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Abstract

The mitochondrial carrier system (MCS) transports small molecules between mitochondria and the 

cytoplasm. It is integral to the core mitochondrial function to regulate cellular chemistry by 

metabolism. The mammalian MCS comprises the transporters of the 53 member canonical 

SLC25A family and a lesser number of identified non-canonical transporters. The recent discovery 

and investigations of the mitochondrial pyruvate carrier (MPC) illustrate the diverse effects a 

single mitochondrial carrier may exert on cellular function. However, the transport selectivities of 

many carriers remain unknown, and most have not been functionally investigated in mammalian 

cells. The mechanisms coordinating their function as a unified system remain undefined. Increased 

accessibility to molecular-genetic and metabolomic technologies now greatly enables investigation 

of the MCS. Continued investigation of the MCS may reveal how mitochondria encode complex 

regulatory information within chemical thermodynamic gradients. This understanding may enable 

precision modulation of cellular chemistry to counteract the dysmetabolism inherent in disease.
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The Mitochondrial Carrier System

The mitochondrial carrier system (MCS) (“see glossary”) transports small molecules 

between mitochondria and the cytoplasm, thereby regulating the function of both 

compartments [1–3]. In mammals, the MCS comprises the transporters of the 53 member 

canonical SLC25A family and a lesser number of identified non-canonical transporters. 

Mitochondrial carriers transport an array of substrates, including citric acid cycle 

intermediates, amino acids, nucleotides, vitamins, metals, and minerals. This diversity in 

transport activities confers extraordinary capacity for complex, precisely tuned regulation of 

cellular chemistry. Higher-order processes obligately routed through the MCS include 
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carbon fuel oxidation, the urea cycle, redox cycles, and synthesis of sugars, lipids, 

pyrimidine nucleotides, and heme.

The first discovered mitochondrial carriers were identified as transport activities that could 

be purified from mitochondria, and several were discovered in the pre-molecular era. These 

include the mitochondrial ADP/ATP carrier (ANT1; SLC25A4) [4], uncoupling protein 

(UCP1; UCP; SLC25A7) [5], phosphate carrier (PiC; SLC25A3) [6], oxoglutarate carrier 
(OGC; SLC25A11) [7], citrate carrier (CIC; SLC25A1) [8], and carnitine/acylcarnitine 

carrier (CACT; SLC25A20) [9]. Mutations in 14 SLC25A family members including ANT1 

[10], PiC [11], CIC [12, 13], and CACT [14, 15] are now known to cause human disease [3]. 

Many rigorously performed biochemical studies have provided a wealth of information on 

mitochondrial carrier substrate selectivity [16]. However, the substrates transported by many 

mitochondrial carriers remain undefined, most have never been functionally investigated in 

living mammalian cells, and the mechanisms coordinating their function as a unified system 

are not understood.

The recent discovery and investigations of the mitochondrial pyruvate carrier (MPC) 

illustrate several critical functional principles of the larger MCS [17–23]. They demonstrate 

the pleiotropy inherent in the function of a single mitochondrial carrier and the systems-level 

flexibility of the MCS to adapt to disruption. Molecular genetic technologies available when 

the MPC was identified have allowed rapid extension to functional metabolomic 

investigations in cell culture and mouse models. They now readily permit similar studies on 

carriers discovered decades earlier. The intent of this review is to highlight recent findings 

on the MPC to illustrate emerging concepts underlying the systems-level function of the 

MCS. This is significant because understanding the systems-level function of the MCS may 

provide new opportunities for therapeutic metabolic reprogramming. For detailed coverage 

of the history of mitochondrial carrier research, the reader is referred to several excellent 

review articles [1–3, 24, 25].

The Mitochondrial Pyruvate Carrier

The mitochondrial pyruvate carrier (MPC) transports pyruvate from the cytosol to the 

mitochondrial matrix, thereby linking glycolysis with mitochondrial metabolism. The MPC 

was first identified as a proton-linked transport activity in purified rat mitochondria in 1971 

[26]. This characterization was followed by the identification of specific inhibitors [27], 

reconstitution of the MPC activity into artificial liposomes [28], and several attempts at 

purification and identification [29–32]. A candidate gene for the MPC was identified in S 
cerevisiae [33], but was subsequently shown to be an NAD+ transporter [34]. In 2003, MPC 

deficiency was implicated in the early death of a human patient [35]. Finally, in 2012, two 

groups simultaneously identified the Brp44 and Brp44L paralogs as encoding the MPC, 

which were renamed as MPC1 and MPC2, respectively [17, 19]. This discovery included 

identification of the causative mutation in the human case of MPC deficiency, which 

changed a conserved arginine to tryptophan [17].

