9262

Jowrnal of Physiology (1999), 517.3, pp.633—642

Topical Review

Lactate transport in skeletal muscle — role and regulation of

the monocarboxylate transporter

Carsten Juel and Andrew P. Halestrap*

Copenhagen Muscle Research Centre, August Krogh Institute, University of Copenhagen,

Copenhagen, Denmark and *Department of Biochemistry, School of Medical Sciences,
University of Bristol, Bristol BS§ 1TD, UK

(Received 5 February 1999; accepted after revision 11 March 1999)

Skeletal muscle is the major producer of lactic acid in the body, but its oxidative fibres also
use lactic acid as a respiratory fuel. The stereoselective transport of L-lactic acid across the
plasma membrane of muscle fibres has been shown to involve a proton-linked monocarboxylate
transporter (MCT) similar to that described in erythrocytes and other cells. This transporter
plays an important role in the pH regulation of skeletal muscle. A family of eight MCTs has
now been cloned and sequenced, and the tissue distribution of each isoform varies. Skeletal
muscle contains both MCT1 (the only isoform found in erythrocytes but also present in most
other cells) and MCT4. The latter is found in all fibre types, although least in more oxidative
red muscles such as soleus, whereas expression of MCT1 is highest in the more oxidative
muscles and very low in white muscles that are almost entirely glycolytic. The properties of
MCT1 and MCT?2 have been described in some detail and the latter shown to have a higher
affinity for substrates. MCT4 has been less well characterized but has a lower affinity for
L-lactate (i.e. a higher K of 20 mm) than does MCT1 (K, of 5 mm). MCT1 expression is
increased in response to chronic stimulation and either endurance or explosive exercise training
in rats and humans, whereas denervation decreases expression of both MCT1 and MCT4.
The mechanism of regulation is not established, but does not appear to be accompanied by
changes in mRNA concentrations. However, in other cells MCT1 and MCT4 are intimately
associated with an ancillary protein OX-47 (also known as CD147). This protein is a member
of the immunoglobulin superfamily with a single transmembrane helix, whose expression is

633

known to be increased in a range of cells when their metabolic activity is increased.

The rapid transport of lactic acid across the plasma
membrane is of fundamental importance for the metabolism
of almost all cells; it is also vital for intracellular pH (pH,)
homeostasis (see Poole & Halestrap, 1993). Glycolysis
produces two molecules of lactic acid for every glucose
molecule consumed and these must be transported out of
the cell if high rates of glycolysis are to be maintained. In
contrast, tissues such as heart and red skeletal muscle that
use lactic acid as a major respiratory fuel require lactic acid
to be transported into the cell. Transport of lactate, or more
accurately lactic acid, across the plasma membrane of all cells
is catalysed by proton-linked monocarboxylate transporters
(MCTs). MCTs are also responsible for enabling the transport
of pyruvate and the ketone bodies acetoacetate, g-hydroxy-
butyrate and acetate. As such they are critical for metabolic
communication between cells. This article will review recent
progress in our understanding of lactate transport in skeletal
muscle with particular emphasis on the recent cloning and
sequencing of several new members of the MCT family. For

further information on the role and characterization of mono-
carboxylate transport in other tissues and the integration of
lactate metabolism between tissues the reader is referred
elsewhere (Poole & Halestrap, 1993; Halestrap et al. 1997).

Lactate metabolism and transport in skeletal muscle

Although high rates of glycolysis in skeletal muscle make it
the main producer of lactic acid in the body, lactic acid can
also be taken up by skeletal muscle and heart and used as a
respiratory fuel. The balance of the two depends on the type
of muscle fibre and the energy demand. The net production
of lactic acid by muscle is particularly pronounced in the
transition from rest to heavy exercise when there is a rapid
increase in energy demand. This is not normally due to
insuflicient oxygenation (see Gladden, 1996) but to two
other reasons. First, the acceleration of glycolysis at the
onset of muscle activity is fast when compared with that of
the oxidative pathway. Second, the maximal glycolytic
capacity of muscle exceeds the maximal oxidative capacity.
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The extent to which the ATP requirements can be met by
glycolysis  or phosphorylation is fibre-type
dependent with white muscle relying more on the former
and red muscle on the latter. In either case, lactate is an
important metabolic intermediate, which can exchange
rapidly between different cells within a given muscle,
between different muscles and between muscle and blood.
These processes all require lactic acid transport across the
sarcolemma (see Juel, 1997; Bonen et al. 1997).

