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Abstract

Monocarboxylate transporters (MCTs) are known to mediate the transport of short chain

monocarboxylates such as lactate, pyruvate and butyrate. Currently, fourteen members of this

transporter family have been identified by sequence homology, of which only the first four

members (MCT1- MCT4) have been shown to mediate the proton-linked transport of

monocarboxylates. Another transporter family involved in the transport of endogenous

monocarboxylates is the sodium coupled MCTs (SMCTs). These act as a symporter and are

dependent on a sodium gradient for their functional activity. MCT1 is the predominant transporter

among the MCT isoforms and is present in almost all tissues including kidney, intestine, liver,

heart, skeletal muscle and brain. The various isoforms differ in terms of their substrate specificity

and tissue localization. Due to the expression of these transporters in the kidney, intestine, and

brain, they may play an important role in influencing drug disposition. Apart from endogenous

short chain monocarboxylates, they also mediate the transport of exogenous drugs such as

salicylic acid, valproic acid, and simvastatin acid. The influence of MCTs on drug

pharmacokinetics has been extensively studied for γ-hydroxybutyrate (GHB) including

distribution of this drug of abuse into the brain and the results will be summarized in this review.

The physiological role of these transporters in the brain and their specific cellular localization

within the brain will also be discussed. This review will also focus on utilization of MCTs as

potential targets for drug delivery into the brain including their role in the treatment of malignant

brain tumors.
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Introduction

Monocarboxylic acids play an important role in energy metabolism in various tissues such

as skeletal muscle, heart, brain and red blood cells. Among these monocarboxylates, lactate
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which is the end product of glycolysis is particularly important. This pathway leads to

intracellular accumulation of lactate which must be exported out as high levels of lactate

result in inhibition of glycolysis. In addition, some of the tissues such as brain, heart and red

skeletal muscle utilize lactate as a fuel for respiration, thus requiring its import into the cell

[1, 2]. Monocarboxylate transporters facilitate the transport of lactate and other

monocarboxylates and therefore play an important role in cellular metabolism. Proton

dependent monocarboxylate transporters (MCTs; SLC16A) are a family of transport

proteins that contain 14 members which were identified based on sequence homology [3].

Only 4 members of this transporter family (MCT1-4) have been identified as proton

dependent MCTs which catalyze the transport of important monocarboxylates such as

lactate, pyruvate, and ketone bodies [4]. Another transporter family that has been

demonstrated to be involved in monocarboxylate transport is known as sodium coupled

monocarboxylate transporters (SMCTs) which contains only two members, SLC5A8 and

SLC5A12 [5-7]. MCTs have a ubiquitous distribution in the body when compared to

SMCTs which are more limited in their distribution [7, 8]. Apart from endogenous

moncarboxylates, MCTs are also involved in the transport of some exogenous drugs such as

salicylate, valproic acid and atorvastatin [8]. Monocarboxylate transporters can significantly

influence drug pharmacokinetics due to their presence in the kidney, intestine and brain.

MCT1, MCT2 and MCT4 are expressed in the brain and play an important role in transport

of endogenous monocarboxylates into and out of brain cells [9]. The present review

summarizes the function and distribution of monocarboxylate transporters in the brain. The

potential role of these transporters in drug delivery to the central nervous system will also be

discussed with specific emphasis on γ-hydroxybutyrate (GHB) which has been shown to be

a substrate for both MCTs and SMCTs [10-13].

Monocarboxylate Transporters

The presence of proton coupled MCTs was first recognized by lactate and pyruvate transport

into human red blood cells with transport being significantly inhibited by α-cyano-4-

hydroxycinnamate (CHC) [14-16]. Currently, this family of transporters contains 14

members out of which only 4 members (MCT1-MCT4) have been demonstrated to mediate

the proton dependent transport of monocarboxylates such as lactate, pyruvate, and ketone

bodies [3, 8]. They provide electroneutral co-transport of monocarboxylates along with

protons in a stoichiometric ratio of 1:1. MCT8 is a thyroid hormone transporter and MCT10

is an aromatic amino acid transporter and is also known as T-type amino acid transporter1

(TAT1). The functional characterization of other members of this family has not been done

and they are known as orphan transporters. MCTs have 12 transmembrane domains with C-

and N-termini within the cytoplasm and an intracellular loop between TMDs 6 and 7 [17].

The conservation of sequence between different isoforms of the mammalian MCTs is the

greatest for MCT1-4 whereas sequence is least conserved between other members of the

family. The TMDs are highly conserved between the family members with high variations

in the C- and N- termini including the intracellular loop [3]. The variations in the sequences

of different isoforms may lead to differences in substrate specificity and regulation of MCTs

[18]. The regulation of MCTs has been shown to occur both by transcriptional as well as

post-transcriptional mechanisms [19, 20]. Although these proteins are not glycosylated, they
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require association with glycosylated protein, for their functional activity. This ancillary

protein is called basigin or CD147 for MCT1 and MCT4 whereas MCT2 differs from its

isoforms as it requires embigin instead of basigin for its functional activity [21]. The tissue

distribution and substrate specificity of each MCT isoform has been outlined in Table 1. The

key features of each functionally characterized MCT isoform will be further discussed in

detail in this section.

