross S, Bennett BD, Bittinger MA, Driggers EM, Fantin
VR, Jang HG, Jin S, Keenan MC, Marks KM, Prins RM, Ward PS, Yen KE, Liau
LM, Rabinowitz JD, Cantley LC, Thompson CB, Vander Heiden MG, Su SM:
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature
2009, 462:739–744.
Lum JJ, Bui T, Gruber M, Gordan JD, DeBerardinis RJ, Covello KL, Simon MC,
Thompson CB: The transcription factor HIF-1alpha plays a critical role in
the growth factor-dependent regulation of both aerobic and anaerobic
glycolysis. Genes Dev 2007, 21:1037–1049.
Eboli ML, Paradies G, Galeotti T, Papa S: Pyruvate transport in tumour-cell
mitochondria. Biochim Biophys Acta 1977, 460:183–187.
Paradies G, Capuano F, Palombini G, Galeotti T, Papa S: Transport of
pyruvate in mitochondria from different tumor cells. Cancer Res 1983,
43:5068–5071.
Macintyre AN, Rathmell JC: PKM2 and the tricky balance of growth and
energy in cancer. Mol Cell 2011, 42:713–714.
Lewis BC, Prescott JE, Campbell SE, Shim H, Orlowski RZ, Dang CV: Tumor
induction by the c-Myc target genes rcl and lactate dehydrogenase A.
Cancer Res 2000, 60:6178–6183.
Kim JW, Tchernyshyov I, Semenza GL, Dang CV: HIF-1-mediated expression
of pyruvate dehydrogenase kinase: a metabolic switch required for
cellular adaptation to hypoxia. Cell Metab 2006, 3:177–185.

doi:10.1186/2049-3002-1-6
Cite this article as: Schell and Rutter: The long and winding road to the
mitochondrial pyruvate carrier. Cancer & Metabolism 2013 1:6.

Page 9 of 9

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