oxidative

Direct evidence for carrier-mediated transport in
skeletal muscle

More than fifty years ago it was reported that lactate did
not move freely from muscle to blood. However, evidence
gathered in later experiments with in situ and isolated
muscle preparations implied that, for the most part,
translocation of lactate across the plasma membrane was
mediated by a transport system which could be inhibited by
specific inhibitors of the erythrocyte lactate transporter (see
Juel, 1997). Accurate transport kinetics are difficult to
determine in intact skeletal muscles because of their
multicellular nature and because of the possible metabolism
of added lactate; these problems can be overcome by the use
of sarcolemmal membrane vesicles, both small and ‘giant’,
derived from them. Such vesicles enabled the kinetics of
both influx and efflux of lactate to be determined (reviewed
by Juel, 1997; Bonen et al. 1997). These studies confirmed
that lactate and other monocarboxylates cross skeletal muscle
sarcolemma by means of a saturable, stereospecific transport
system which shows an obligatory 1:1 coupling between
lactate and HY. The concentration of L-lactate for half-
maximal rates of transport (the Michaelis constant, K,)) was
found to be between 13 and 40 mm in most studies with
rat and human sarcolemmal vesicles. Transport has been
reported to be inhibited reversibly by a-cyano-4-hydroxy-
cinnamate (CHC) and irreversibly by organo-mercurials such
as p-chloromercuribenzene sulphonate (pCMBS). These
characteristics of skeletal muscle lactic acid transport
resemble those of many other cells (see Poole & Halestrap,
1993; Juel, 1997).

The monocarboxylate transporter family

Identification, cloning and sequencing of MCT1. Lactate
transport has been studied most extensively in erythrocytes
since large quantities of these cells can be obtained readily.
Identification of the protein responsible for transport was
achieved by specific covalent labelling with 4,4’-diiso-
thiocyanatostilbene-2,2’-disulphonate (DIDS) followed by
detergent solubilization and subsequent purification (Poole &
Halestrap, 1992, 1994). N-terminal protein sequencing
showed that erythrocyte MCT is identical to a membrane
protein previously cloned and sequenced by Kim et al.
(1992) and predicted to be a transporter. These authors
stumbled across the transporter because a single point
mutation in it greatly enhanced the uptake of mevalonate
into Chinese hamster ovary (CHO) cells. Mevalonate is a
precursor of cholesterol biosynthesis which they were
investigating at the time. They subsequently expressed the
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wild-type protein in a breast carcinoma cell line and
demonstrated that it catalysed inhibitor-sensitive mono-
carboxylate transport (Garcia et al. 1994a). The transporter
was named MCT1, and subsequently MCT1 from human,
rat and mouse were cloned (Garcia et al. 1994b; Jackson et
al. 1995; Carpenter et al. 1996). They share about 95%
identity with the CHO MCT1. Human MCT1 has been
mapped to chromosome band 1p13.2-p12 (Garcia et al. 1994 b;
Jackson et al. 1995; Carpenter et al. 1996).

Cloning and sequencing of other MCT isoforms.
Extensive studies on the Kkinetics and substrate and
inhibitor specificity of monocarboxylate transport into a
range of tissues, and most especially the heart, suggested
the existence of a family of MCTs (reviewed by Poole &
Halestrap, 1993; Halestrap et al. 1997). Confirmation of this
was first provided by the cloning, sequencing and functional
expression of a second isoform of MCT (MCT2) with 60%
identity with MCT1 (Garcia et al. 1995). MCT2 has since
been cloned and sequenced from rat, mouse and human, in
which it has been mapped to chromosome band 12q13
(Jackson et al. 1997; Gerhart et al. 1998; Koehler-Stec et al.
1998; Lin et al. 1998). The next MCT to be cloned and
sequenced was from a chicken retinal pigment epithelium
c¢DNA library and was named MCT3 since it appeared to be
different from both MCT1 and MCT2 with which it shares
43 and 45 % identity, respectively. The genomic structure of
MCTS3 has been elucidated and the protein expressed in a
mammalian cell line and confirmed to transport lactate
(Philp et al. 1995; Yoon et al. 1997; Yoon & Philp, 1998).
However, detailed characterization of its properties has not
been reported. Most recently, by searching the database of
expression sequence tags (dbEST) for fragments of MCT-like
sequences, four new members of the MCT family have been
identified, cloned and sequenced. These exhibit 30—60%
identity with MCT1 and were initially named MCT3-MCT6,
since one of the new isoforms appeared to be the mammalian
equivalent of chicken MCT3 (Price et al. 1998). However,
following identification of the true mouse MCT3 (Philp et al.
1998), they have since been renamed MCT4-MCT7 (Wilson
et al. 1998). MCT4 has recently been expressed in Xenopus
oocytes and confirmed to be a proton-linked mono-
carboxylate transporter (S. Brder, personal communication).
However, this has not yet been achieved for MCT5-MCT7.
Another MCT-related sequence has been identified to be
encoded within the human X-chromosome genomic sequence
(Lafreniere et al. 1994). The translated protein sequence
possesses a long N-terminal extension containing the PEST
sequence motif indicative of rapid protein degradation.
Thus it was originally named XPCT for X-linked PEST-
containing transporter but has since been renamed MCTS
(Price et al. 1998; Wilson et al. 1998). A mouse homologue of
this protein has recently been identified (Debrand et al.
1998).