MCT1 (SLC16A1)

MCT1 was first identified as a mutation of the wild type protein which enhanced the uptake

of mevalonate into Chinese-hamster ovary cells [22]. This protein has been shown to

mediate inhibitor sensitive transport of monocarboxylates. MCT1 has now been cloned from

mice, rats and humans and shows 95% sequence homology to Chinese-hamster ovary MCT1

[23-26]. The functional activity of MCT1 is dependent on a proton gradient and it acts as a

proton dependent cotransporter/exchanger [27]. Transport was determined to follow an

ordered, sequential mechanism through kinetic studies of lactate into red blood cells [16,

28]. A proton first binds to the transporter followed by binding of lactate. The proton and

lactate are further translocated across the membrane with their sequential release on the

other side. The return of the free transporter binding site across the membrane determines

the net flux of lactate and thus forms the rate limiting step of transport. Transport can be

stimulated by a pH gradient (low to high). The predominant role of MCT1 is to facilitate the

unidirectional proton-linked transport of monocarboxylates across the plasma membrane.

This may represent either influx or efflux of substrate depending of the intracellular and

extracellular substrate concentrations and the existing pH gradient across the plasma

membrane. However, MCT1 can also function as an exchanger, with transport occurring

bidirectionally with the exchange of one monocarboxylate for another without the net

movement of protons [3].

The substrate specificity of MCT1 has been extensively studied in red blood cells by

measuring the inhibition of uptake of 14C-lactate [14]. It has been shown that MCT1 is

responsible for the transport of a broad range of monocarboxylates including lactate,

pyruvate, acetoacetate, β-hydroxybutyrate and GHB [1, 29]. These substrates exist as a

monocarboxylate anion under physiological conditions, which is required for a MCT

substrate. The Km value for transport decreases with increasing chain lengths of various

monocarboxylates. Monocarboxylates that are substituted in the C-2 and C-3 positions with

halides, hydroxyl, and carbonyl groups represent good substrates. The C-2 substitution is

preferred over C-3, with the carbonyl group being especially favored. Monocarboxylates

with longer branched aliphatic or aromatic side chains have also been found to bind to the

transporter, but these are not easily released following translocation and may act as potent

inhibitors [3]. Lactate transport has been found to be stereospecific with higher affinity for

L-lactate when compared to D-lactate [27].

The inhibitors of MCT1 can be classified into three categories: (1) bulky or aromatic

monocarboxylates such as 2-oxo-4-methyl-pentanoate, phenyl-pyruvate and α-cyano-4-

hydroxycinnamate (CHC) which act as competitive inhibitors and are blockers of transport

function of MCTs [30,31]; (2) amphiphilic compounds with divergent structures which
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include bioflavanoids such as quercetin and phloretin and anion transport inhibitors such as

5-nitro-2-(3-phenylpropylamino)-benzoate and niflumic acid; and (3) 4,40-substituted

stilbene 2,20-disulphonates such as 4,40-diisothiocyanostilbene-2,20-disulphonate (DIDS)

and 4,40-dibenzamidostilbene-2,20-disulphonate (DBDS) which act as reversible inhibitors

of MCT1 in erythrocytes [32, 33]. It is important to note that CHC is not a specific MCT1

inhibitor and may inhibit one or more isoforms of MCTs. One of the important roles of

MCT1 is the unidirectional transport of L-lactate (influx or efflux) which depends on the

intracellular and extracellular lactate concentrations as well as the proton gradient across the

membrane.

MCT2 (SLC16A7)

A second MCT isoform was cloned from a hamster liver cDNA library and was shown to

have higher affinity for monocarboxylates than MCT1 [34-36]. This isoform was named

MCT2 and was further characterized following the expression of rat isoform in Xenopus

oocytes [37]. MCT2 shares 60% identity with MCT1. MCT2 has similar substrate

specificity when compared to MCT1. It has also been shown to be inhibited by similar

inhibitors such as CHC, DBDS and DIDS but it has been reported to be insensitive to the

organomercurial reagent pCMBS [8, 34]. It has been shown that pCMBS inhibits MCT1 by

binding to its associated ancillary protein basigin. This may be the reason for insensitivity to

pCMBS as MCT2 has been shown to associate with embigin and not basigin [21, 37, 38].

MCT2 has also been cloned from rat, mouse and human tissues [35, 36]. The sequence of

MCT2 is conserved to a lesser extent than MCT1 among these species which results in

considerable species differences in the tissue distribution of this isoform [8]. MCT2

expression is limited in major human tissues whereas northern and western blot analysis

have shown that this isoform is expressed in liver, kidney, brain and sperm tails in rat,

mouse and hamster [8].

MCT3 (SLC16A8)

MCT3 has a very limited distribution and is found only in the basolateral membrane of the

retinal pigment epithelium and the choroid plexus in humans, rodents and chickens [39]. The

Km value of chicken MCT3 for lactate has been found to be around 6 mM in a yeast

expression system [40]. It has also been found to be resistant against typical MCT inhibitors

such as phloretin, CHC and pCMBS. Further information on substrate kinetics of this MCT

isoform is not available and further studies are needed. Based on its localization, it is

thought to be responsible for the export of lactate produced as a result of glycolysis from the

retina [41, 42].

MCT4 (SLC16A3)

This isoform was initially named MCT3 based on sequence homology to chicken MCT3 but

later was renamed as MCT4 [43]. It is mainly found in glycolytic tissues such as white

skeletal muscle fibres, astrocytes, white blood cells, and chondrocytes [3, 8]. It has lower

affinity for lactate and pyruvate than MCT1 and is believed to be involved in efflux of

lactate from these tissues to prevent intracellular accumulation of lactate which would

otherwise inhibit glycolysis [44]. This has been studied by expression of this transport
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protein in Xenopus oocytes [45]. It has a very high Km value for pyruvate (150 mM) which

helps in preventing its loss from the cell.