The molecular identification of the MPC revealed it to be a non-canonical mitochondrial 

carrier. Canonical mitochondrial carrier SLC25A family members harbor a tripartite 
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structure with three tandem repeats, and functional transporters are formed by 

homodimerization [3, 36]. In contrast, the MPC1 and MPC2 genes encode 12 and 14 kD 

proteins, respectively, that associate in an unknown heteromeric stoichiometry to form the 

MPC. MPC1 and MPC2 show partial similarity to the bacterial semi-SWEET sugar 

transports [37], which may reflect a shared heritage in microbial carbohydrate metabolism.

The discovery of the MPC has enabled molecular-genetic studies that illuminate the 

numerous cellular processes regulated by mitochondrial pyruvate uptake. As will be 

discussed in more detail in the sections that follow, overexpression, knockdown, and 

conditional alleles have been utilized to understand the role of the MPC in diverse systems 

including cancer and mouse models of diabetes [18, 20, 21, 38–43]. Nonetheless, reports on 

selective deletion in adult tissues are currently limited to pancreatic β-cells [44] and the liver 

[18, 20], which will be highlighted as examples of the role of the MPC in energy sensing 

and regulation of mitochondrial substrate selection. For broad and detailed coverage of the 

MPC the reader may refer to several recent review articles [39, 45–49].

The MPC regulates cell fate

The MPC regulates cell fate during development and in cancer. Similar to the case of human 

MPC deficiency [35], whole-body MPC deficiency in mice results in embryonic lethality 

[50–52]. Lethality occurs in part because of energetic insufficiency in the central nervous 

system and may result from metabolic vulnerabilities during development. This may not 

apply to the adult brain, as recent studies found that chemical inhibition of MPC activity in 

the brain attenuated neurodegeneration [53] and excitatory toxicity [54]. Another 

investigation found that a hypomorphic Mpc1 allele results in perinatal lethality, and that 

Mpc1 and Mpc2 mRNA levels in the brain, heart, and liver increase from late gestation 

through the early postnatal period [51]. These findings are consistent with an increased 

dependence upon mitochondrial pyruvate metabolism during later development and terminal 

differentiation. Thus, changes in MPC expression during development may help tune relative 

glycolytic verses oxidative glucose utilization, depending on oxygen availability and specific 

biosynthetic demands (Figure 1A).

In contrast, loss of MPC activity and impaired carbohydrate oxidation may contribute to 

cellular transformation in cancer, where the MPC functions as a repressor of the Warburg 

Effect [21, 38–43]. Loss of MPC activity is associated with cancer cell stemness, and 

genetically increasing MPC activity decreases growth of HCT15 and HT29 colon cancer 

cells in spheroids and xenografts, but not in adherent culture as a monolayer [21]. Thus, in 

these cases, loss of MPC activity may contribute to escape from anchorage-dependent 

growth and tumorigenesis. Interestingly, another report shows that impairing cellular lactate 

export by disruption of plasma membrane monocarboxylate transporter (MCT) activity 

increases MPC activity [38]. This may signify the presence of an MCT-MPC axis that is 

dysregulated in cancer (Figure 1B). The precise mechanisms by which MPC activity 

regulates development and stemness remain to be discovered, but may involve links among 

mitochondrial substrate selection, energy sensing, and genetic control.
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The MPC functions in energy sensing

The role of the MPC in energy sensing is illustrated in pancreatic β-cells, where it regulates 

insulin secretion (Figure 1C) [44, 52, 55]. Rises in blood glucose lead to increased β-cell 

glucose uptake and glycolysis. Increased glycolysis results in increased mitochondrial 

pyruvate uptake through the MPC, which stimulates pyruvate oxidation and ATP production. 

Increases in ATP close sulfonylurea sensitive KATP channels, leading to membrane 

depolarization, Ca2+ influx, and release of insulin granules. Disruption of MPC activity by 

chemical inhibition or RNAi in isolated rat islets and INS-1 cells decreases oxygen 

consumption, ATP levels, and glucose-stimulated insulin release [55]. In vivo, mice 

expressing a whole-body hypomorphic Mpc2 allele show impaired glucose-stimulated 

insulin secretion [52]. Mice with β-cell-restricted Mpc2 deletion are also glucose intolerant 

due to impaired insulin secretion [44]. Isolated islets from these mice display decreased 

respiration on glucose, KATP channel hyperactivity, and impaired insulin release. The same 

study shows congruent results in Drosophila melanogaster, where deletion of dMPC1 in 

insulin-producing cells leads to chronic hyperglycemia. This raises the possibility that the 

MPC and other components of the MCS exert specific functions in energy sensing and 

signaling, depending on cell type and nutritional context.