The existence of a new transporter family with at least eight
members in humans is now established. Homologues of
MCTs have been identified in both Caenorhabditis elegans (4
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isoforms) and Saccharomyces cerevisiae (4 isoforms) and a
distant relative was found in the archebacterium Sulpholobus
sulfataricus, suggesting that the MCT family has an early
evolutionary origin (Price et al. 1998). Full sequence
alignments of the different isoforms and their relatedness as
judged by percentage identity and similarity are reported
elsewhere (Price et al. 1998). Conservation of sequence
between the isoforms is greatest for MCT1-MCT4 (> 50 %)
but is significantly less (<30%) for the other isoforms,
which may reflect a quite distinct substrate specificity.

Common features of the MCT family. Topology
predictions suggest that all MCT family members have
12 transmembrane-spanning (TM) helices with intracellular
C- and N-termini and a large intracellular loop between TM
segments 6 and 7. This topology, which is illustrated in
Fig. 1, has been confirmed for MCT1 by proteolytic cleavage
and labelling studies (Poole et al. 1996; Poole & Halestrap,
1997). The sequence conservation between different family
members is greatest in the TM segments and least in the
intervening hydrophilic regions of the sequences (the
N-terminal residues preceding TMI1, the loop region
between TM segments 6 and 7, and the C-terminal residues
succeeding TM12). Such divergent hydrophilic sequences are
a common feature of 12-TM-helix transporter family
members (see Saier, 1994), and it is unlikely that these
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Figure 1. Proposed topology of MCT1
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regions are directly involved in transport. Rather they may
be critical for other aspects of function such as substrate
specificity or regulation of transport activity. The C-terminal
half of the molecule (TM helices 7—12) shows a slightly lower
level of conservation than the N-terminal half (TM helices
1-6) and this is the same pattern as is observed in most
transporter families (Saier, 1994). Indeed, it has been
proposed that the two halves of the molecule (TM helices 1-6
and 7—12) have different functional roles. The N-terminal
domains may be more important for energy coupling (e.g. via
H™ or Na* cotransport), membrane insertion, and/or correct
structure maintenance, whereas the C-terminal domains
may be more important for the determination of substrate
specificity. Indeed, there is direct evidence for the latter
since conversion of Pheyg, to Cys in TM segment 10 of CHO
MCT1 changes MCT1 from a lactate/pyruvate transporter
to a mevalonate transporter (Kim et al. 1992; Garcia et al.
1994 a). Furthermore, the binding site of MCT1 for DIDS,
which binds at or near the substrate binding site, is in the
C-terminal half of the transporter (Poole et al. 1996; Poole &
Halestrap, 1997).

Tissue distribution and properties of the mammalian
MCT isoforms

Expression of all the different MCT isoforms has been
studied at the mRNA level by Northern blot analysis in a
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The model shown is that predicted from the primary sequence using hydropathy plots and subsequently
confirmed by proteolytic cleavage and labelling experiments as described by Poole et al. (1996) and Poole &
Halestrap (1997).
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wide range of human tissues (Price et al. 1998; Lin et al.
1998). In addition, for MCT1 and MCTZ2, rat, mouse and
hamster tissues have also been investigated (Kim et al
1992; Jackson et al. 1997; Koehler-Stec ei al. 1998; Pellerin
et al. 1998), whereas for MCT3, chicken tissues have been
studied (Philp et al. 1995). Expression of MCT1 and MCT2
at the protein level has been determined in many different
rat and hamster tissues by both immunofluorescence
microscopy and Western blotting (Garcia et al. 1994, 1995;
Jackson et al. 1997; Gerhart et al. 1997, 1998; Wilson et al.
1998) whereas less extensive studies have been reported for
MCT3 and MCT4 (Philp et al. 1998; Wilson et al. 1998).
There are currently no published data on expression of
MCT5-MCTS at the protein level and these members of the
MCT family will not be considered further.