MCT 6 (SLC16A5)

MCT6 was first identified by genomic and EST database screening and is predominantly

expressed in the kidney and intestine [43]. It is known to transport pharmaceutical drugs

such as bumetanide and nateglinide and does not transport short chain monocarboxylates

like the other isoforms [46]. This isoform has also been shown to be present in the intestine

implicating its role in drug absorption.

MCT 8 and MCT 10 (SLC16A2 and SLC16A10)

MCT8 was earlier known as XPCT (X-linked PEST containing transporter) because it

contains a PEST domain in its N-terminal [47]. This isoform is also known as the thyroid

hormone transporter. Substrate kinetic studies through expression in Xenopus oocytes

demonstrated that MCT8 transports both the thyroid hormones (T3 and T4) with high

affinity with Km values of 2-5 μM [48]. MCT8 is distributed in many tissues including liver,

kidney, skeletal muscle, heart, brain, pituitary, and thyroid [49]. MCT10 is also known as

TAT1 and was found to transport aromatic amino acids such as phenylalanine and

tryptophan. It has also been expressed in Xenopus oocytes which demonstrated Km values of

around 5 mM for aromatic amino acid substrates such as tryptophan, tyrosine, and

phenylalanine [50]. MCT10 is expressed in a variety of tissues including intestine, kidney,

liver, skeletal muscle, heart, and placenta [51]. Both MCT8 and MCT10 are known to

mediate proton and sodium independent transport of their substrates. Delayed brain

myelination which results in variable degrees of mental retardation, hypotonia, spasticity,

ataxia and involuntary movements has been attributed to MCT8 deficiency in the brain [52].

Various tyrosine kinase inhibitors have been shown to noncompetitively inhibit MCT8

leading to reduced thyroid hormone uptake in brain. Hence tyrosine kinase inhibitors can

lead to pharmacokinetic drug interactions leading to increased levothyroxine requirement of

thyroidectomized patients [53].

Other isoforms of MCTs, MCT5, MCT7, MCT9, and MCT 11-14 have also been identified

but their functional characterization has not been performed.

SMCT

The second transport family that is involved in the transport of monocarboxylates is the

sodium coupled monocarboxylate transporters (SMCT), part of the solute carrier gene

family SLC5. Only two members of this family have been identified as sodium dependent

monocarboxylate transporters so far, namely SLC5A8 and SLC5A12 [54]. Characterization

of SLC5A8 was done by its expression in Xenopus laevis oocytes and it has been shown to

transport short chain monocarboxylates [5]. This transporter is dependent on the sodium

gradient and typically transports multiple sodium ions along with monocarboxylates in a

stoichiometric ratio of 3:1 making it electrogenic. SLC5A8 is expressed in normal colon

tissue, and it functions as a tumor suppressor in human colon with silencing of this gene

occurring in colon carcinoma. This transporter is involved in the concentrative uptake of
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butyrate and pyruvate produced as a product of fermentation by colonic bacteria. These are

known to act as inhibitors of histone deacetylases, which supports its suppression in tumor

cells [55]. SLC5A8 is also expressed in the brush border membrane of renal tubular cells

where it has been suggested to mediate the active reabsorption of lactate and pyruvate to

minimize their renal elimination and in the brain [56]. SLC5A8 is a higher affinity

transporter when compared to MCT1 with Km values for lactate of 159 μM determined in

Xenopus oocytes with heterologous expression of SLC5A8 [5]. The second member of this

family, SLC5A12, has been found to be expressed in kidney and intestine with limited

distribution in the brain. It is also found to mediate the sodium dependent transport of

monocarboxylates but the transport is electroneutral, in contrast to SLC5A8. The affinity of

this transporter is lower when compared with SLC5A8, but it exhibits very similar substrate

specificity [7, 57].

Function of Monocarboxylate Transporters in the Brain

Transport of lactate across the plasma membrane is important under hypoxic conditions

when glycolysis becomes the predominant pathway and also for tissues that rely on

glycolysis to meet their normal energy demands [3]. Under hypoxic conditions, glycolysis

results in the formation of lactate which needs to be exported out of the cell for continued

glycolysis to occur [58, 59]. The transporters have lower affinity for pyruvate thus ensuring

that it is not lost from the cell and further converted to lactate which results in regeneration

of NAD+ and continued glycolysis. In the brain, glucose serves as the major energy source

under normal conditions, but during prolonged starvation and diabetic ketoacidosis as

observed in diabetes, other monocarboxylates such as lactate and ketone bodies (β-

hydroxybutyrate and acetoacetate) become an important energy substrate and their transport

into the brain is required [60-62]. The endothelial cells of the blood vessels in the brain have

been reported to express MCT1 which probably mediates the transport of lactate and ketone

bodies across the blood brain barrier (BBB) [63, 64]. The capacity of the brain to use ketone

bodies such as β-hydroxybutyrate was found to increase in starvation and diabetes by

50-60% in rats [62]. This study also showed that BBB permeability to ketone bodies

increased by both starvation and diabetes.