The MPC regulates broad mitochondrial substrate selection

Several studies in mouse and cell culture models illustrate the role the MPC fulfills in 

determining mitochondrial substrate selection (Figure 1D). Patient fibroblasts deficient in 

MPC activity display normal capacity for glutamine oxidation, consistent with a selective 

defect in pyruvate oxidation [17]. In cancer cells and cultured myoblasts, use of metabolic 

tracers revealed that disruption of MPC activity by chemical inhibition or RNAi increases 

glutamine oxidation [22, 23]. Increased glutamine-driven lipogenesis [23] and fatty acid 

oxidation [22] were also observed. In both cases, utilization of alternative substrates sustains 

TCA cycle flux when pyruvate utilization is decreased. These adaptive themes extend to 

mouse liver in vivo. Selective disruption of the Mpc1 or Mpc2 genes in hepatocytes 

decreases liver glutamine concentrations, increases fatty acid oxidation, and increases ketone 

levels as a secondary marker of fatty acid oxidation [18, 20]. Thus, the MPC regulates 

mitochondrial substrate selection by two mechanisms, directly by gating carbohydrate 

oxidation, and indirectly when changes in activity stimulate compensatory changes in amino 

acid and lipid metabolism.

These studies also illustrate a role for the MPC as a conduit for mitochondria-dependent 

biosynthesis. Numerous biosynthetic pathways flow through the TCA cycle and are 

dependent upon mitochondrial pyruvate import and thus MPC activity. Consistent with this 

role, 13C isotope-tracing demonstrate that disruption of the MPC decreases pyruvate-driven 

gluconeogenesis in vivo in the liver and ex vivo in primary hepatocytes [18, 20]. 

Furthermore, these studies revealed that MPC disruption decreases flux of pyruvate into 

citrate, which is exported from mitochondria as a precursor for cholesterol and fatty acid 

synthesis. In accord, serum cholesterol and fasting serum triglyceride levels were decreased 

in MPC liver-specific knockout mice [18]. These findings await more detailed investigation 

by quantitative tracing of pyruvate into the sterol and fatty acid synthesis pathways, with and 

without MPC disruption.
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Redundant Mechanisms of Mitochondrial Pyruvate Utilization

Studies on the liver MPC also reveal how pyruvate-alanine cycling sustains mitochondrial 

pyruvate utilization when the MPC is disrupted [18, 20] (Figure 1D). In this case, cytosolic 

pyruvate is transaminated to alanine by the cytosolic alanine transaminase, Alt1. Alanine 

is then imported into the mitochondrial matrix and deaminated back to pyruvate by the 

mitochondrial alanine transaminase, Alt2. Importantly, while glutamine and fatty acids may 

function as alternative substrates when MPC activity is lost, pyruvate-alanine cycling 

functions as a mechanism for MPC-independent mitochondrial pyruvate utilization. This 

bypass was also observed in fibroblasts, indicating that it is not limited to hepatocytes [51].

In some cell systems, pyruvate may also bypass the MPC by pyruvate-lactate cycling 

through separate cytosolic and mitochondrial matrix lactate dehydrogenase activities, similar 

to pyruvate-alanine cycling through Alt1 and Alt2. The existence of an intracellular 

mitochondrial lactate-shuttle in normal differentiated tissue has been debated extensively in 

the literature [56, 57], with evidence for direct mitochondrial lactate metabolism in some 

cancer cells [58, 59]. Recently, novel double stable-isotope tracing approaches were utilized 

to understand the observation that lactate is preferred over glucose as a substrate for 

lipogenesis in cultured HeLa and H460 cells [60]. Direct mitochondrial import of lactate 

was proposed as a contributing mechanism. Retention of the 2-2H label on 13C, 2H-lactate in 

isolated mitochondria indicated that lactate was directly imported into mitochondria, rather 

than converted to pyruvate prior to import and re-converted to lactate during isolation. The 

double-labeling technique employed in this study may be generally useful for detecting 

mitochondrial import when the identity of the transporter in unknown, as it is for a 

mitochondrial lactate carrier. Overall, these and other experiments produced results 

consistent with oxidation of lactate to pyruvate by a mitochondria-localized lactate 

dehydrogenase B and subsequent flux through pyruvate dehydrogenase towards lipogenesis 

[60].

There and back again: From the MPC to the larger mitochondrial carrier 

system (MCS)

Although by gene family the MPC is a non-canonical mitochondrial carrier, its proton-linked 

symport mode of transport activity is utilized by several canonical SLC25A family members 

[2]. Furthermore, the metabolic adaptations evoked by MPC disruption demonstrate that it is 

functionally connected with the larger MCS. This section will highlight fundamental 

systems-level concepts of MCS function. Recent findings on the MPC will be utilized to 

illustrate several critical functional principles of the larger MCS.