Using these different techniques MCT1 was found to be
present in almost all tissues, in many cases with specific
locations within each tissue. In contrast, MCT2 is expressed
in fewer tissues and is absent or barely detectable in skeletal
muscle. It is found together with MCT1 in several tissues
such as liver, kidney, testis and brain but its exact location
within each tissue differs from that of MCT1 suggesting a
distinct functional role. For example, in spermatozoa, MCT1
is found exclusively in the head region and MCT2 in the tail
(Garcia et al. 1995). MCT2 is unusual in that there appears
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to be substantial species differences both in sequence and
tissue distribution (Jackson et al. 1997). Furthermore, several
sizes of mRNA transcript are detected in different cell types
suggesting that alternatively spliced forms of MCT2 mRNA
may exist (Jackson et al. 1997; Lin et al 1998). MCT3
appears to be exclusively located in the basal membrane of
the retinal pigment epithelium in both chicken and rat.
Northern blot analysis has shown MCT4 (previously MCT3)
to have a fairly broad tissue distribution and these studies
together with Western blotting and confocal microscopy
have shown that this isoform is expressed particularly
strongly in skeletal muscle (Price et al. 1998; Wilson et al.
1998).

MCT1 and MCT4 are the major isoforms expressed in
skeletal muscle. MCT1 expression in individual muscles
correlates with their mitochondrial content; muscles such as
soleus, which predominantly contain slow oxidative fibres,
express large amounts of MCT1 whereas muscles with a high
proportion of fast-twitch glycolytic fibres such as semi-
membranosus and semitendinosus contain almost none
(McCullagh et al. 19965). These data suggest that MCT1
expression in muscle fibres may reflect the extent to which
transport of lactic acid into the cell is required for its
oxidation as a respiratory fuel. The presence of high levels
of MCT1 in heart muscle is consistent with this view
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Figure 2. Distribution of MCT1 and MCT4 in different rat skeletal muscles

A, the presence of MCT1 and MCT4 in semitendinosus (ST) and soleus (Sol) muscles was revealed by
immunofluorescence confocal microscopy. In ST muscle the smaller MCT1 staining cells were shown to be
those with the greatest succinate dehydrogenase activity. Scale bar, 20 gm. B, quantification of the amount
of MCT1 and MCT4 in homogenates from a range of muscles was performed using Western blotting.
Muscles used were white gastrocnemius (WG), white tibialis anterior (WTA), extensor digitorum longus
(EDL), plantaris (Pl), red tibialis anterior (RTA), red gastrocnemius (RG) and soleus (Sol). Data are adapted

from Wilson et al.(1998).
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(Halestrap et al. 1997). In contrast, MCT4 is present in all
muscles, but at a lower concentration in predominantly
oxidative muscle such as soleus (Fig. 2; and Wilson et al.
1998). These data suggest that this isoform is most
important for lactic acid efflux from muscles that rely more
on glycolytic metabolism. This is also reflected in the
metabolic requirements of other cells that express large
amounts of MCT4. For example, MCT4 is the only MCT
expressed in human white blood cells, which are also highly
glycolytic and net lactic acid exporters (Wilson et al. 1998).
In human skeletal muscle a more detailed analysis of the
distribution of MCT1 and MCT4 between different fibre
types has been performed, using myosin heavy chain
isoforms as fibre-type markers. There is a positive
relationship between MCT1 density and occurrence of type I
fibres, whereas MCT4 density was independent of fibre type
and the inter-individual variation was large (Pilegaard et al.
1999).