Under certain conditions such as hypoxia or ischemia, glycolysis is the only pathway for the

production of ATP resulting in increased brain concentrations of lactate [3]. There are

different isoforms of MCTs that are expressed in different subcellular regions of the brain

with MCT1 and MCT4 being predominantly found in the astrocytes and MCT2 being the

major isoform in the neurons [65]. This ensures export of lactate from astrocytes formed as a

product of rapid glycolysis which is then taken up by the neurons to be used as a respiratory

fuel for further oxidation [9]. Glucose is considered to be the predominant energy fuel for

neurons. However, several studies have shown that neurons can efficiently utilize

monocarboxylates, especially lactate as oxidative energy substrates in addition to glucose

[66]. In contrast, astroglial cells are a major source of lactate and they predominantly

metabolize glucose into lactate in the brain followed by lactate efflux [67]. In some cases, it

has been shown that astrocytes can use lactate as an energy substrate, but to a very limited

extent when compared to neurons [67]. The export of lactate along with a proton also helps

in maintaining the intracellular pH by preventing cellular acidification. This has been
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demonstrated by disrupting the expression of MCT1 or MCT4 in astrocytes in the

hippocampus of rats which resulted in loss of memory of learned tasks [68]. This loss in

memory could be reversed by injecting L-lactate locally whereas the injection of glucose

was not able to reverse this. Similar loss in memory in rats was obtained by disrupting

MCT2 in neurons but this could not be reversed by injection of either L-lactate or glucose

demonstrating that MCT2 is required for the uptake of these respiratory fuels into the

neurons for proper functioning of the brain [68]. This is commonly known as the astrocyte-

neuron lactate shuttle hypothesis. Exposure to glutamate has been shown to stimulate

glucose utilization and the release of lactate by astrocytes [69]. This provides a coupling

mechanism between neuronal activity and glucose utilization. It has also been demonstrated

that certain neurotransmitters such as noradrenaline, vasoactive intestinal peptide and

adenosine that activate glycogenolysis also increase lactate release [70].

MCTs are also involved in the uptake of ketone bodies in the neurons in conditions with low

glucose utilization [8]. Neurons have the ability to oxidize lactate under both physiological

and hypoxic conditions similar to heart and red skeletal muscle and they contain the same

isoform of lactate dehydrogenase (LDH) as present in heart (LDH-1 subunit) [71]. The

LDH-5 subunit (muscle type) is present in glycolytic tissues, favoring the formation of

lactate from pyruvate whereas the LDH-l subunit (heart type) preferentially drives the

reaction toward the production of pyruvate. It has been shown that LDH-1 subunits are

present in neurons. However, LDH-5 subunit is predominantly present in the astrocytes [72].

This selective distribution of lactate dehydrogenase isoenzymes in astrocytes and neurons is

consistent with the proposed astrocyte-neuron lactate shuttle.

The utilization of lactate and ketone bodies as energy substrates has been found to be higher

in neonates when compared to adults and this is consistent with higher expression of MCT1

in neonates [59, 73, 74]. MCT1 expression in the membrane of capillary endothelium was

found to be 25 times higher in 17-day suckling rat pups than adults using electron

microscopic immunogold methods. This transporter was found to be equally distributed in

both luminal and abluminal membranes [75]. These results were further confirmed by a

report of high mRNA and protein expression of MCT1 in the BBB during suckling and

reduction in expression with maturation [76]. This also explains the switch in fuel utilization

from a combination of glucose, lactate and ketone bodies in the neonatal brain to complete

dependence on glucose in adults. It has been shown in rodents that increased susceptibility

of the neurons to acute severe hypoxia, which mimics the disorder of sleep apnea, is

mediated by decreased expression of MCT2 in the neurons [77]. MCT1 and MCT4 have

also been associated with the transport of short chain fatty acids such as acetate and formate

which are then metabolized in the astrocytes [78].

Localization of MCTs in the Brain

MCTs are widely expressed in rat, mouse and human brain, both at the cellular and sub-

cellular levels. MCT1 has a ubiquitous distribution in the body and is found in the liver,

kidney, heart, muscle and brain [3]. Of all the identified isoforms of MCTs, it has been

demonstrated that MCT1, MCT2 and MCT4 are expressed in the brain as depicted in (Fig.

1) [9]. The different subcellular regions of the brain express different MCT isoforms. The
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mRNA of MCT1 has been found in the cortex, hippocampus and cerebellum of adult rat

brain [59, 76]. Earlier studies have shown that MCT1 is significantly expressed in cerebral

blood vessels with specific localization on the endothelial cells on both luminal and

abluminal membranes and ependymocytes lining the four brain ventricles in rats [73].

MCT1 was also found in the glial end feet surrounding capillaries [73, 75] and in brain

parenchymal cells [73]. Confocal microscopy studies have also identified the expression of

MCT1 in astrocytic processes both in vitro and in vivo [64, 79, 80]. Low expression of

MCT1 has also been identified in specific subpopulations of neurons in adult rat brain such

as those in the cerebral cortex, hippocampus, and hypothalamus [75]. However, MCT1

expression was not observed in the adult mouse brain neuron [64]. Recently, the absolute

protein quantities of MCT1 have been determined in freshly isolated human brain

microvessels from patients with epilepsy or glioma using quantitative RT-PCR and

LC/MS/MS. The results of this study demonstrated the expression of MCT1 in these

samples [81].