The functional redundancy of the MCS is manifest at three levels. The first is at the 

individual carrier level, because of overlapping substrate selectivities. As an example, the 

aspartate-glutamate carrier 1 (AGC1; SCL25A12), aspartate-glutamate carrier 2 
(AGC2; SLC25A13), glutamate carrier 1 (GC1; SLC25A22), and glutamate carrier 2 (GC2; 

SLC25A18) all import glutamate. AGC1 and AGC2 are calcium-stimulated exchangers that 

import glutamate while exporting aspartate [61]. This exchange activity is a key step in the 

malate-aspartate shuttle [62, 63]. As examples of physiologic importance, AGC1 is critical 

Taylor Page 5

Trends Cell Biol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for calcium-stimulated increases in neuronal respiration [64] and for neuronal export of 

aspartate to glia, which supports brain glutamate and glutamine synthesis and thus 

GABAergic signaling [65]. In contrast to AGC1 and AGC2, GC1 and GC2 co-import 

glutamate with a proton (H+), but with different kinetics and tissue distributions [66]. 

Interestingly, deficiency in either AGC1 or GC1, which predominate in the brain, results in 

hypomyelination and infantile epilepsy [67, 68]. Thus, in cells that express all four of these 

carriers, there are at least four distinct portals for glutamate import (Figure 2A). But, 

importantly, because of differences in co-transported substrates and mechanisms of 

regulation, functional redundancy is partial rather than complete and in some systems 

insufficient to prevent disease. Comparisons among other groups of mitochondrial carriers 

illustrate similar themes.

A second level of MCS redundancy occurs when different carriers transport readily 

interconvertible chemical neighbors (Figure 2B). This is exemplified by the MPC bypasses 

outlined earlier in this review. Although the identity of the mitochondrial alanine carrier is 

currently unknown, it is functionally redundant with the MPC because of cytoplasmic and 

mitochondrial pyruvate-alanine interconversions. This principle is also illustrated by a recent 

report of an α-ketoglutarate bypass of the CIC in H460 non-small lung cancer cells [69]. 

Mitochondria support lipogenesis by importing pyruvate derived from glucose, and 

converting it to citrate. Citrate is then exported by the CIC and converted to acetyl-CoA by 

ATP-dependent citrate lyase as the starting molecule for acyl-CoA chain elongation. Yet, 

similar to the effects of MPC disruption on gluconeogenesis, disruption of the CIC impaired, 

but did not block, lipogenesis from glucose [69]. 13C tracer metabolomic experiments 

showed that mitochondrial α-ketoglutarate, produced from citrate was exported to the 

cytoplasm, reductively carboxylated to isocitrate, isomerized to citrate, and utilized for 

lipogenesis [69]. Thus, mitochondrial α-ketoglutarate transport capacity provides a level of 

functional redundancy for CIC activity. The α-ketoglutarate transport activity was not 

specified, but could originate from the oxodicarboxylate carrier (ODC, SLC25A21) [70] and 

the OGC [71]. These carriers exchange α-ketoglutarate with oxoadipate and malate, 

respectively.

A third level of MCS redundancy occurs at the systems-level. Because of myriad potential 

metabolite interconversions within the cytosol and mitochondrial matrix, diverse patterns of 

mitochondrial transport may be utilized to support the same higher-order process. This is 

exemplified by the adaptive metabolism evoked by disruption of hepatic MPC activity. As 

discussed in a preceding section, TCA cycle flux and gluconeogenesis are sustained by both 

pyruvate-alanine cycling and increased glutaminolysis [18, 20]. Yet, adaptive changes in 

mitochondrial transport are more extensive. These changes were accompanied by increased 

urea cycle activity, presumably in coordination with ornithine carrier 1 (ORC1; SLC25A15) 

activity. ORC1 exchanges ornithine and citrulline and is critical for urea cycle function. 

ORC1 deficiency results in Hyperornithinemia-hyperammonemia-homocitrullinuria (HHH) 

syndrome [72], which was not observed in mice lacking MPC activity in the liver. Thus, 

adaptation for disruption of MPC activity is achieved through complex changes in flux 

through multiple mitochondrial carriers.
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This principle also extends to the adaptive metabolism highlighted above when CIC activity 

is lost. Increased reductive carboxylation of α-ketoglutarate partially sustained lipogenesis, 

but numerous metabolite concentrations and patterns of flux were altered [69]. Critically, 

CIC knockout cells remained competent for the numerous biosynthetic processes required 

for the higher-order process of cell division. Thus, the MCS provides cells with redundant 

systems-level mechanisms for maintaining essential homeostatic processes.