Unique properties of the different MCT isoforms

MCT1. The Kkinetics of MCT1 have been thoroughly
characterized in erythrocytes and tumour cells (Poole &
Halestrap, 1993; Carpenter & Halestrap, 1994), and similar
data have been obtained following expression of the protein
in Xenopus oocytes (Broer et al. 1998). The mechanism of
transport involves an ordered sequential mechanism
whereby a proton first binds to the transporter and then the
lactate anion. This is followed by the translocation of lactate
and proton across the membrane and their sequential release
from the transporter on the other side of the membrane (see
Fig. 3). The process is freely reversible with equilibrium
being reached when:

[LaCtate]in/[LaCta’te]out = [H+]out/[H+]in:

although it is unlikely that this situation is ever reached in
muscle. The rate-limiting step for net lactic acid flux
appears to be the return of the free carrier across the
membrane, which is required to complete the translocation
cycle, and this is reflected in rates of monocarboxylate
exchange being substantially faster than those of net
transport. Between pH values of about 6 and 8, a lowering
of pH on the same side as lactate is added stimulates
transport primarily through decreasing the K, for lactate.
Transport can also be stimulated by raising the pH on the
opposite side of the membrane, which may act to increase
the V. of transport by increasing the rate at which the
unloaded carrier reorientates in the membrane.

The substrate and inhibitor specificity have also been
extensively studied for MCT1 and are summarized in
Table 1. A wide range of short chain monocarboxylates are
transported with K, values decreasing as the chain length
increagses from 2 to 4. Monocarboxylates with longer
branched aliphatic or aromatic side chains also bind to the
transporter readily released following
translocation and act as inhibitors. One of the most potent
of these is the classical inhibitor of lactate transport, CHC.
Substitution of the side chain is tolerated with C2 being

but are not
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preferred over C3, and this allows the carrier to transport a
range of naturally occurring monocarboxylates such as
pyruvate, lactate, acetoacetate and g-hydroxybutyrate,
whose K, values are given in Table 2. Indeed substitution
on C2 may actually enhance binding, especially in the case
of a carbonyl group, with pyruvate and 2-oxobutyrate
having the lowest K, values of the natural substrates. For
lactate, MCT1 is stereospecific, with the K, for the L-isomer
(5—10 mm) being an order of magnitude lower than that for
the D-isomer. However, this is not true for other mono-
carboxylates such as 2-chloropropionate or g-hydroxy-
butyrate.

Inhibitors of MCT1 fall into five broad categories that are
summarized in Table 1. The most frequently used of these
are CHC and the stilbene disulphonates such as DIDS, but
none are specific for inhibition of MCT1 and their use in
studies on the role of MCT needs to take this into account.
Often overlooked is that CHC is two orders of magnitude
more potent at inhibiting pyruvate transport into
mitochondria than it is at inhibiting lactate transport across
the plasma membrane (Halestrap, 1975). Thus, when used
with cells in which some oxidation of glucose to CO, and
water is occurring, CHC causes a huge increase in lactic acid
production and intracellular acidification independent of its

effect on MCT (Halestrap & Denton, 1975).

Other MCT isoforms. In comparison with MCT1, the
properties of MCT2 are poorly understood. Recently, Lin et
al. (1998) expressed human MCT2 in Xenopus oocytes and
showed it to have a very high affinity for pyruvate (K,
25 pum). These observations have recently been confirmed
and extended for rat MCT2 (Broer et al. 1999). Measured K,
and K; values for most substrates and inhibitors are one-
sixth to one-tenth of those of MCT1 with K, values for
pyruvate, L-lactate, acetoacetate and b,L-#-hydroxy-
butyrate being 0:08, 0-5, 0:8 and 1:2mwm, respectively
(Table 2). Unlike MCT1, MCT2 is insensitive to inhibition by
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Figure 3. Proposed kinetic scheme for MCT1

See text for details. Rate constants (k,, k_,, etc.) are given for
the forward and backward translocation of the different
species of carrier across the membrane. Equilibrium
constants (K, and K,) are given for proton and lactate
binding, respectively.
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Table 1. Substrates and inhibitors of MCT1

Substrates

Short chain fatty acids, e.g. acetate, propionate, butyrate

Note: formate, aromatic and branched chain monocarboxylates are poor substrates

Monocarboxylates substituted with halogens, hydroxyl, cyano or azido groups in 2 or 3 position,
e.g. monochloroacetate, dichloroacetate, L-lactate, L-2-chloropropionate, #-hydroxybutyrate

and 3-chloro-propionate

2 or 3 oxo-acids, e.g. pyruvate, 2-oxobutyrate, acetoacetate
Note: oxamate and glycollate are not substrates. Aromatic and branched chain
monocarboxylates substituted in the 2 position are poor substrates but good inhibitors