Regional distribution of MCT2 in the mouse brain includes cortex, hippocampus and

cerebellum [59, 65, 80]. MCT2 is the major neuronal isoform as demonstrated by

immunohistochemistry results with major localization in the postsynaptic densities of the

neurons [80, 82, 83]. There was no co-localization of MCT2 immunoreactivity with

presynaptic elements in the neuron. MCT2 has also been found in immunoreactivity in the

postsynaptic membrane of parallel fibre-Purkinje cell synapses in the rat cerebellum and in

the postsynaptic δ2-glutamate receptors as demonstrated by electron microscopy [63, 84]. In

addition, its presence has also been demonstrated at both mRNA and protein levels in

cultured neurons [80]. The expression of MCT2 was also observed in some populations of

astrocytes in the white matter and glia but such presence was only detected in rat brain and

cultured rat brain astrocytes [79, 85]. The mouse brain or the cultured mouse brain

astrocytes failed to show such expression suggesting that there could be species differences

in the distribution of MCT2 in the brain [64, 80, 83]. MCT2 has also been found in the

Purkinje fibers of the cerebellum as demonstrated by immunohistochemistry [84]. In brain

endothelial cells, the presence of MCT2 was only observed in a few studies and thus this

still needs to be further examined [82, 86]. Although MCT2 expression has been

demonstrated in rodent brain, very little MCT2 expression was observed in human brain as

shown by Northern blotting results [43]. It is important to understand that there are some

discrepancies in results obtained in different studies. This could be due to the differences in

specificity of the antibodies used to identify the MCT isoforms which has been discussed in

Bergersen et al. [84]. Species differences in MCT expression could also contribute to some

of these differences. These discrepancies remain to be further evaluated in future studies.

MCT4 expression has been demonstrated in the astrocytes of adult rat and mouse brain in

the cerebral cortex, striatum, hippocampus, paraventricular nucleus in the hypothalamus and

capsula internalis [87]. MCT4 has been found to be exclusively expressed in the astrocytes

[63, 84]. This is consistent with the high rate of glycolysis in astrocytes, thus requiring

continuous efflux of lactate.

Studies have shown that a developmental switch exists in the expression of different MCT

isoforms in various regions of the rat brain [76]. The mRNA and protein expression of
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MCT1 in the BBB has been found to be maximum during suckling followed by a decline

with maturation in rats [75]. However, MCT2 found predominantly in the neurons shows

constant expression during maturation, thus demonstrating that they play an important role

in energy metabolism in the adult brain. In contrast, Pellerin et al have observed a decline in

expression of both MCT1 and 2 during maturation by Northern blot analysis [87].

SMCT1 has recently been shown to be expressed exclusively in the neurons of mouse brain

through immunofluorescence studies and it was reported to co-localize with MCT2 [88].

Studies in mixed cultures of rat brain neurons and astrocytes have also demonstrated its

localization in the neurons. This suggests that SMCT1 can also play a role in the entry of

lactate and other monocarboxylates into the neurons thus maintaining their energy status.

MCTs in Drug Disposition

Apart from their role in the transport of endogenous short chain monocarboxylates, MCTs

also play a role in the transport of drugs such as valproic acid, salicylate, bumetanide,

nateglinide, simvastatin and atorvastatin [8, 46]. The presence of these transporters in major

organs such as kidney, liver, brain and intestine suggests that they may have a potential

impact on the pharmacokinetics of substrate drug molecules. This may be due to the

influence of these transporters on intestinal absorption, blood-brain and tissue transport, and

the renal reabsorption of these drugs. In addition, due to the widespread distribution of

MCT1 in various tissues, it may be targeted for drug delivery into specific tissues. Presence

of MCTs at the BBB implies that they can serve as potential targets in order to achieve

optimum delivery of their substrates into the brain. Earlier studies in rats have shown that

acidic drugs such as valproic acid, benzoic acid, nicotinic acid or beta-lactam antibiotics

including benzylpenicillin, propicillin and cefazolin could be transported into the brain

utilizing a carrier mediated transport system in the BBB in a pH dependent manner with

transport being significantly reduced in the presence of their respective unlabeled

compounds [89]. The uptake of acetic acid was studied in primary cultured bovine brain

capillary endothelial cells and was found to be significantly inhibited by a number of

monocarboxylates including nicotinic acid further suggesting a role of MCTs in the

transport of these monocarboxylates into the brain [90]. The uptake of nicotinate was also

studied in primary cultures of astrocytes from rat cerebral cortex [91]. The nicotinate uptake

was found to be saturable and pH dependent with uptake being significantly inhibited by

CHC, suggesting that nicotinate uptake by rat astrocytes is mediated by protondependent

monocarboxylate transport system. Recent studies in SMCT1 expressing Xenopus laevis

oocytes, suggest the involvement of this transporter in nicotinic acid uptake [92], in addition

to proton dependent MCTs. SMCT1-mediated uptake of nicotinate was found to be saturable

and sodium dependent and significantly inhibited by lactate and pyruvate. As SMCT1 is

expressed in neurons [88], it may play a role in neuronal uptake of this vitamin in the brain.