Substrate exchange cycles routed through the MCS regulate mitochondrial and 
cytoplasmic redox balance

The systems-level redundancy of the MCS is employed to selectively regulate mitochondrial 

and cytoplasmic redox balance by substrate exchange cycles. Classically, this is illustrated 

by the malate-aspartate shuttle, which transfers NADH equivalents from the cytoplasm to the 

mitochondria, but also may run in the reverse direction. A series of cyclical mitochondrial 

and cytosolic interconversions are linked by the activities of the OGC and AGC1/2. Malate 

import in exchange for α-ketoglutarate export by the OGC is coordinated with glutamate 

import in exchange for aspartate export by the AGC. In net, this cycle transfer electrons 

from cytoplasmic NADH to NAD+ in the mitochondrial matrix (Figure 3A). Importantly, 

this does not change carbon and nitrogen balance between mitochondria and the cytoplasm. 

Thus, in the absence of other energetic limitations, high cytosolic levels of NADH in 

respiring cells may drive the malate-aspartate shuttle indefinitely.

The MCS supports reducing equivalent exchange through additional cycles involving 

pyruvate, citrate, and malate. Pyruvate cycling is a process whereby pyruvate is transported 

into mitochondria, converted to malate, citrate, or isocitrate, exported to the cytosol, and 

converted back to pyruvate by malic enzyme 1 (ME1) [73, 74] (Figure 3B). This results in 

NADPH production that may support cytosolic biosynthesis, glutathione reduction, and 

glucose-stimulated insulin secretion from pancreatic β-cells. Pyruvate cycling in β-cells has 

been demonstrated to utilize the activities of the dicarboxylate carrier (DIC; SLC25A10) 

[75], OGC [76], and CIC [77]. The effect of MPC disruption on glucose-stimulated insulin 

secretion may also be partially attributable to impaired pyruvate cycling [44, 52, 55, 78]. Of 

note, in contrast to the malate-aspartate shuttle, pyruvate cycling normally transfers reducing 

equivalents from the mitochondrial matrix to the cytosol.

Recent findings in H460 cancer cells demonstrate an additional role for the CIC in 

regulation of redox balance. A CIC-dependent, α-ketoglutarate-citrate cycle was observed to 

function as a mechanism for transporting cytosolic NADPH equivalents into mitochondria. It 

was found to be important for ROS neutralization, which is required for escape from 

anchorage-dependent growth [79]. In this cycle, glutamine-derived α-ketoglutarate is 

reductively carboxylated in the cytosol by isocitrate dehydrogenase 1 (IDH1) to produce 

isocitrate. Isocitrate is isomerized to citrate, which is imported into mitochondria by the 

CIC. Mitochondrial citrate is then isomerized back to isocitrate, which is oxidized to α-

ketoglutarate by isocitrate dehydrogenase 2 (IDH2). The IDH2 reaction also reduces NADP+ 

to NADPH, which is utilized to reduce glutathione and augment mitochondrial ROS defense 

(Figure 3C). Re-export of α-ketoglutarate may then be utilized for lipogenesis, as outlined 

earlier in this review [69]. This raises the possibility that citrate and α-ketoglutarate may be 
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perpetually cycled to regenerate mitochondrial NADPH. Like pyruvate cycling, a citrate-α-

ketoglutarate cycle may utilize the CIC and OGC.

Mitochondrial substrate selection regulates nitrogen partitioning

The systems-level redundancy of the MCS is also employed to regulate nitrogen partitioning 

between mitochondria and the cytoplasm. As addressed earlier, disruption of MPC activity 

in the liver stimulates increased pyruvate-alanine cycling and glutaminolysis to sustain TCA 

cycle flux [18, 20]. Whether pyruvate, pyruvate-alanine cycling, or glutaminolysis feeds the 

TCA cycle results in distinct effects on cellular nitrogen balance. Because pyruvate lacks 

nitrogen, its oxidation is nitrogen neutral. Similarly, pyruvate-alanine cycling is nitrogen 

neutral at the cellular level because of reciprocal transamination events in the cytosol and 

mitochondria. In contrast, net oxidation of glutamine and other amino acids is 

ammoniagenic and therefore not nitrogen neutral. Thus, the relative balance between MPC 

and mitochondrial amino acid carrier activities regulates cellular nitrogen balance.

The MCS also regulates nitrogen partitioning by importing amino acids before deamination 

or as α-ketoglutarate after deamination. For example, flux of glutamine into the TCA cycle 

requires deamidation to glutamate, followed by deamination to α-ketoglutarate. Each of 

these steps may occur in the cytoplasm or the mitochondria. The MCS activities for import 

of glutamine, glutamate, or α-ketoglutarate may each function as a step in glutamine 

oxidation (also Figure 2B). However, which of these transport activities is utilized is 

important because it determines whether nitrogen is removed in the cytoplasm or the 

mitochondrial matrix. Depending on physiological context and cell type, this is important for 

channeling nitrogen into biosynthetic pathways or waste disposal within the mitochondria or 

cytoplasm. In the liver, mitochondrial glutamine and glutamate import may be favored when 

rates of amino acid oxidation are high to promote efficient channeling of ammonia into the 

urea cycle. In this case, carbamoyl phosphate synthetase 1 (CPS1), the rate-limiting enzyme 

of the urea cycle that resides in the mitochondrial matrix, may readily scavenge ammonia 

generated by matrix deamination events [80]. Of note, this is consistent with the increased 

amino acid catabolism and urea cycle activity observed when MPC activity is disrupted [18, 

20]. Thus, regulation of nitrogen partitioning by the MCS is thematically similar to 

regulation of redox state. Different patterns of amino acid carrier activity may support 

equivalent rates of carbon fuel oxidation while selectively regulating nitrogen partitioning.