Inhibitors

Substituted aromatic monocarboxylates, e.g. a-cyano-4-hydroxycinnamate (CHC),
phenyl-pyruvate, e-fluorocinnamate

Anion transport inhibitors, e.g. stilbene disulphonates (4,4’-diisothiocyanato-
stilbene-2,2’-disulphonate (DIDS), 4,4’-dibenzamidostilbene-2,2’-disulphonate (DBDS) etc.),
niflumic acid, 5-nitro-2-(3-phenylpropylamino)-benzoate (NPPB)

Lysine and arginine reagents, e.g. 2,4-dinitrofluorobenzene, pyridoxal phosphate

and phenylglyoxal

Sulfhydryl reagents, e.g. p-chloromercuribenzene sulphonate but not iodoacetate

or N-ethylmaleimide

Miscellaneous, e.g. phloretin, quercetin, isobutylcarbonyl-lactyl anhydride (IBCLA),

3-isobutyl-1-methylxanthine

Information is taken from Poole & Halestrap (1993).

pCMBS. No detailed analyses of the properties of either
MCT3 or MCT4 have been described. In a monkey kidney
epithelial cell line (COS) and bovine kidney epithelial cell
line (NBL1), which both express large amounts of MCT4,
transport kinetics are similar to those for MCT1 (Wilson et
al. 1998). Furthermore, in frog sartorius muscle, which as a
white muscle might be expected to predominantly express
MCT4, microelectrode studies gave a K, for L-lactate of
about 10 mm (Mason & Thomas, 1988). However, when
expressed in Xenopus oocytes MCT4 gave a K, for L-lactate
of 22 mm (S. Brder, personal communication). This value is
higher than that determined for MCT1, but is similar to K,
values obtained for lactate transport into giant sarcolemmal
vesicles from glycolytic muscle fibres (Juel, 1997). In such
vesicles, the derived K; values for CHC and stilbene
disulphonates were also significantly higher than those for
MCT1, consistent with MCT4 having a lower aflinity for
both substrates and inhibitors. However, another study
using giant sarcolemmal vesicles derived from either red or
white fibres has demonstrated that K, values for L-lactate
are the same (15 mm), despite their different content of

MCT1 and MCT4 (Juel & Pilegaard, 1998).

Regulation of MCT activity in muscle

Lactate transport activity increases in response to
increased physical activity of muscle. Both endurance
and high-intensity training have been demonstrated to
increase the maximal rate of lactate transport into
sarcolemmal vesicles by 30-100% (McDermott & Bonen,
1993; Pilegaard et al. 1993); chronic electrical stimulation of
the hindlimb of rats has a similar effect (McCullagh et al.

1996a). It is unclear whether changes in K, can occur under
these conditions but the availability of specific antibodies
against MCT1 has revealed that expression of this isoform,
which is present predominantly in the red fibres, is increased
(McCullagh et al. 1996a, b; Baker et al. 1998). No changes in
MCT4 expression were observed after chronic stimulation of
the hindlimb, despite a 2- to 3-fold increase in MCT1
expression (Wilson et al. 1998). However, in other studies,
also using sarcolemmal vesicles, it was found that the
majority of the increase in lactate transport capacity in
response to training took place in the white fibres (Juel &
Pilegaard, 1998). This would imply that an increase in MCT4
expression or activity does occur. Irrespective of which MCT
isoforms are involved, it seems clear that an increase in
physical activity can improve lactate—H" transport capacity
of skeletal muscle. This conclusion is reinforced by the finding
that extremely low muscle activity, as in spinal cord injured
patients (Pilegaard et al. 1998) or in denervated rat muscle
(Pilegaard & Juel, 1995; McCullagh & Bonen, 1995), is
accompanied by a reduction in lactate transport capacity. In
the latter case this was shown to be associated with a
significant decrease in the expression of both MCT1 and
MCT4 (Wilson et al. 1998).