A deficiency of nicotinic acid can cause serious neurological complications such as

dementia, psychosis and ataxia which can be resolved through nicotinic acid

supplementation. Dietary nicotinic acid has also been shown to have a protective effect on

the development of Alzheimer disease and cognitive decline in a large prospective clinical

study [93]. This suggests that the role of MCTs in mediating the entry of nicotinic acid into

the brain may have clinical relevance in the treatment of neurological disorders.
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HMG-CoA inhibitors such as simvastatin and lovastatin exhibit sleep disturbances as their

side effect which suggests that they may cross the BBB. Also, such CNS side effects have

been correlated with BBB permeability of these drugs using an in vivo brain perfusion

technique [94]. In vitro studies utilizing primary cultures of bovine capillary endothelial

cells showed that HMG-CoA inhibitors such as simvastatin in their acidic form are

transported across the BBB through MCTs [95]. The lipophilic statins such as simvastatin

acid, atorvastatin and lovastatin also have the potential to inhibit MCT4 in cell lines

expressing this MCT isoform [96]. Recent studies suggest that statins can act as antioxidants

mediated via free radical scavenger-like mechanism [97]. This function has been shown to

be independent of their effects on cholesterol biosynthesis. Statins have been proposed as

novel agents for the treatment of Alzheimer disease due to their antioxidant properties. A

recent study demonstrated that treatment with atorvastatin significantly reduced

lipoperoxidation, protein oxidation and nitration and also resulted in increased levels of

glutathione in parietal cortex of aged beagles that represent a natural higher mammalian

model of the disease [98]. This drug also resulted in upregulation of the inducible isoform of

haemoxygenase (HO-1) which is an enzyme with significant neuroprotective activity. Thus,

statins might be useful in the treatment of Alzheimer disease mediated by reduction of

oxidative damage. Since the transport of statins in their acidic form across the BBB has been

suggested to be mediated by MCTs [95], the MCT-mediated delivery of statins into the brain

for the treatment of neurodegenerative disorders such as Alzheimer disease remains an

important area of investigation.

SMCT1 has been shown to be involved in the transport of pharmaceutical drugs such as

benzoate, salicylate, 5-aminosalicylate and γ- hydroxybutyrate (GHB). The Km values for

these drugs range from 1-7 mM [54]. Non-steroidal anti-inflammatory drugs such as

ibuprofen, ketoprofen, and fenoprofen do not serve as transportable substrates for this

transporter but block the transport function of SMCT1 by competing with its substrates. The

findings that ibuprofen can serve as a blocker of monocarboxylate transport by SMCT1

suggests potential drug-drug interactions with a potential influence on oral bioavailability

and renal reabsorption of monocarboxylate drugs, owing to the expression of this transporter

in these tissues, and remains to be investigated.

Human MCT6 has recently been isolated and has been found to transport bumetanide in a

pH and membrane potential-sensitive manner but the transport is not dependent on proton

gradient. The uptake of bumetanide in Xenopus oocytes expressing MCT6 was inhibited by

drugs such as furosemide, probenecid, glibenclamide, and nateglinide [46]. This isoform is

not involved in the transport of short chain monocarboxylic acids such as lactate and thus

has different substrate specificity compared to other MCT isoforms that are involved

primarily in the transport of short chain monocarboxylates.

MCTs may also be involved in the efflux of certain drugs across the BBB as illustrated by

studies carried out with probenecid. Microdialysis studies suggest that the restricted entry of

probenecid into the brain is due to MCT mediated efflux from the brain [99]. It has also

been hypothesized that MCTs play a role in the efflux of 6-mercaptopurine, a drug used to

treat acute myeloid leukemia [100]. This could be one of the reasons for CNS relapses

observed in these patients, but such a role needs to be confirmed through further studies.
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Thus transport by MCTs may play an important role in transport of drugs across the BBB

thereby playing an important role in drug disposition.

MCTs have been utilized for optimizing drug delivery through the oral route. This is

illustrated by the development of XP13512, a novel prodrug of gabapentin which is

designed to be absorbed throughout the intestine by the high capacity nutrient transporter

MCT1 [101]. Gabapentin is an antiepileptic drug which is otherwise absorbed through low

capacity solute transporters located in the upper small intestine. The bioavailability of

gabapentin has been found to be dose dependent possibly due to the saturation of the

transporters involved in its intestinal absorption at clinical doses, owing to their low

capacity. This also leads to unpredictable exposure of the drug in patients and inefficient

therapy. This drug also exhibits large inter-individual variability which could be due to

differences in transporter expression in individuals [101]. The limitations in the oral

absorption of this drug have been overcome by developing its prodrug, gabapentin enacarbil

which is now approved under the trade name of Horizant. This prodrug was designed to be

transported through two transporters in the intestine, sodium-dependent multivitamin

transporter (SMVT) and MCT1 which are high capacity transporters and are expressed

along the entire length of the intestine in rats and humans. At physiological pH values,

gabapentin is present as a zwitterion and several studies have demonstrated that it is a

substrate of the low capacity solute transporters that are expressed in intestine and BBB.

Transport of gabapentin into the brain possibly involves L-type amino acid transporter,

LAT-1 [101]. The prodrug, XP13512 was synthesized by the reversible masking of the

amine group of gabapentin with acyloxyalkylcarbamate promoiety (Fig. 2) which yielded a

monoanionic compound at physiological pH making it a potential substrate for

monocarboxylate transporters. In vitro studies in Caco-2 cells and chinese hamster ovary

cells overexpressing SMVT have demonstrated that this prodrug is a substrate for both

MCT1 and SMVT [101]. In monkeys, the oral bioavailability of gabapentin following the

administration of its prodrug was found to be 84.2% compared with 25.4% after a similar

oral dose of gabapentin [102]. The exposure of gabapentin was 17 fold higher in rats and 34

fold higher in monkeys following intracolonic administration of the prodrug when compared

to intracolonic gabapentin. In healthy human volunteers, the immediate release formulation

of this prodrug resulted in a dose proportional exposure whereas the absorption of oral

gabapentin decreased with increasing doses as shown in (Fig. 3). The extended release

formulation of the prodrug was found to provide extended gabapentin exposure and higher

oral bioavailability when compared to an equimolar dose of gabapentin (74.5% vs 36.6%)

[103]. This suggests that MCTs may be targeted in order to optimize drug delivery into

various tissues based on their widespread tissue distribution both in humans and rodents and

high capacity for transport. Thus MCTs may play an important role in drug delivery to

various tissues including transport across the BBB.