The MCS as a master hub of cellular communication

The diverse, complex patterns of small molecule transport orchestrated by the MCS endow 

mitochondria with vast capacity to function as a cellular information processing hub. It is 

well appreciated that the reticular structure and distribution of mitochondria throughout the 

cell enable efficient distribution of ATP. This morphological utility extends to the function of 

mitochondria to efficiently sense and modulate overall cellular chemistry. Allostery is a 

critical, rapid mode of metabolic regulation. Numerous mitochondrial enzymes are regulated 

by allostery, with many more likely to be discovered [81]. Because of the numerous small 

molecules transported by the MCS, it links mitochondrial allosteric sensory capacity with 

the cytosolic chemical environment. Thus, the MCS enables mitochondria to function as a 
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sensory net that rapidly responds to homeostatically counter disturbances in cellular 

chemistry.

Chemical homeostatic responses mediated through the MCS also extend to regulation of 

specific interfaces between cellular metabolism and signaling. As examples, the MCS may 

modulate AMPK activity by changes in rate of ATP production, cytosolic and mitochondrial 

sirtuin activity by operation of specific substrate shuttles that impinge on redox balance, and 

calcium signaling by changing rates of calcium import and export. Furthermore, the many 

contacts between mitochondria, ER, and other organelles may enable mitochondria to sense 

and respond to changes in chemistry in other organelles [82]. Thus, mitochondria are 

distributed throughout the cell, possess exquisite capacity for chemical sensing, and utilize 

numerous patterns of small molecule exchange via the MCS. Therefore, the MCS confers 

mitochondria with the capacity to mediate temporally and spatially tuned intracellular 

communication.

Concluding Remarks and Future Perspectives

Several critical challenges must be solved to achieve a mechanistic understanding of MCS 

function (see Outstanding Questions). First, the in vivo transport selectivities of each carrier 

must be defined. 24 of the 53 mammalian SLC25A members lack empirically defined 

substrate selectivities [3]. Furthermore, the molecular identities for key mitochondrial 

transport activities remain unknown, including glutamine, alanine, and lactate transport. As 

the discoveries of the MPC [17, 19] and the mitochondrial calcium uniporter (MCU) [83, 

84] these may extend to non-canonical mitochondrial transporters. Second, the specific 

mechanisms regulating the function of each individual mitochondrial carrier must be 

defined. Similar to other mitochondrial proteins, these may include allosteric regulation, 

post-translational regulation by acylation and other modifications, transcriptional regulation, 

and regulated interactions with adaptor proteins [85–89]. Third, the mechanisms 

coordinating the activities of individual mitochondrial carriers to function as a unified 

system must be determined. As discussed, several investigations have observed increases in 

glutaminolysis when MPC activity is disrupted [18, 20, 22, 23]. This is partially dependent 

upon increased glutamate dehydrogenase activity, but the mechanisms coordinating changes 

in mitochondrial transport activities remain undefined [23]. Fourth, and perhaps most 

challenging, the discreet regulatory effects of different patterns of mitochondrial small 

molecule transport must be deciphered. This will require determining how patterns of 

transport that are partially functionally redundant at the systems-level are selectively utilized 

to exert differential effects on cellular chemistry. This effort will be enhanced by the recent 

advent of CRISPR/Cas9 systems for gene disruption, which greatly enables the synthetic 

lethality approaches that will be required to understand the functional connections within the 

MCS. Over time, this understanding may enable precise modulation of cellular chemistry to 

counteract the dysmetabolism inherent in disease.
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Glossary