The large (up to 100%) training-induced increase in
lactate—H" cotransport found in rat muscle must be
evaluated against the extremely sedentary (untrained) state
of control rats. Thus it is important to establish whether the
lactate transport capacity in normal active human subjects
can also be improved by training. Numerous studies have
demonstrated that training can change the Kkinetics of
lactate turnover in the human body, but a large fraction of



J. Physiol.517.3

Lactate transport in muscle 639

Table 2. Comparison of K, and K; values for various substrates and inhibitors of different MCT

isoforms
Tumour MCT1 MCT2 Muscle
cell oocyte oocyte vesicles
Substrate K, (mm)
L-Lactate 45 35 05 13—40
p,L-f-Hydroxybutyrate 12:5 12:5 1-2 High
Pyruvate 0-72 1-0 0-08 > 50
a-Ketoisovalerate — 1-3 0-3 > 50
a-Ketoisocaproate — 0-7 0-1 —
Acetoacetate 55 55 0-8 High
Inhibitor K; (um)
CHC 166 425 24 4000
Phloretin 51 28 14 > 1500
DIDS 434 — — > 1000
p-CMBS (% inhibition at 0-1 mm) 50 90 0 25

Data for tumour cells and muscle vesicles are taken from Carpenter & Halestrap (1994) and Juel (1997),
respectively. Data for MCT1 expressed in Xenopus oocytes are from Bréer et al. (1998) and for MCT2 from

Broer et al.(1999).

such changes can be ascribed to metabolic changes and not
to increased membrane transport. Nevertheless, an increase
in MCT expression at the sarcolemma would seem an
appropriate response to meet the increased release of H*
and lactate from intensely active human muscle. In a cross-
sectional study of human subjects of widely diftfering states
of fitness, it was shown that vesicles prepared from their
muscle have widely ranging differences in lactate transport
capacity; some extremely well-trained subjects seem to have
a very high capacity (Pilegaard et al. 1994). Does this mean
that training per se can increase the membrane transport
capacity in humans? If so, does this increased transport
have any functional significance? Two studies have addressed
this question. In one case it was reported that 7 days of
intense bicycle training increased the MCT1 concentration
of vastus lateralis muscle by 18% and the femoral venous
lactate concentration during activity increased in proportion
to the rise in exercise-induced muscle lactate (Bonen et al.
1998). In the second study with high intensity knee-
extensor exercise it was found that the content of the two
isoforms MCT1 and MCT4 was increased by 76 and 32 %,
respectively. These increases in MCT expression were
associated with a 12% increase in sarcolemmal lactate
transport measured in vesicles formed from needle biopsies.
Furthermore, in the trained subjects the release of lactate
and H" was higher at a given cellular to interstitial
concentration gradient than that before training (Pilegaard
et al. 1999a). It can therefore be concluded that the
lactate—H ™" transport capacity in man may be improved by
training, and that the increased density of membrane
transporter proteins is of functional importance for the
translocation of H* and lactate from muscle to blood.

In contrast to these long-term regulations associated with
training, there is currently no evidence for any medium or

short-term hormonal regulation of the lactate—H" co-
transport.

Mechanisms involved in the regulation of lactate
transport in skeletal muscle. Quantitative Northern blot
analysis did not detect a significant increase in MCT1
mRNA in rat hindlimb following chronic stimulation, despite
MCT1 protein expression increasing severalfold. This
suggests that regulation of expression may be translational
(i.e. an increase in the rate at which ribosomes translate
mRNA into protein), a phenomenon whose importance is
becoming increasingly recognized (Sachs et al. 1997; Proud
& Denton, 1997). Such regulation usually involves specific
sequences and secondary structure in the 5 untranslated
region with which initiation factors and regulatory factors
interact to enhance or repress translation. However, it is
now clear that the 3" untranslated region may also play a
role (Miyamoto et al. 1996). This may either be by looping
back and interacting with the 5" untranslated region or by
binding to regulatory factors/binding proteins which make
the mRNA unavailable for translation. In this context it
may be significant that the 3’ untranslated region of MCT1
is very long (some 1-2 kb longer than that of either MCT2 or
MCT4) (Jackson et al. 1995, 1997).