There is very limited knowledge on the impact of MCTs on the pharmacokinetics of drugs

that are substrates for such transporters. In addition, very few studies have examined the role

of MCTs in the BBB transport of drugs and their potential use in drug delivery to the brain.

One such drug where the influence of MCTs on drug pharmacokinetics has been extensively
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studied is γ-hydroxybutyrate (GHB). In the next section, we will discuss the impact of

MCTs on the pharmacokinetics of GHB including its transport into the brain.

GHB is a naturally occurring short chain fatty acid present in the mammalian brain and is

formed from γ-aminobutyric acid (GABA). It is also found in other tissues such as heart,

liver and kidney [104]. It is approved in the United States for the treatment of narcolepsy

associated with cataplexy, and in Europe for the treatment of alcohol withdrawal [105].

However, it is widely abused due to its sedative and euphoric effects [106]. It has also been

used as a means of drug-facilitated sexual assaults. The pharmacological actions of GHB

have been shown to be mediated by its binding to GABAB receptors. It is also known to

bind to GHB receptors, and this binding is thought to mediate its physiological role in the

body [106]. Overdose of GHB can lead to serious adverse effects such as nausea, sedation,

dizziness, seizure, respiratory depression, hypothermia, coma and death [106]. There are

numerous reports in the clinic of GHB-related fatality among drug abusers. Currently, there

is no antidote for the treatment of GHB overdose and treatment is limited to supportive care.

GHB exhibits nonlinear pharmacokinetics in rats [107] and humans [108, 109] which is due

to its capacity limited metabolism [107-110], saturable absorption [111] and carrier-

mediated renal reabsorption [112]. The renal clearance of GHB increases with increasing

dose. The saturable intestinal absorption and renal reabsorption is due to MCT-mediated

transport of GHB [11, 113].

The transport mechanism of GHB across the BBB was investigated using in situ rat brain

perfusion technique. The kinetics of GHB BBB transport was found to be a saturable carrier-

mediated process with a Km value of around 11 mM [114]. This suggests that GHB transport

into the brain involves a low affinity high capacity transporter protein. The transport of GHB

was inhibited by short chain monocarboxylic acids such as lactate, pyruvate and β-

hydroxybutyrate, known substrates of MCT1. The transport was also inhibited by CHC, a

specific inhibitor of MCTs, suggesting that transport of GHB across the BBB is mediated by

MCTs. GHB also inhibited the transport of benzoic acid, which is a well-known MCT

substrate, further confirming the involvement of MCTs in the transport of these compounds.

Administration of salicylic acid, a known substrate of MCTs, along with GHB was able to

reduce GHB-induced sleep time in rats [115].

GHB distribution into the brain was recently investigated in our laboratory using in vivo

microdialysis in rats. In vitro studies were also performed using rat (RBE4) and human brain

endothelial cells (hCMEC/D3) to understand the BBB uptake of GHB. Both these cell lines

are known to express MCTs. The uptake of GHB into these cells was found to be saturable,

and pH and concentration dependent. GHB uptake exhibited typical Michaelis-Menten

kinetics with a Km value around 23 mM in RBE4 cells (Fig. 4A) and 18 mM in hCMEC/D3

cells at pH 7.4 (Fig. 4B). The uptake of GHB into these cell lines was found to be

significantly inhibited by CHC [116]. These data suggest the involvement of MCTs in GHB

uptake into the brain. The unbound brain concentration of GHB was measured using

microdialysis in frontal cortex of rat brain following intravenous dosing of GHB. The

extracellular fluid (ECF) concentrations demonstrated some nonlinearity as the dose

normalized concentrations for the lower GHB dose (400 mg/kg) did not overlap with those
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of the higher doses (600 and 800 mg/kg). However, the overall partition coefficient of GHB

into the brain was not significantly different at the doses studied which suggested that the

distribution of GHB into brain was not capacity limited at the doses studied. Although,

based on the Km values that were obtained, the distribution of GHB into the brain could be

saturated at higher concentrations such as those observed in overdose situations [116].

Unpublished data from our laboratory has shown that L-lactate administration as a bolus

followed by a continuous intravenous infusion to rats treated with GHB resulted in a

decrease in plasma as well as frontal cortex ECF concentrations when compared to GHB

alone. The reduction in plasma and ECF GHB concentrations were greater with a higher

dose of lactate. This higher lactate dose also significantly reduced GHB brain to plasma

partition coefficient whereas no such change was observed with lower lactate doses. These

data suggest that L-lactate at higher doses can alter the BBB transport of GHB at higher

concentrations which can act as a potential treatment strategy for GHB overdose. The Km

value for GHB uptake has been shown to increase at pH 7.4 when compared to pH 6.5 in red

blood cells [117]. As the physiologically relevant pH at the BBB is 7.4, higher

concentrations of lactate may be required to inhibit MCT-mediated transport of GHB across

the BBB, compared with the intestine or kidneys. Consistent with the reduction in plasma

and brain ECF concentrations of GHB, L-lactate also significantly reduced GHB induced

sleep time measured as difference in return and loss of righting reflex. L-lactate was also

able to inhibit GHB uptake into RBE4 cells in vitro at pH 7.4 at concentrations of 5 and 10

mM. The renal clearance of GHB was also increased by L-lactate administration due to

inhibition of MCT-mediated active reabsorption in the proximal tubule of kidney as

demonstrated previously. These results together suggest that the transport of GHB across the

BBB is mediated by MCTs. Since MCT1 is the predominant transporter expressed in the

BBB, it is most likely responsible for the observed effects. The knowledge of the transport

mechanism of GHB and specific MCT isoforms involved in its entry into the brain can lead

to the development of potential treatment strategies for its overdose.