Aspartate-glutamate carrier 1 and 2 (AGC1: SLC25A12; AGC2: SLC25A13)
Exchange glutamate and aspartate across the mitochondrial inner membrane. Glutamate 

import and aspartate export is the primary direction of exchange. AGC1 and ACG2 are 

expressed in several tissues, and their activities are stimulated by calcium. However, AGC2 

is expressed in the liver whereas AGC1 is not. The AGCs help facilitate the aspartate-malate 

shuttle, which transfers NADH-equivalents from the cytosol to the mitochondria

Alanine transaminase 1 and 2 (ALT1, ALT2)
Cytosolic and mitochondrial matrix enzymes that catalyze the transfer of an amino group 

from glutamate to pyruvate, thereby producing alanine and α-ketoglutarate. They also 

readily catalyze the reverse reaction. ALT1 is localized in the cytosol, whereas ALT2 is 

localized in the mitochondrial matrix

Citrate carrier (CIC: SLC25A1)
Exchanges citrate and malate across the mitochondrial inner membrane. CIC activity 

contributes to lipogenesis and facilitates the transfer of NADPH equivalents into 

mitochondria under conditions of high glutaminolysis

Dicarboxylate carrier (DIC: SLC25A10)
Exchanges malate and phosphate across the mitochondrial inner membrane. Its activity may 

contribute to multiple cycles for transferring reducing equivalents between the cytosol and 

mitochondria

Malic enzyme 1 (ME1)
A cytosolic enzyme that decarboxylates malate to pyruvate, coupled to reduction of NADP+ 

to NADPH. Its activity is important for pyruvate cycling, because it may regenerate pyruvate 

from malate exported from mitochondria, which was produced from pyruvate imported into 

mitochondria from the cytosol

Mitochondrial Carrier
A mitochondrial inner membrane protein that transports small molecules between the 

cytosol and mitochondria, thereby regulating the function of both compartments. The 

mitochondrial carriers include the transporters of the canonical SL25A family. They also 

include non-canonical transporters like the mitochondrial pyruvate carrier and mitochondrial 

calcium uniporter

Mitochondrial carrier system (MCS)
The working system of mitochondrial carriers, where activities of individual carries are 

coordinated to function as a unified system for balanced, dynamic regulation of cellular 

metabolism and chemical homeostasis

Mitochondrial pyruvate carrier (MPC)
A non-canonical mitochondrial carrier that symports pyruvate with a proton (H+) across the 

mitochondrial inner membrane. It comprises two obligate subunits, encoded by the MPC1 
and MPC2 genes
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Monocarboxylate transporter (MCT)
Transports the monocarboxylates pyruvate and lactate across the plasma membrane, in 

symport with a proton (H+). Several isoforms exist, with different tissue distributions

Oxoglutarate carrier (OGC: SLC25A11)
Exchanges α-ketoglutarate (oxoglutarate) and malate across the mitochondrial inner 

membrane. In coordination with other mitochondrial carriers, its activity may contribute to 

multiple cycles for transferring reducing equivalents between the cytosol and mitochondria, 

including the malate-aspartate shuttle

Pyruvate-alanine cycling
Functions as a mechanism for bypassing the MPC to transfer pyruvate from the cytosol into 

mitochondria. In this case, cytoplasmic pyruvate is transaminated to alanine by ALT1, 

imported into mitochondria, and then deaminated back to pyruvate by ALT2

SLC25A mitochondrial carrier family
The canonical family of mitochondrial carriers. There are 53 family members in mammalian 

systems. They are characterized by a tripartite structure with 3 tandem repeats. Each of these 

repeats contains the SLC25A signature motif and hydrophobic α-helices connected by a 

hydrophilic matrix loop. The N- and C-termini reside on the cytosolic side of the 

mitochondrial inner membrane. They catalyze the transport of diverse molecules including 

citric acid cycle intermediates, amino acids, nucleotides, vitamins, metals, and minerals
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Outstanding Questions Box

What are the molecular identities of each mitochondrial carrier? What are the 

substrates transported by each?

What are the mechanisms regulating the function of each mitochondrial carrier?

What are the mechanisms coordinating the regulation of individual mitochondrial 

carriers, to function together as a system?

How are different patterns of mitochondrial carrier activity utilized to regulate 

cellular programming, by precisely modulating cellular chemistry and energetics?

How does the function of the mitochondrial carrier system change in different 

disease states? How can the activity of the mitochondrial carrier system be 

targeted during disease, to correct specific defects in chemical homeostasis, or to 

elicit protective, hormetic responses?
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Trends Box

Increased accessibility of metabolomics and molecular genetic technologies now 

greatly enables functional investigation of the mitochondrial carrier system.

The mitochondrial pyruvate carrier regulates multiple dimensions of cellular 

biology including differentiation state, nutrient sensing, and mitochondrial 

substrate selection.

The mitochondrial carrier system is functionally redundant at the individual 

carrier- and systems-levels.