An additional means by which MCT activity might be
regulated is through its interaction with an ancillary protein.
MCT1 is not itself glycosylated (Carpenter et al. 1996), but
in erythrocytes it is closely associated with a 70 kDa
membrane-spanning glycoprotein of the immunoglobulin
superfamily known as embigin or GP70, to which it can be
specifically cross-linked with DIDS (Poole & Halestrap,
1997). Embigin is mainly expressed in embryonic tissues
(Ozawa et al. 1988) but antibodies directed against a closely
related protein, OX-47, coimmunoprecipitate both MCT1
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and MCT4, suggesting that these proteins also associate
specifically in the membrane (Kirk et al. 1998). OX-47 is
also known as CD147, basigin, CE9, neurothelin, M6 or
EMMPRIN in other species (Fossum et al. 1991; Seulberger
et al. 1992; Schuster et al. 1996) and is found in most adult
tissues although with considerable variation in glycosylation
state. Expression of OX-47 is upregulated by stimuli that
enhance the metabolic activity of cells and lead to stimulation
of glycolysis and increased expression of glucose transporters
(Nehme et al. 1995). Thus an attractive possibility is that
0OX-47 may be involved in a parallel stimulation or
modulation of monocarboxylate transport under such
conditions. This effect could be exerted either through a
direct effect on the catalytic activity of the transporter or
through regulating its translocation to the membrane. There
are precedents for these suggestions. An ancillary protein is
involved in the stimulation of neutral amino acid transport
into cultured cells by system A in response to hypertonic
shock (Ruiz-Montasell et al. 1994), whereas glycophorin
associates with the anion exchanger, AE1, and acts as a
chaperon to increase its translocation from the endoplasmic
reticulum to the Golgi and plasma membrane (Groves &
Tanner, 1992, 1994).

Role of lactate—H* transport in pH regulation

In general, cellular pH homeostasis in muscle is a balance
between H' accumulation (H*
production of acid) and H" removal mediated by transporters
located in the sarcolemma (Juel, 1998). Whether lactate
crosses the sarcolemmal membrane via the lactate—H"
cotransporter or via diffusion of undissociated lactic acid,
its movement is always coupled to the movement of H" in a
1:1 ratio. Since it is lactic acid that is both the product of
glycolysis and the substrate for respiration, this enables
transport and metabolism to be matched without an
imbalance of protons. It would therefore be expected that
lactate transport is of importance for muscle pH regulation.
This was confirmed in rat model systems where the
lactate—H™ cotransporter possesses a higher capacity for
mediating H" efflux than either the Na'—H™" exchanger or
the bicarbonate-dependent transport systems (Juel, 1995).
In human subjects, it has been possible to evaluate the
importance of the cotransporter for pH regulation during
exercise by comparing the lactate release with total H'
release from muscle to blood during intense knee-extensor
exercise. These data confirm the prominent role of the
lactate—H™ cotransporter in mediating H* removal from
muscle during intense exercise and in the first part of
subsequent recovery. Lactate release is approximately two-
thirds of the total H' release under these conditions (Juel et
al. 1990) but is less during submaximal exercise (Bangsbo et
al. 1997).

influx and metabolic

Although the lactate—H™ cotransporter can function as a
pH-regulating system, it must be noted that its activity is
mainly driven by the lactate gradient and is only slightly
sensitive to internal pH. In this respect it differs from the
classical pH-regulatory mechanisms such as Na™~H'
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exchange, which are strongly activated if internal pH is
reduced. The latter systems are better suited for fine
adjustments of pH and for pH regulation at rest, where the
lactate gradient is small or absent. In contrast, during intense
exercise, where lactate production is large, the lactate—H"*
cotransporter will be responsible for most of the H* removal
from the cell. It might be argued that it would be
advantageous for the muscle to have very high lactate—H*
transport activity so as to allow rapid loss of glycolytic lactic
acid without appreciable accumulation of lactate and H*
and a consequent decrease in pH;. Yet this seems not to be
the case. The lactate—H™ cotransporter only increases the
capacity for transmembrane fluxes of lactate and H* by 3-
to 4-fold, and, as a consequence, both lactate and H' do
accumulate during exercise. Not only is MCT expression in
muscles that are primarily glycolytic low relative to other
more oxidative tissues such as heart and ‘red’ muscle, but
also the lactate K, for the predominant MCT isoform
(MCT4) is relatively high (10—20 mm). It seems probable
that by adapting to restrict the lactate—H™ transport
capacity of skeletal muscle, the body is protected from
acidosis during intense exercise. This is because intracellular
accumulation of lactic acid and drop in muscle pH; will
inhibit glycolysis and induce fatigue before the lactic acid
lost to the blood overwhelms the pH regulatory mechanisms
of the body. Such an explanation may also explain why the
greatest expression of MCT activity is found in oxidative
muscle cells, which produce less lactic acid (McCullagh et al.
1996 b; Wilson et al. 1998). MCT1 is the predominant MCT
isoform in these cells and has a lower K, for lactate than
does MCT4. At physiological blood lactate concentrations
this makes MCT1 better suited for the rapid uptake of lactic
acid for oxidation as a respiratory fuel.
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