MCTs in Brain Tumors

Malignant tumors are known to be highly dependent on glycolysis to meet their energy

demands. As a result of glycolysis, lactate accumulates in such tumors leading to

intracellular acidification. Lactate therefore needs to be continuously effluxed out of the

tumor cells for continued glycolysis to occur facilitating the rapid differentiation of tumor

cells. MCTs have been demonstrated to be the most important in mediating lactate efflux in

highly metabolizing and glycolytic tumors thereby facilitating their rapid differentiation and

proliferation [118]. Expression patterns in primary human brain tumors (Glioblastoma

multiforme) and glioma-derived cell lines (U87- MG) showed the presence of MCT1 and

MCT2 as the major MCT isoforms [119]. Small interfering ribonucleic acid (siRNA)

specific for MCT1 and MCT2 resulted in decreased expression of these isoforms in U87-

MG cells. Silencing of both MCT1 and MCT2 together led to a reduction in lactate efflux

from these cells by 85% and a decrease in intracellular pH. Consistent with the proposed

hypothesis, these authors observed significant cell death when both the MCT isoforms were

silenced, demonstrated by a 92% reduction in cell viability. This hypothesis was tested in

vivo in immunodeficient rats with stereotaxic intracranial implantation of the glioma cells to
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develop the tumor [120]. Intratumoral administration of a specific MCT inhibitor, CHC,

resulted in tumor necrosis and 50% of the animals survived beyond the experimental

targeted end point of 30 days after drug application with no tumor recurrence. These results

suggest that targeting lactate efflux mediated by MCTs can serve as a promising treatment

strategy for highly invasive brain tumors and may be of clinical relevance. Recent studies

have shown that under hypoxic conditions present in tumors, the expression levels of MCT1

and MCT4 are upregulated as compared to cancer cells exposed to normoxia [121]. In fact,

prolonged ischemia which also results in hypoxic conditions has also been shown to increase

the expression of MCT8 mRNA in rat brain [122]. As MCTs are expressed throughout the

brain, it is important to evaluate that normal energy metabolism in the brain is not disturbed

due to global inhibition of MCTs. Again, isoform specific MCT inhibitors are needed in

order to ensure normal energy metabolism owing to the importance of MCTs in cellular

metabolism in various tissues.

Recently a class of specific and potent MCT1 inhibitors with nanomolar affinity has been

developed by AstraZeneca and has shown to inhibit the proliferation of activated T-

lymphocyte [123]. It is known that activated T-lymphocytes are highly dependent on aerobic

glycolysis for their energy demands. The results of this study demonstrated a direct

association of blockade of lactate efflux by MCT1 and inhibition of T-lymphocyte

proliferation. This demonstrates that MCT1 can serve as a promising target for

immunosuppressive therapy. Ovens et al characterized the properties of one of these

inhibitors, AR-C155858 [124]. This inhibitor demonstrated Ki value of 2.3 nM which was

measured by studying inhibition of L-lactate transport by MCT1 in rat erythrocytes. The

application of such potent and isoform specific inhibitors in targeting MCTs at the BBB

needs to be further investigated in order to develop pharmacologically useful therapies

utilizing MCTs as potential targets for drug delivery into the brain.

Conclusion

The role of MCTs in cellular energy metabolism in various tissues including the brain is

fairly well established. The knowledge about the localization and function of each isoform

within the brain is important in understanding their role in mediating the transport of

exogenous drug molecules that act as their substrates. Development of isoform specific

inhibitors will allow us to determine the specific role of MCT isoforms in metabolic

functions and as pharmacological targets for drug delivery into the brain. Recent studies

show the utilization of such transporters to develop anticancer and immunosuppressant

therapies. These transporters can also be probed in order to optimize delivery of drug

molecules otherwise incapable of crossing the BBB. Based on the results obtained with

GHB, the inhibition of these transporters represents a potential treatment strategy for

overdose situations mediated by reduced distribution of GHB into the brain and increased

renal elimination. Further studies on the effect of MCTs on the brain distribution of various

drug molecules will lead to a better understanding of the effect of these transporters on BBB

transport and development of potential drug delivery strategies for enhanced entry into the

brain.
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Fig. (1).
Cellular localization of different MCT isoforms in brain (adapted from Simpson et al. 2007)

[125].
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Fig. (2).
Structure of gabapentin (1) and its prodrug, XP13512 (2).
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Fig. (3).
Mean concentrations of gabapentin in blood after oral administration of its prodrug,

XP13512 immediate release capsules or oral gabapentin (data modified from Cundy et al

2008) [93].

Vijay and Morris Page 24

Curr Pharm Des. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. (4).
Concentration-dependent uptake of GHB in RBE4 (A) and hCMEC/D3 (B) cells. Uptake

was performed at pH 7.4 by incubating cells with up to 50 mM GHB for 15 s at room

temperature. Data displayed as mean ± S.D. of three experiments, each experiment

performed in triplicate. (Figure taken from Roiko et al 2012 with permission) [116].
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