The mitochondrial carrier system regulates cellular chemistry, including relative 

mitochondrial-cytosolic redox and nitrogen balances.
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Figure 1. The mitochondria pyruvate carrier regulates cellular decisions
A) MPC expression changes during differentiation and development. Lower expression may 

facilitate glycolysis-dependent ATP production and biosynthesis when PO2 is low. Higher 

expression may facilitate oxidative phosphorylation and TCA cycle-dependent biosynthesis 

during terminal differentiation, when PO2 is increased. The upper right panel is a qualitative 

representation of relative changes in mouse MPC mRNA abundance from embryonic day 

17.5 (e17.5) to 28 days postnatal (P28), based on quantitative changes in Mpc1 and Mpc2 
mRNA abundance previously reported [51]. B) MPC activity promotes pyruvate entry into 

the TCA cycle and oxidative phosphorylation. Decreased MPC activity promotes the 

Warburg Effect, where glycolysis and lactate production are favored over oxidative 

phosphorylation [21, 38–43]. Inhibition of MCTs impairs cellular lactate export, increases 

MPC activity, and promotes pyruvate oxidation [38]. C) The MPC facilitates glucose 

sensing and insulin release in pancreatic β-cells [44, 52, 55]. Increased glucose levels drive 

MPC-dependent pyruvate oxidation. Increased pyruvate oxidation increases ATP levels. This 

leads to closure of ATP-gated potassium channels (KATP) and membrane depolarization. 

Depolarization increases calcium uptake by the voltage-gated calcium channels, thereby 

stimulating exocytosis of insulin granules. D) Disruption of MPC activity promotes 

pyruvate-alanine cycling, fatty acid oxidation, and glutaminolysis [18, 20, 22, 23, 51]. These 
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mechanisms sustain TCA cycle flux. In hepatocytes, they also support gluconeogenesis [18, 

20].
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Figure 2. The mitochondrial carrier system enables redundant substrate utilization
A)AGC1, AGC2, glutamate carrier 1 (GC1), and glutamate carrier 2 (GC2) each transport 

glutamate into mitochondria. Import through AGC1/2 is in exchange for aspartate export 

[61]. Import through GC1/2 is by proton (H+) symport [66]. In cells that express each of 

these carriers, there are at least four distinct portals for glutamate import. Because of 

differences in co-transported substrates, mechanisms of regulation, and kinetics, functional 

redundancy is partial rather than absolute. Thus, each mode of glutamate import exerts 

unique effects on cellular function. B) The presence of distinct mitochondrial carriers for 

immediate chemical neighbors endows the mitochondrial carrier system with systems-level 

redundancy. Two examples are illustrated here. In the first, mitochondrial import of 

glutamine, glutamate, and α-ketoglutarate may all be utilized to anaplerotically replenish the 

TCA cycle with α-ketoglutarate. However, whether glutamine and glutamate are deaminated 

in the cytosol or mitochondria changes intracellular nitrogen partitioning. In the second, the 

MPC and the currently unidentified mitochondrial alanine carrier are functionally redundant. 

In coordination with the cytosolic (Alt1) and mitochondrial (Alt2) alanine transaminase, 

either carrier may be utilized to generate mitochondrial pyruvate or alanine. This is 

exemplified by the pyruvate-alanine cycling employed to bypass disrupted MPC activity [18, 

20, 51].
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Figure 3. The mitochondrial carriers coordinate redox cycles
A) The aspartate-glutamate carrier (AGC) and oxoglutarate (α-ketoglutarate) carrier (OGC) 

coordinate the malate-aspartate shuttle. This cycle transfers NADH equivalents from the 

cytosol to the mitochondrial matrix. Cytosolic oxaloacetate is reduced to malate, coupled to 

oxidation of NAD+ to NADH, by cytosolic malate dehydrogenase. Malate is imported into 

mitochondria and then re-oxidized to oxaloacetate, coupled to reduction of NAD+ to NADH, 

by mitochondrial malate dehydrogenase. Malate import in exchange for α-ketoglutarate 

export, by the OGC, is coordinated with glutamate import in exchange for aspartate export, 

by the AGC. B) Pyruvate cycling through the mitochondrial pyruvate carrier (MPC) and 

dicarboxylate carrier (DIC) [75] or Citrate Carrier (CIC) [77] regenerates cytosolic NADPH. 

Pyruvate imported through the CIC may be converted to malate or citrate, exported, and re-

converted to pyruvate by malic enzyme 1 (ME1), coupled with reduction of NADP+ to 

NADPH. C) A glutaminolysis-dependent, citrate-α-ketoglutarate cycle transfers NADPH 

equivalents from the cytosol to mitochondria [79]. Cytosolic α-ketoglutarate is reductively 

carboxylated to isocitrate, coupled to NADPH oxidation to NADP+, and isomerized to 

citrate. Citrate is imported into mitochondria and oxidized to α-ketoglutarate by isocitrate 

dehydrogenase 2 (IDH2), coupled to reduction of NADP+ to NADPH. NADPH may be 

utilized to reduce glutathione (GSSG to GSH). In cancer cells, α-ketoglutarate may be re-
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exported to the cytosol to supply lipogenesis [69]. A potential alternative fate of exported α-

ketoglutarate is reconversion to citrate, to promote sustained α-ketoglutarate-citrate cycling 

as an NADPH shuttle.
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